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Abstract

The current review identifies key bacterial zoonoses, the understanding of comparative immunology, evolutionary trade-offs
between emerging bacterial pathogens and their dynamics on both arms of immunity. The several gaps in the literature limit
our understanding of spread of prominent bacterial zoonotic diseases and the host-pathogen interactions that may change in
response to environmental and social factors. Gaining a more comprehensive understanding of how anthropogenic activities
affects the spread of emerging zoonotic diseases, is essential for predicting and mitigating future disease emergence through
fine-tuning of surveillance and control measures with respect to different pathogens. This review highlights the urgent need
to increase understanding of the comparative immunity of animal reservoirs, design of vaccines according to the homology
in host-pathogen interactions, and the alternative strategies to counter the risk of bacterial pathogenic spillover to humans

with eventual spread of zoonotic diseases.
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Introduction

In nature, there is a powerful adaptation and
counter-adaption between hosts and pathogens due
to their continual interaction to prove superior over
each other in the race to evolution. Infections that get
transmitted between diverse vertebrates and humans
are termed zoonotic, the recipient being human, either
through direct contact, food sources, or intermediate
vectors. It is a complex challenge to fully understand
the ecology of zoonotic diseases at the animal-human
interface. A deep understanding and a thorough
knowledge of ecology, immunology, microbiology,
sociology, and evolution is required to understand
the underlying concepts of transmission and patho-
physiology of pathogens among humans, livestock,
and wildlife [1,2]. Thus, the ancient concept of “One
Health perspective” establishes that the well-being
and fitness of people are inextricably linked to the
health of animals and the environment [3]. For this
reason, a collaborative effort involving multiple sec-
tors and disciplines is required to tackle disease out-
breaks through a “One Health” approach. One Health
is not just a concept but addresses other public health
issues which have become more important in recent
years [2].
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Changes in the environment forced many
microbes to exploit alternate niches, thus looking for
new hosts and posing new challenges. Understanding
of the relationship between environmental changes,
dynamics of wildlife population and their microbes
can be used to forecast the risk of human infection with
enzootic or endemic zoonoses. It has been appraised
that 75% of the recent emerging diseases (e.g., swine
flu, severe acute respiratory syndrome [SARS]) are
zoonotic in origin [4]. Most of the emerging pathogens
have a non-human intermediate host which determines
the extent of the disease outbreak in humans. This risk
can vary with geography, seasons, or through multi-
year cycles and can depend on factors such as changes
in land use, weather, climate, or environment [5]. Over
the past decades, innumerable research articles have
described microorganisms as zoonotic, but still, there
is a looming gap about the type and intensity of con-
tact patterns, and thus the exact transmission pathways
of microorganisms from livestock to humans usually
remain unclear. Moreover, most of the citations in the
literature on contact intensity are based on the occu-
pational status of the carrier or infected person with
a livestock-associated (LA)-microorganism. These
studies performed in an occupational setting provided
minimal evidence of exposure-response relationships
between the intensity of livestock—human contacts and
the transmission of microorganisms. Using methods
that are already in place in the exposure assessment
sciences [6], exposure to LLA-zoonotic microorgan-
isms through contact patterns between livestock and
humans can be better quantified both in the occupa-
tional and in the non-occupational settings. This will

International Journal of One Health, EISSN: 2455-8931

104


https://orcid.org/0000-0001-7218-8872

https://orcid.org/0000-0003-0228-6615

https://orcid.org/0000-0002-3182-0904

https://orcid.org/0000-0002-7136-7972


Available at www.onehealthjournal.org/Vol.7/No.1/13.pdf

be crucial in the development of effective interven-
tions to prevent the transmission of microorganisms
from animals to humans [7].

Prediction of outbreaks and developing effec-
tive treatments largely depends on our understanding
of the type of pathogen and the epidemiology of the
zoonotic disease [8]. Pathogens need to adapt to the
inconsistent environment and overcome a hierarchal
series of immunological barriers from animals to
humans [9]. To become zoonotic, pathogens should
acquire new features to overcome host species barriers
to successfully transmit to- and between- humans [8].
Anthropogenic land-use-change (LUC) had resulted
in the emergence of pathogens, with bacteria being
the most common zoonotic pathogen for mammalian
hosts, followed by viruses, helminths, and protozoa.
Across the globe, bacterial pathogens in animals
such as rodents and livestock, viruses in bats and hel-
minths, and protozoa in carnivores are evenly studied
and documented. All types of anthropogenic LUCs
considered here (i.e., deforestation and fragmentation,
agricultural conversion/intensification, and urbaniza-
tion) have the probability of increasing the threat of
emergence of zoonotic bacterial disease. One of the
major health issues among developing countries is the
emergence of antibiotic resistance both in livestock
and human population, for example, emergence of
methicillin-resistant Staphylococcus aureus in ani-
mals and humans [10]. The indiscriminate use of anti-
biotics in livestock and agriculture has increased the
risk of rapid outbreaks of antibiotic-resistant zoonotic
emerging infectious diseases (EIDs) that could spread
very quickly [11]. Despite this potentially major
global issue, the link between zoonotic disease emer-
gence and antibiotic resistance due to urbanization
and agricultural intensification is not well reported in
the literature.

