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Preface

Antibiotic resistance is a global issue and a public health emergency worldwide. 
The misuse of antibiotics in the human, animal, food, and agricultural sectors has 
exacerbated the current crisis. Globally, the rapid emergence of resistant bacteria 
jeopardizes the efficacy of antibiotics, which have revolutionized medicine and saved 
millions of lives. Bacterial infections have reemerged decades after the first patients 
were treated with antibiotics. Antibiotic resistance has been attributed to overuse 
and misuse of these medications as well as a lack of new drug development by the 
pharmaceutical industry because of diminished economic incentives and onerous 
regulatory requirements. The Centers for Disease Control and Prevention (CDC) has 
identified several bacteria as posing urgent, serious, and concerning threats, with 
many already imposing significant clinical and financial burdens on the United States’ 
healthcare system, patients, and families. Similarly, the World Health Organization 
(WHO) has developed a five-point global action plan to combat antimicrobial 
resistance and coordinate the efforts of numerous international sectors. Coordinated 
efforts to implement new policies, reinvest in research, and pursue crisis management 
strategies are critical. We now face a long-term and possibly never-ending battle 
against multidrug-resistant bacteria. A more comprehensive approach to bacterial 
infection is required, which may include non-compound approaches (products other 
than conventional antibacterial agents) that target bacteria or any approach that 
targets the host such as antibodies, probiotics, phytobiotics, and vaccines, all of which 
are discussed in this book. 

The editors express their sincere appreciation to all the authors who contributed to 
this book for their hard work and dedication, as well as to the IntechOpen editorial 
team for allowing us to complete this project.

Guillermo Tellez-Isaias 
Department of Poultry Science, 

University of Arkansas Agricultural Experiment Station, 
Fayetteville, AR, USA
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Chapter 1

Introductory Chapter: The 
Antibiotic Resistance Epidemic
Guillermo Tellez-Isaias

1. Introduction

Antibiotic resistance is a global problem that has triggered a global human and 
animal health crisis worldwide. Antibiotics have changed the face of medicine and 
saved millions of lives, but resistant bacteria are threatening their usefulness.

The pharmaceutical industry is experiencing a shortage of new drug develop-
ment due to declining economic incentives and demanding regulatory requirements. 
Governing agencies worldwide have identified several “super-bugs,” bacteria resistant 
to all antibiotics known by man.

A more comprehensive approach to bacterial infection is required, including 
alternatives to conventional antibacterial agents.

Several antibiotics were discovered from the 1950s to the 1970s to cure previously 
incurable diseases, including tuberculosis and syphilis [1]. Since then, no new anti-
biotic classes have been discovered, which is concerning given the bacterial resiliency 
[2] and the continuous abuse and misuse of antibiotics [3].

Alexander Fleming recognized the phenomena of resistance to antimicrobial 
agents, by the misuse of antibiotics, in 1945 when he stated, “The time may come 
when anyone in the shops can buy penicillin. Then there is the danger that the igno-
rant man may easily under-dose himself and by exposing his microbes to nonlethal 
quantities of the drug make them resistant” [4].

In the absence of novel and more potent drugs, we risk a future where minor inju-
ries and illnesses can be fatal and essential operations like surgery and chemotherapy 
become unmanageable. Antimicrobial resistance poses a serious threat to our way of 
life and could lead to a global pandemic if we don’t act to combat it. Longer hospital 
stays and higher medical costs are now the results of antimicrobial resistance [5].

Antibiotic resistance is eroding our ability to treat bacterial illnesses. Infections 
resistant to most, if not all, current medicines are becoming common. The nature of 
significant acute bacterial infections and the economic realities of this field makes 
developing novel antibacterial medication difficult.