To understand the complex ecology of antimi-
crobial resistance and foodborne zoonoses and how
some zoonotic microbes jump to different species and
proliferate, a deep knowledge of the microbiome of
the people and the animals they come in contact with
is required. Effects of the use of antibiotics in animal
production are not well understood, and the transla-
tion of this science could be enhanced by the involve-
ment of physicians, veterinarians, and ecologists in the
design and interpretation of studies. Comprehensive
data and long-term monitoring are needed for the risk
assessments against multidrug resistance develop-
ment in humans and animals [12-14].

This review aims at understanding antibiot-
ic-resistant zoonotic EIDs, the eco-immunology of
host-pathogen relationship, the diet that promotes
healthy or protective gastrointestinal flora or probi-
otics, practice and use of phage-technology, bacte-
rial cell wall hydrolases, and antimicrobial peptides
(AMP) that help to reduce the need for antimicrobial
use in humans and animals [15,16].

Comparative Immunology and Evolutionary
Trade-offs

Comparative immunology accentuates the
species-level heterogeneity in immune traits and
enhances our understanding of how species defend
against parasites [17]. Furthermore, eco- immunology
complements comparative immunology by evaluat-
ing substantial variation in immune defenses and the
selective forces and constraints that influence the evo-
lution of immunity [18]. Cost in immunity can lead
to trade-offs within individuals at an evolutionary
scale [19]. This understanding has led to the devel-
opment of the concept of tolerance into the measures
of immunity. Combining disease ecology and con-
straints that shape immunity, the spread of infectious
disease can be predicted [20]. For instance, a lot of
public concern has been raised on the rise of drug-re-
sistant microbes leading to an “antibiotic crisis” with
no suitable alternatives for antibiotics [21]. Similarly,
a study shows that avian malaria (pathogen-Plasmo-
dium spp.), when introduced to a new area, can cause
rapid mortality among native birds as was seen in case
of birds endemic to Hawaii, the Galapagos, and other
archipelagoes [22]. Thus, the treatment should focus
more on tolerance where new therapeutics should be
aimed at reducing the virulence of infections rather
than pathogen elimination [23]. Eco-immunology
now encompasses the study of tolerance, reaching
into human biomedicine, wildlife ecology, and public
health. Immunity is linked to both disease transmission
and infection outcomes; thus, the effect of pathogen
load can directly influence host fitness and population
dynamics by either directly killing the host, decreas-
ing survival rates, or by modifying reproductive out-
put [24].

Evolutionary costs of immunity are influenced
by genetically correlated traits where some genes
were noted to influence immune phenotypes and
also regulate other traits that are inherited with other
genes [25]. Consequently, contradictions are present
between traits that enhance fitness and the traits that
promote immunity [24]. Another correlation is seen
between comparative immunology and community
ecology of infectious diseases. The spread of the same
pathogenic infection among multiple species can pro-
vide information on heterogeneity in host immunity
and can lead to development of certain models that
could predict spread of infectious diseases [20]. Thus,
incorporating ecological factors and organismal traits
into comparative studies of immunity can provide
insights into both the evolution of immune defenses
and community-level consequences of cross-species
variation in immunity.

Bacterial-dynamics among Different Arms of
Immune System

Bacterial zoonoses are an EID of global impor-
tance. These diseases are mostly passed onto humans
either through oral consumption of infected animals,
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direct contact with infected animals, or through
insect vectors. They are among the most neglected
pathogens studied despite the huge amount of data
on their incidence and prevalence as a predominant
cause of acute febrile illness (Table-1). Thus, little
is understood about zoonotic bacterial pathogenesis
and host immune responses. Much interest on zoo-
notic pathogenesis has recently gathered competence
and among the most studied are the five distinct
infections, namely; salmonellosis, leptospirosis,
relapsing fever borreliosis and rickettsiosis (includ-
ing scrub typhus, and murine typhus), and spotted
fever group rickettsiosis; which are globally distrib-
uted acute febrile diseases, and have high rates of
morbidity and fatality [26].

Although being asymptomatic, animals can
still serve as natural hosts for zoonotic diseases.
Leptospirosis is the most extensively studied zoonotic
disease which is passed on to humans after exposure
to mucous membranes and abraded skin of infected
animals [27]. Leptospirosis stimulates bacterial lipo-
polysaccharide (LPS) and lipoproteins by binding to
toll-like receptor-2 (TLR), causing heightened pro-in-
flammatory response, and developing disseminated
intravascular coagulation with multi-organ failure.
Likewise, pulmonary hemorrhage is quite recurrent
in affected persons with increased antibody titers, and
there is evidence that immunoglobulin and comple-
ment fixation in host cells are related to the expression
of specific leptospiral hemostatic proteins [28]. It was

also noted that the “immune” phase correlates with
increased immunoglobulin titers and complement
deposition leading to the late occurrence of leptospiral
uveitis [29]. Most of the reports on leptospirosis show
how this pathogen modulates the host innate immune
response through TLRs or through surface-exposed
proteins [30].

Indeed, marked variations and diversity exist
between different classes within pattern recognition
receptor (PRR) structure. It reflects the potential
threat that each species encounter, which instill evolu-
tionary pressure bringing in subtle differences within
the innate immune system. Surprisingly, the selective
pressure that brings in diversity seems to be non-ex-
istent in the laboratory strains of murine sequences;
perhaps due to the intensive inbreeding of mice [31].
Nevertheless, PRRs in humans show a higher degree
of sequence homology to livestock, rather than their
murine counterparts. The similarity between human
and livestock PRR is further supported by their similar
response to some microbial-associated molecular pat-
terns (MAMP), such as lipopeptides, bacterial LPS or
small synthetic ligands, whereas species differences
have been reported for the detection of these MAMP
between murine and other mammalian PRR [32]. This
makes it clearer that the innate immune response in
different vertebrates is non-identical. In the wild, rep-
tiles also revealed subtle variations in TLRs selection
constraints as they fine-tune the recognition ability of
the host TLRs to respond to their respective ligands

Table-1: List of zoonotic bacterial pathogenesis, source, and carrier host.

Disease/Common Name Causative bacteria

Pathogen source Wildlife source Host/Reservoir

Brucellosis/Mediterranean
fever, Malta fever, gastric
remittent fever, and
undulant fever
Mycobacteriosis/Tuberculosis Mycobacterium tuberculosis

melitensis)

Anthrax Bacillus anthracis

Chlamydiosis/chlamydia Chlamydia trachomatis

Q-fever Coxiella burnetii

Salmonellosis/Typhoid fever Bacteria of the family

Enterobacteriaceae. (Salmonella
enterica and Salmonella bongori)

Leptospirosis/mud fever; fall genus Leptospira
fever
Borreliosis/Lyme disease Borrelia burgdorferi
Borrelia mayonii
Rickettsioses/Spotted fever,
scrub typhus fever

(R. rickettsii

R. prowazekii, etc.)
Mastitis/Cystic fibrosis Pseudomonas spp.

Staph infection Staphylococcus aureus

Brucella spp. (e.g., Micrococcus

Multiple bacteria from the order
Rickettsiales and genera Rickettsia

Milk, after birth, Bison, elk, Camels, horse,

lymph nodes gazelles Ruminants

Aerosols Badgers, Ruminants,
white-tailed deer, camels, other
gazelle mammals

Animal blood, Mammals Warm-blooded

spores in soil animals

Aerosols Psittacine, falcon, Mammals, sheep,

pigeon, other
birds
Aerosols, raw milk Rats, pigeon

goat, camels

Livestock, cows,
goat, camels

Feces, blood, Pigeons, birds Poultry,
tissue mammals
animal urine, and Rodents Humans

contaminated soil

or water
blood Blacklegged ticks Humans,
mammals
Blood, tissues Arthropods Humans,
(hematophagous mammals

insects and ticks)

Raw milk, chicken
meat
Contaminated
milk, aerosols

Livestock, poultry Cattle, humans

Livestock, Humans

humans
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from the pathogen profile in their niche, rather than
conferring the ability to recognize a new ligand alto-
gether. Although genetic events like gene gain and
gene loss are also responsible for shaping the TLR
repertoire in vertebrate classes, these processes are
constant and gradual and usually affect a broader phy-
logenetic unit than just a family or order [33].

Other studies on genome sequences illustrate
that most of the other bacterial infection such as
relapsing fever borreliosis, scrub typhus, murine
typhus, and spotted fever rickettsiosis are caused due
to adaptation to an obligatory intracellular lifestyle,
through the loss of genes and pathways, required for
extracellular growth [34,35]. A case—control study on
bovine translational genomics employing validated
variants from bovine TLR genes recognized bacterial
ligands and revealed six single nucleotide polymor-
phisms (SNPs) potentially eliciting small effects on
susceptibility to Mycobacterium avium spp paratuber-
culosis infection in dairy cattle [36]. Surprisingly, not
much work is done on the immunological aspects of
these diseases. Recently, five SNPs, namely, TLR /
(+1380 G/A), TLRI (+1446 C/A), TLR4 (+10 C/T),
TLRY (+1310 G/A), and Solute Carrier Family 11
Member 1 (SLC11A41) (+1066 C/G) have been found
to be associated with paratuberculosis susceptibility
in cattle which is currently considered as potential
zoonoses, causing Crohn’s disease in humans [36,37].
Similarly, TLRS and TLR11 are found to be associ-
ated with Salmonella infection with some ambiguity
within TLR2 and TLR4 [38].

Streptococcus equi subsp. zooepidemicus 1is
known to be infectious not only in horses but also in
other mammals, including humans. Heat-inactivated
S. equi was shown to induce a powerful and defined
cytokine/chemokine response accompanied by induc-
tion of a panel of transcription factors/signaling mole-
cules and this response is strongly dependent on TLR2
and on cell-cell contacts between bacteria and mast
cells. Zheng et al. [39] have shown Streptococcus suis
recognize TLR2/TLR6 and TLRY and mediates the
release of pro-inflammatory mediators. Interactions
of lipoproteins with TLR6 likely increase the activ-
ity of NF-kB [39]. In another study, TLR6 was shown
to downregulate Streptococcus zooepidemicus infec-
tion in the presence of SzP (M-like protein), which
likely increases pathogenesis of S. Zooepidemicus by
inhibiting the host immune response, in addition to its
escape from phagocytosis [40].