Because of the induction, amplification, and transmission of aspects of antimicro-
bial resistance among microbes, adequate management of a novel antibacterial agent 
is required for both the patient and the community when a new antibacterial agent is 
introduced. Furthermore, most antibiotic treatment regimens are brief (sometimes 
lasting only a week or two), and antimicrobial management aims to reduce the use of 
broader spectrum agents whenever possible to retain their usefulness, lowering the 
need for newer agents to enter the market.
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In contrast, in many other treatment areas, such as diabetes, hypertension, and 
hyperlipidemia, long-term daily usage by patients does not add to the agent’s loss of 
efficacy, and there is no medical reason to delay administration. While antimicrobial 
stewardship is critical, it will almost certainly diminish the economic benefits for 
a medication developer. Financial pressures associated with the development of 
antimicrobial medicines are not new [6].

There aren't enough reasons to invest in developing new antimicrobials under the 
current intellectual property innovation system. Since 1980, pharmaceutical corpora-
tions have made investments in cancer and chronic disease treatments for three reasons:

1. There is a better possibility of financial success than ever before.

2. They have realized that this is a lost war. The time and money invested in  
developing a new antimicrobial drug are not justified because profit will not be 
as attractive as other cancer or chronic disease treatments. Pharmaceutical  
corporations know that the improper use and abuse of the new drug will lead to 
the development of resistance by bacteria.

3. Those corporations are very well aware that bacteria are equipped with more 
advanced and sophisticated intelligent mechanisms to mute resistant clones than 
we humans have to make new drugs.

It is as simple as that. Where is the profit in a lost war?
Like eukaryotes, prokaryotes, including bacteria and other microorganisms, have 

membranes surrounding a droplet of cytoplasm. Prokaryotes acquire nutrients, com-
municate, excrete, and even process information in a “neurological” way [7, 8]. They 
can detect the presence of nutrients, toxins, and predators and adopt powerful escape 
techniques to preserve their viability [9]. From the evolutionary standpoint, bacteria 
have millions of years in advance against eukaryotes.

2. Novel alternatives to combat super-bugs

In 1908 Eli Metchnikoff obtained the Nobel Prize and was regarded as the origina-
tor of innate immunity, offering the breakthrough idea of consuming live bacterial 
cultures (yogurt) to improve the health and longevity of people more than a century 
ago [6, 10]. This principle is more appropriate than ever, as many antibiotic-resistant 
microorganisms threaten animal and human health [11].

In some countries around the world, pressures from society have resulted in estab-
lishing guidelines on antibiotic use in the feedstock industries. In other countries, like 
in the USA, it has become a commercial strategy for poultry companies and fast-food 
restaurants to label their products with no antibiotics ever (NAE). A similar com-
mercial approach is observed in Brazil, which has dominated the chicken meat export 
market for over a decade, simply listening to the demands of countries in Europe, Asia 
and the middle east. Food animal production systems such as the poultry industry 
have been using alternative antibiotics to enhance disease resistance and productiv-
ity. According to new studies, nutritional treatments for stress, disease, and chronic 
inflammation may be more effective than antibiotics in some cases [12–14].

Disease resistance improvement in non-antibiotic raised animals has been shown 
to benefit animal products’ health, welfare, production, and food safety. Alternative 
feed additives are being researched and developed in response to rising customer 
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Chapter 2

Honey as a Natural Product Worthy 
of Re-Consideration in Treating 
MRSA Wound Infections
Cynthia Ayefoumi Adinortey, Michael Wilson  
and Samuel Kojo Kwofie

Abstract

The use of antibiotics to treat bacterial infections have largely been successful. 
However, the misuse and overuse of these precious drugs have led to the development 
of bacterial resistance and this seems to have jeopardized their effectiveness. 
Many antibiotics that hitherto were seen as “miraculous drugs”, have witnessed 
a low efficacy and this has threatened the life of humanity as never before. The 
rapid emergence of antibiotic resistance in bacteria is the major cause of this sad 
development. One such superbug is methicillin-resistant Staphylococcus aureus 
(MRSA). MRSA is a general problem in most healthcare centers with a reported 
astronomical incidence of invasive MRSA infections causing death. Honey, a natural 
product, popular for its antibacterial activity is increasingly being used owing to its 
reported antibiotic potential against ‘stubborn’ bacteria. This review discusses the 
fact that though honey is an ancient remedy, it is still relevant and its application 
in modern medicine for the treatment of chronically infected wounds caused by 
MRSA should be re-visited. Furthermore, the in vitro antibacterial and antibiofilm 
activities of medical-grade honey on S. aureus infections and challenges encountered 
by Researchers in developing honey, into an acceptable medical, therapeutic 
antibacterial agent for wound care have also been highlighted.