Mastitis caused by Pseudomonas, an inflamma-
tory disease of the mammary gland generally caused
by intramammary infections, is the most frequently
occurring disease in the dairy industry. In the bovine
genome, there are 10 TLR family members and, of
these, TLR2, TLR4, and TLR6 are specialized in
recognition of bacterial ligands [41]. Pseudomonas,
an opportunistic infectious agent in humans, infect
through LPS and flagellin, recognized by TLRs 2,
4, and 5 [42]; but its prevalence and correlation with

TLRs are yet to be established among chickens [43].
Some in vivo and in vitro studies that were done in
poultry infected with Mycoplasma gallisepticum and
Salmonella enteritidis have shown significant upregu-
lation of TLR2-1 (TLR2 type 1 precursor) [44].

Studies have also revealed the prevalence of
Salmonella and Escherichia coli in neonatal diarrheic
calves [45]. LPS-TLR4 signaling plays an essential
role in the generation of both innate and adaptive
immune responses throughout the course of infection
with Salmonella in mice [46]. TLR-4 is an important
candidate gene for imparting disease resistance in
livestock as it is involved in pathogen recognition in
most of Gram-negative bacterial infections that lead
to the initiation of the inflammatory and immune
responses. There is a single report where the unfavor-
able alleles at P-226 (putative promoter region) and
E3+1656 (Exon 3) of TLR-4 SNPs if removed, can
result in disease-resistant bovines [47]. Identification
of non-synonymous SNPs and novel variants of
TLR2, TLR4, and TLR6 genes were recently estab-
lished which helped in identifying disease-resistant
breeds of European cattle. The genotypes which con-
ferred resistance to both disease and adverse environ-
mental conditions usually had variants in the introns
rather than in the exons of TLRs, which are fairly
conserved [48]. TLRS recognizes bacterial flagellin
ligand and exhibits a range of immunological effects
on the chicken immune system and elicits a mixed Thl
and Th2 response, though with an inclination toward
a Th2 response [49].

Salmonella spp. infection has been associated
with heavy losses on a broiler farm. Innumerable
food poisoning outbreaks due to Salmonella in
chicken, clearly states that Salmonella is a major
zoonotic pathogen but still immune relevance of the
disease in context to TLRs has not been studied. It is
quite evident that like humans, the animals for com-
mercial use have undergone a massive evolutionary
selection pressure to survive under similar novel
pathogenic environments. The human cultural and
economic needs have shaped tremendous immuno-
genic variation in TLRs within the cattle and poultry
population. For instance, TLRs in chicken are more
diverse than human TLRs, which forms the genetic
basis of breed-specific variation in resistance to vari-
ous infectious diseases. Computational and structural
studies revealed that the structural basis of host-spe-
cific TLR response was found to be conserved in
almost all vertebrate classes. Some of the interactions
in different species were found to be consistent with
the crystal structure of Salmonella fliC gene (flagel-
lin gene that encodes major component of flagellum)
and also to Bacillus subtilis hag flagellin indicating
the evolutionarily conserved nature of TLRS bind-
ing with flagellin while differences in some inter-
acting residues may be responsible for host-specific
response, thus providing awareness into the evolu-
tion of species-specific host-microbe interactions
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Figure-1: Presence of hydrogen bonds at binding interfaces of TLR5- Bacillus subtilis flagellin complex (TLR5, green;
bsflagellin, pink). (A) Alignment of residues of TLR5 ligand-binding domain involved in H-bonds (conserved residues are
seen in different vertebrates), (B) alignment of residues of flagellin involved in binding (conserved residues are seen in
different bacterial species) [Source: Figure prepared by the authors].

(Figure-1) [50]. An insight into the informatics of
both the pathogen and the host/carrier can help eval-
uate protein dynamics of the pathogen-receptor con-
fluence and may pave the way for future vaccine
design catering to a wide group of vertebrates. This
can be explained using Immunoinformatics where
one can identify the epitopes which may help predict
the tertiary structure of the protein that completely
docks with the respective PRRs. Finally, molecular
dynamics simulation can help evaluate the stability
of vaccine molecule and PRR-vaccine complex, thus
leading to the development of a novel multi-epitope
vaccine that is able to induce cellular, humoral, and
innate immune response against a wide range of bac-
terial zoonoses (Figure-2).

Coinfection with bacterial pathogen has signif-
icant effects on other disease dynamics at the popu-
lation level as observed in Mycobacterial infection
which gets accentuated with helminths infestation in
cattle [51]. Key signaling molecules like cytokines
are responsible for changing the dynamics of coinfec-
tion resulting in significant trade-offs within Th1/Th2
immune responses. Cytokines like interferon-gamma
are responsible for simultaneously enhancing one
response while suppressing the other. They enhance
Th1 response that favors bacterial infection whereas
downregulates Th2 type responses responsible for tar-
geting parasitic infection [52]. Cytokine structure and
function are pretty conserved throughout host-patho-
gen interfaces [53]. Therefore, they have a critical role
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Figure-2: Schematic representation of protein modeling of the epitopes with pattern recognition receptors to generate
suitable ligands for vaccine development for potential bacterial zoonoses [Source: Figure prepared by the authors].

in mediating immune trade-offs and coinfection out-
comes. Moreover, cytokines can be easily measured at
any point of infection, thus making them a useful tool
for future studies at the interface of ecological immu-
nology and disease ecology [51].

Alternatives to Antimicrobials Toward “"One
Health”

“Multidrug-resistant pathogens” is the new buzz-
word in the world of infectious diseases and is usually
dominated by zoonotic pathogens such as methicil-
lin-resistant Salmonella typhimurium, S. aureus, and
Pseudomonas aeruginosa. These bacterial strains are
directly correlated with a significant disease burden in
veterinary medicine, agriculture, livestock production,
and regional and national economies. Sadly, majority
of zoonotic bacterial and viral infections draw unrea-
sonably less scientific and public health interest,
especially with regard to their lifecycles in vertebrate
animals that act as pathogen reservoirs. Thus, under-
standing their burden may allow for improved vigi-
lance and interception measures [54]. In this section
of the review, a systematic evaluation of promising
future therapeutics to the known bacterial zoonoses is
discussed with emphasis on alternatives to antimicro-
bial resistance such as the AMP, phage therapy, LPS
inhibitors, and efflux pump inhibitors that are widely
used to control multidrug-resistant pathogens.

Protective Diet for Gastrointestinal Flora

A good amount of literature is available that
shows that our gut microbiome has a strong effect
on our well-being. It impacts many human dis-
eases, including cardiovascular diseases, obesity,
skin disorders, autism, and even affects human psy-
chology [55]. A diet comprising carbohydrates,

proteins, fats, probiotics, and polyphenols are respon-
sible for the shift in dynamics of our gut microbiome.
Although the human gut predominantly comprises
the Gram-positive Firmicutes and Gram-negative
Bacteroidetes [56], a certain diet pattern may change
the equation of the microbiome with secondary effects
on host immunology and metabolism. Studies have
shown that a high protein diet decreases bacteria of the
group Roseburia/Eubacterium rectale, while increas-
ing the abundance of bile-tolerant organisms such as
Bacteroides, Alistipes, and Bilophila. High fat intake
did not cause any significant change in microflora
abundance but few reports have shown that a high-
fat diet adversely reduces Akkermansia muciniph-
ila and Lactobacillus, both of which are associated
with a healthy metabolism. There is evidence that
a carbohydrate-rich diet enriches anaerobes such
as Bifidobacterium, Lactobacillus, Ruminococcus,
E. rectale, and Roseburia; but suppresses Clostridia.
Bifidobacterium and lactic acid bacteria get enhanced
with Probiotics and polyphenols intake, while reduc-
ing enteropathogenic Clostridia species [55].
Intestinal microbiota is known to affect immunity
through the expression of TLRs, antigen-presenting
cells, B- and T-lymphocytes, and lymphoid folli-
cles [57]. Gut microbiome may have both deleterious
and healthy consequences on the immune system. For
instance, lactic acid bacteria and Bifidobacteria have a
dampening effect on inflammation by downregulating
NF-kB dependent gene expression, thereby decreasing
the cytokine (interleukin-8) secretion. Both these bac-
teria also downregulate T effector-mediated inflam-
matory responses while enhancing anti-inflammatory
T-regulatory cell expression [58]. Few filamentous
bacteria are documented to promote Th17 response
and cause autoimmune arthritis [59]. Thus, balanced
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gut flora is critical for a healthy immune system;
though the mechanism by which the gut microbiome
influences immunity is still not clear. A few studies
have suggested that the microbial-derived short-chain
fatty acid may increase the abundance of T-regulatory
cells through G-protein-coupled receptor and epigen-
etic mechanisms. Moreover, the microbial-derived
butyrate is shown to inhibit histone deacetylases 6 and
9, leading to increased acetylation in the promoter of
the FOXP3 gene and causing T-cell proliferation [60].

Recent advances in microbiome research offer
exciting avenues to enhance human health. Many
diseases such as ulcerative colitis, Clostridium dif-
ficile-associated colitis, irritable bowel syndrome,
and even obesity can be managed by re-engineering
the gut microbiota. Techniques such as the shotgun
metagenomics approach can be employed to sequence
the whole bacterial genome which may help in inves-
tigating human and bacterial interactions. Novel ther-
apeutic approaches for many diseases with strong
genetic associations are the next big thing for person-
alized medicine. Indeed, metabolic responses to meals
can be predicted through the emerging concept of the
machine-learning algorithm where a greater variety of
food components would be helpful in making specific
dietary recommendations to patients.