Keywords: MRSA, medical-grade honey, Staphylococcus aureus, wound treatment, 
antibiotic resistance

1. Introduction

Staphylococcus aureus (S. aureus) is the most commonly isolated pathogen in 
complicated skin and soft tissue infections (cSSTIs) worldwide. This Gram-positive 
bacterium is reported to be responsible for a high rate of morbidity and mortality in 
humans and has become a major threat to clinical practice [1]. There appears to be 
a significant growing trend of cSSTIs both in the community and healthcare set-
tings with a stagey increase of the economic burden among people with these tissue 
infections [2]. A number of factors have contributed to the realization of S. aureus as 
a pathogen. One of the factors that have enhanced the virulence potential has been 
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the evolution of antibiotic resistance. Resistance to beta-lactam antibiotics among 
S. aureus is an increasingly important problem in patients admitted to hospitals. 
S. aureus bacteria that are not susceptible to β-lactam antibiotics - methicillin are 
referred as methicillin-resistant Staphylococcus aureus (MRSA), whereas those that are 
sensitive are termed methicillin-sensitive Staphylococcus aureus (MSSA) [3].

MRSA is a major cause of severe healthcare-associated (HA) infections. Although 
during the last decade, the incidence of HA invasive infections have dropped, 
accounts of community-associated MRSA (CA-MRSA) infections have soared among 
the general populace [3–7]. Globally, MRSA remains one of the most important 
multidrug-resistant bacteria reported to account for most cSSTIs such as surgical 
wounds [8] and is also responsible for the high morbidity and mortality cases due to 
HA infections. The use of orthodox antibiotics has been the mainstay of treatment for 
these infections. Though the world’s encounter with antibiotics has been beneficial, 
several reports have suggested that many antibiotics that used to be seen as “miracu-
lous drugs” have witnessed a low efficacy and this has threatened the life of humanity 
as never before. The rapid emergence of “superbugs” such as MRSA bacteria that are 
highly resistant to many classes of antibiotics is the major cause of this sad develop-
ment. Infections due to MRSA, in comparison with MSSA, are associated with a 
greater risk of treatment failure, increased patient mortality, and higher costs. Owing 
to irrational and excessive antibiotic use, the bacterium- S. aureus has become a 
multiple drug-resistant (MDR) pathogen most threatening to human health. With the 
rise in the prevalence of resistance to orthodox antibiotics by MRSA, honey a natural 
product known for its antibacterial activity is increasingly being endorsed, due to the 
reported bactericidal and bacteriostatic capacity on ‘stubborn’ bacteria. Moreover, 
several antibiotics used for the treatment of S. aureus infections leave in their wake 
adverse effects thus the need for better alternatives.

Honey is a sugary thick fluid that has been in use for almost 5500 years back. In 
the Sumerian tablet, the earliest inscribed information on honey for nutrition and 
medicinal purposes was found in 2100–2000 B.C. This chapter discusses the fact that 
though honey is an ancient remedy, its relevance and application in complicated and 
chronic infected wounds in modern medicine is still relevant and should be re-visited. 
This piece provides data on the in vitro antibacterial and antibiofilm activities of 
medical-grade honey (MGH) namely manuka, medihoney, and wound dressings such 
as Revamil® produced from it with a focus on its impact on both MSSA and MRSA. 
This narrative was coupled with information on bioactive compounds responsible 
for this activity. The attention on MGH is due to the fact that honey intended for 
the management of wounds ought to undergo irradiation care in order to remove 
treatment inference from honey microbiota which is the case for all MGH [9]. The 
additive and synergistic upshot of the MGH admixture with other antibiotics are 
also captured in this chapter. Evidence-based information on the cell and molecular 
mechanisms of action of MGH on S. aureus has been presented with prepositions 
of possible targets. Some potential challenges in the effort to develop honey into 
an acceptable medical therapeutic antibacterial agent for wounds have also been 
highlighted.