Phage-technology as Effective Antimicrobials

The use of bacteriophages in controlling bac-
terial infections represents the most promising
therapeutic option. Bacteriophages are bacterial
viruses that act against bacteria. Phages were first
discovered by Frederick Twort in 1915 and Felix
d’Herelle in 1917; and were used to treat infections
such as dysentery and cholera. The Eliava Institute
of Bacteriophages, Microbiology and Virology in
Tbilisi, Georgia which has been treating patients
using phage therapy for nearly 100 years, is currently
using it to treat infections caused by Carbapenem-
resistant Enterobacteriaceae and other resistant bac-
teria. Most of the known phages show lytic cycle,
by which they lyse or hydrolyze the bacterial cell
to release their progeny. Other phages are lysogenic
in nature as they do not kill the bacterial cell and
incorporate their genome into bacterial genome and
exist in the form of prophage. Phages have the abil-
ity to kill bacterial cells at the end of infection pro-
cess. It has been studied that bacteria show very less
resistance toward the bacteriophage as compared to
antibiotics. As an antimicrobial, phages show more
advantages as compared to antibiotics, since antibi-
otics get degraded through metabolic reactions and
generally require repeated administrations. In case of
phages, their increasing titer during different period,
removes the need for repeated doses. In addition to
this, they shows high specificity for a particular host
bacterium and do not affect the commensal intesti-
nal micro-flora which is generally killed by antibi-
otics. Bacteriophages are species-specific or even

strain-specific and the success of phage therapy is
dependent on the phage and bacterial interactions, but
sometimes off-target results can also take place due to
the broad host range of phages. However, this effect
is significantly less than the effects of antibiotics on
commensal flora. The higher growth rate of bacterio-
phage generally overcomes bacterial growth. The use
of phage therapy can be applied to prevent bacterial
infections in veterinary animals. Bacteriophages are
used to prevent foodborne infections as the bacte-
riophage-derived product such as endolysin is used
in detecting as well as reducing microbial load in
packaged food. Example includes LMP-102, which
is used as food additive in meat and poultry products
and acts as antibacterial agent against Listeria mono-
cytogenes [61].

Nowadays, endolysins are generally used to con-
trol antibiotic-resistant pathogenic bacteria. Virulent
bacteriophages can be used against pathogenic bacte-
ria as phage cocktails (phage therapy) or phage lytic
proteins such as endolysins and virion-associated
peptidoglycan hydrolases. These are phage-encoded
enzymes that break down peptidoglycan component
of the bacterial cell wall at the end of phage repro-
duction cycle. Bacteriophage endolysins (peptido-
glycan hydrolases) are secreted by double-stranded
DNA phages at the end of the lytic lifecycle for the
release of mature phage progeny. The ssDNA phages
synthesize a single lysis gene to get out of host bac-
teria or secrete a protein that inhibits cell wall bio-
synthesis in the host. Besides this, there is a pinholin
system in some dsDNA phages where signal-arrest-re-
lease (SAR) endolysin secreted by the host’s pathway
causes cell lysis. In this pathway, endolysin has a sig-
nal anchor release that guides its pathway to the pep-
tidoglycan layer and the role of pinholin is to change
the permeability of the layer. Until SAR endolysin
reaches periplasma, its catalytic domain is locked in
an inactive form [62]. The mechanism followed by
dsDNA phages at the end of lytic cycles makes the
peptidoglycans produced by phages potential candi-
dates to act as antimicrobials. At the end of the lytic
lifecycle, dsDNA phage encodes holin and endolysin
proteins to lyse the bacterial cell wall and additional
spanning protein in the case of Gram-negative bacteria
to break the outer membrane. Exebacase (also called
as CF-301) and N-Rephasin SAL200 (tonabacase) are
the lysins used for the treatment of bacterial infec-
tions [63,64]. In addition, it has been found that bacte-
ria show no resistance to endolysins due to their mech-
anism of action and their structure [65]. Endolysin is
late transcriptional proteins and keeps on accumulat-
ing in the cytoplasm but since it is devoid of signal
peptide it requires holin protein to complete its action
[66]. Holin protein is genetically programmed in a
manner that on reaching its threshold level, it arranges
the monomers into oligomers to form a pore in the
inner membrane, and helps endolysin to access the
peptidoglycan layer. This break in the peptidoglycan
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layer causes osmotic lysis and death of the bacterial
cell. Another case where inactivated endolysin is
transferred to the periplasm and later holin activates,
is seen in LytA amidase of Streptococcus species [67].
Phage cocktail and phage-derived endolysin has
found great use in preventing surgical site infection,
for instance, in hospital-acquired infection or infection
acquired during surgery or transplantation. Patients
infected with multidrug-resistant P. aeruginosa after
lung transplantation showed successful recovery
through single lytic bacteriophage use during treat-
ment. BioPhage-PA has been tested in clinical trials for
topical treatments against P. aeruginosa ear infections.
Trials are also considered for aerosol form in patients
suffering from cystic fibrosis. Bacteriophage treat-
ment was able to cure a pulmonary infection caused
by multidrug-resistant P. aeruginosa in patients with
cystic fibrosis [68]. As Mycobacterium grows inside
the alveolar macrophage, it is difficult for bacterio-
phage to access the pathogen. However, use of another
avirulent Mycobacterium such as Mycobacterium
smegmatis to deliver the lytic phage inside the alveo-
lar macrophage may be the best possible mechanism
to treat multidrug-resistant Mycobacterium tuberculo-
sis [69]. Therefore, bacteriophage treatment could be
an efficient treatment option for multidrug-resistant
tuberculosis. A phage cocktail, BFC-1 contains phages
specific for P. aeruginosa and S. aureus strains, and
is used for the cure of burn wounds. Phage therapy
shows great potential to overcome persistent infec-
tions that are mediated through biofilm formation
and are very difficult to eradicate with antimicrobial
agents. It has been studied that biofilm formation is an
important factor in the pathogenesis of bacteria, espe-
cially those that are involved in persistent long-term
infections. Exopolysaccharide plays a crucial role in
the formation of biofilm and acts as a barrier for the
penetration of therapeutic agents. Phages that have the
ability to degrade these substances are useful to control
bacterial infections. Phages have very narrow speci-
ficity, due to which phage therapy requires diagnostic
measures to identify infecting agents. Another major
aspect of phage therapy is the lack of data regarding
its efficacy and pharmacokinetics. Some phages tar-
get multiple species or genera while most of them are
highly specific for single strain [70]. Single phages
are highly predisposed to resistance development and
are generally combined into multiple phage cocktails
to achieve synergy and can also be administered with
small-molecule antimicrobial compounds.

Antimicrobial Peptides

AMP are also called as host defense peptides and
are found in various life forms from microorganisms to
humans. They are widely used as alternatives to anti-
biotics. Most of the AMP are cationic in nature. They
are generally short, containing <100 residues and are
amphiphilic in nature [71]. This property allows them
to bind and insert themselves into membrane bilayer

to form pores. The function of AMP can be altered by
changing the amino acid composition, size, and cat-
ionic charge. Cationic peptides contain residues such as
arginine and lysines [61]. These residues interact with
the negatively charged bacterial cell surface. Peptide
modification and its delivery technologies are studied
to overcome various problems such as pharmacoki-
netics, bioavailability, and toxicity. Several methods
have been employed to alter the peptide length and
amino acids to study its antimicrobial activity. For this
study, computer-assisted AMP design is very import-
ant to determine the biological activity of AMP. Many
strategies are adopted for the delivery of these AMP
such as hydrogels, liposomes, nanospheres, nanocap-
sules, carbon nanotubes, and DNA cages. These strat-
egies provide enhanced antimicrobial properties and
protect AMP from metabolic degradation. Besides,
antimicrobial activity, AMP carries the immunomodu-
latory properties which makes them an important can-
didate in the development of new therapeutic agents.
Many of them are produced as inactive precursors and
require proteolytic cleavage to become active. AMP
are classified on the basis of their secondary structure
such as alpha helical, beta sheet, or peptides contain-
ing extended/random coil structures. Magainins are
the most studied AMP and are obtained from the frog.
AMP of prokaryotic origin are called as ‘“bacterio-
cin.” Nisin is a commonly used bacteriocin for food
preservation [72,73]. The broad-spectrum activity and
rapid mode action of AMP make them promising drug
candidates to control bacterial infections. It has been
reported that development of resistance against AMP
is found to be very less. Pexiganan is a synthetic ana-
log of magainin, commonly used in the topical treat-
ment of diabetic foot ulcers, while omiganan is used
for the treatment of catheter related infections.

LPS Inhibitors

The LPS layer in Gram-negative bacteria act as
a protective barrier. It inhibits the entry of antibiot-
ics and other toxic compounds that show the ability
to kill bacterial cells. LPS inhibitor works by inhib-
iting 3-deoxy-D-manno-octulosonicacid 8-phosphate
synthase (a class of KDOS8-p synthase) which is an
important enzyme in the biosynthesis of LPS [74].
The Reglll (regenerating gene family protein I11) fam-
ily of intestinal C-type lectins is antibacterial protein
that act as important LPS inhibitors in Gram-negative
bacterial strains [74].

Antibacterial Compounds

Bacterial biofilm formation on medical devices
such as catheter and other implanted devices is con-
sidered to be the main reason for the prevalence of
infections. The growth of bacteria on devices such
as urinary catheters and ureteral stents, may not only
lead to infection but also to a phenomenon called
as encrustation. Urease enzyme hydrolyzes the urea
present in the urine and results in the elevation of pH,
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ultimately leading to precipitation of salts and deposi-
tion of crystals on the surface. Encrustation may leads
to blockage of a catheter and further cause severe com-
plications. The bacteria most commonly associated
with infections on medical devices are Staphylococcal
spp. However, in urinary devices, Gram-negative bac-
teria (E. coli, P. aeruginosa, Enterobacter aerogenes,
Klebsiella spp., and Proteus spp.) are the most com-
mon pathogen resulting in encrustation. Efforts have
been made to develop medical devices with antibac-
terial coatings. Polymeric compounds are generally
used for this purpose. The most commonly used mate-
rial in antibacterial coating contains silver as one of
the components. Silver shows a broad range of anti-
bacterial activity towards both Gram-positive and
Gram-negative bacteria [75].

Phytochemicals

Phytochemicals are secondary metabolites pro-
duced by the plants for defense purposes. These com-
pounds provide protection from insects, herbivores, and
microorganism. Phytochemicals include phenols, essen-
tial oils, alkaloids, proteins, and peptides that exhibit
potent antimicrobial activities. Berberine is a hydro-
phobic cation found in barberry plants (Barberis spe-
cies). One of the newly identified compound 4-[N-(1,8-
naphthalimide)]-n-butyric acid showed activity against
the Vibrio cholera transcriptional regulator ToxT [61].

Bacterial Biofilm Eradication Agents

Biofilm formation is a predominant virulence
mechanism in the pathogenesis of bacterial infections.
Biofilm is a community of microorganism adhering
to surface and encased in a protective polysaccharide
substance. The extrapolymeric substance of biofilm is
composed of proteins, lipids, and nucleic acids. LL-37
is an AMP that exhibits the potential for biofilm erad-
ication. LL-37 is a human cathelicidin-derived broad
spectrum AMP and is amphipathic in nature. In a
study, it has been reported that LL-37 is able to eradi-
cate P. aeruginosa biofilm in an in vivo animal model
at a concentration of 556 uM [76].

Bacterial Cell Wall Hydrolases (BCWH)

BCWH are the enzymes that degrade bacterial
cell wall component peptidoglycan and leads to bac-
teriolysis. Lysozymes are BCWH of eukaryotic ori-
gin, produced by plants and animal cells. Autolysins
are membrane-bound proteins and bacterial encoded
BCWH. Virolysins are BCWH that are encoded by
double-stranded DNA phages. These are generally
produced by viral infected bacterial cells at the end of
phage lytic cycle. BCWH exhibits bactericidal mech-
anism due to lytic enzymatic activity of the enzyme.
They are more efficient against antibiotic-resistant
bacteria as compared to antibiotics. Lysozymes are
broad-spectrum lytic enzymes and are more effective
against Gram-positive bacteria. However, lysozymes
are nonfunctional against Gram-negative bacteria as
these bacteria contain outer membrane [16].

Future Perspectives

The recent emergence of zoonotic viral disease
(coronavirus disease [COVID 19] due to SARS coro-
navirus 2) is one of the many examples where social
and environmental factors have played a major role in
their widespread dispersal. These new strains have a
common link of being spillover between two or more
species and it is at this stage of emergence of more
virulent strains that scientific interventions are of
prime importance. Nearly 75% of emerging infections
or pathogens including viruses, parasites, bacteria,
and fungi have their origin in animals. The need of
the hour is not to consider environment, animal res-
ervoirs, and humans separately but as a whole unit,
thus uplifting the “One Health” concept and develop
action plans accordingly. There is still a looming gap
in the proper understanding of new animal production
systems and human population dynamics. Although,
much improvement is achieved with regard to their
surveillance system, an integrated approach for better
communications and relations between agricultural
sectors, environmental, and human health is vital for
accurate prevention of disease appearance and trans-
mission [77]. The current pandemic of COVID 19 has
made us realize that assessment of hot spots for patho-
gen transmission should provide the strategy to map
animal habitats that are at more risk of causing zoo-
notic disease spread and might serve as a mixing ves-
sel and as the source of infection for humans [78]. The
aim of this review article is to cover all fields related
to bacterial zoonoses, including basic and applied
researches, approaches to control disease spread, and
explanations of new theories or observations. In this
article, a holistic and integrative approach is taken to
discuss the “One Health” strategies. Stress should be
placed on the collaborative efforts of researchers spe-
cialized in different fields such as medical and veteri-
narians professionals, zoologists, entomologists, par-
asitologists, virologists, ecologists, microbiologists,
evolutionary biologists, and medicals specialized in
epidemiology, public health, and animal health. The
participation of multidisciplinary approach can only
fill in the lacunae with the knowledge that demand
extensive scientific and medical interest.

Conclusion

COVID-19 has been the wake-up call for the
global understanding of the impact of zoonosis and
its related public health issues, though limited studies
are available around this subject, mainly in develop-
ing countries. Moreover, inadequate and inappropri-
ate policies usually delineate veterinary studies with
public health concerns. In today’s times, priority must
be given to understanding and discussing trade-offs
between the risk and impact of zoonotic hazards and
local health. Thus, more research is needed on live-
stock and public health issues, with an emphasis on
zoonotic pathogens that are sub-clinically carried by
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livestock, but that cause a significant health burden
in people. Low-income countries in the Indian sub-
continent and Africa usually have a constraint in the
accessibility of the literature, research on disease
impacts and its control. It is therefore imperative that
research on topics of relevance in “One Health” must
be published in open access journals. Similarly, efforts
should be made to provide access to journals and data-
bases globally and Governments should grant effort-
lessly towards Policy-oriented research, and allocat-
ing public funds for Veterinary public health research.
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