2. Antibacterial activities of MGH on both MSSA and MRSA

Honey according to Codex Alimentarius, 2001 is “the natural sweet substance 
produced by honey bees from the nectar of plants or secretions of living parts of 
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plants or excretions of plant-sucking insects on the living parts of plants, which the 
bees collect, transform by combining with specific substances of their own, deposit, 
dehydrate, supply and leave in the honeycomb to ripen and mature”. Honey is classi-
fied based on many criteria. Based on its nutritional and medicinal applications, two 
main kinds are known, namely medical and non-medical grades. Fresh honey which 
has not been exposed to irradiation are referred to as non-medical grade whereas 
those with radiation exposure are usually called medical grade honey (MGH). Fresh 
honey can contain bacterial spores, mainly those of bacillus species, and spores of the 
notorious pathogen Clostridium botulinum, which can cause wound botulism or gan-
grene. The likely presence of these microorganisms calls for the sterilization of honey 
through gamma-irradiation to destroy these bacterial spores and other microorgan-
isms. Honey that has passed through this process is referred to as medical-grade honey 
(MGH) and approved for use in clinical settings. Manuka and medihoney (Comvita, 
NZ), one of the few honeys that appear to have FDA approval for clinical applications.

The limited knowledge of anti-bacterial compounds in honey and the variability 
of anti-bacterial activity of other types of honey are however major obstacles to the 
applicability in clinical use. This section presents information on the antibacterial 
effects of MGH mentioned earlier and the contribution of individual components in 
its antimicrobial action. Studies have shown that MGH comprises primarily fructose, 
glucose, sucrose, water, organic acids, flavonoids, phenolic acids, as well as minor 
components such as peptides [bee defensin-1 and 2, hemenopectin, apidaecin], 
enzymes [diastase, invertase, glucose oxidase] amino acids and vitamins [10, 11]. 
It is important to note that the bioactive components of honey can vary due to the 
different botanic and geographic origins [12].

In the past four decades, there have been various studies regarding honey and its 
components and how it drives the anti-bacteria character. Several studies have shown 
that no “stubborn” or resistant bacteria can be isolated after subjecting isolates of 
MRSA obtained from wound to various concentrations of MGH or MGH-based dress-
ings [13–16]. This is reported to be as a result of the fact that these types of honey 
contain various antibacterial constituents and conditions such as low pH, high sugar 
content, methylglyoxyl (MGO), hydrogen peroxide, antimicrobial peptides (bee 
defensin-1) and other active substances [10, 17, 18]. It is of interest to note that MGO 
has been identified as one of the principal antimicrobic ingredient of most MGHs [19, 
20]. Cooper and colleagues in 2010, demonstrated that some honeys also contain an 
antimicrobial peptide (bee defensin-1), which contributes substantially to bacteri-
cidal activity [14].

The antimicrobial qualities are critical in dermatologic applications, owing to the 
presence of active constituents, like MGO and antimicrobial peptides. MGH-based 
dressings are appropriate for the dressing of wounds and burns and have also been 
included in treatment therapy against diseases such as diaper dermatitis, dandruff, 
pityriasis, and psoriasis. It also exerts emollient, humectant, soothing, and hair 
conditioning effects, keeps the skin juvenile and retards wrinkle formation, regulates 
pH, and prevents pathogen infections [21]. Studies have also shown that Community-
associated methicillin-resistant Staphylococcus aureus (CA-MRSA) which is now 
described worldwide, as a clinically significant pathogen, predominantly linked to 
skin and soft tissue infections succumbs to the effects of honey [22]. Additionally, 
according to George and Cutting, when honey is standardized, it can have a major 
antibacterial impact on multi-resistant bacteria that are regularly found in wounds 
[23]. It is clear from studies published so far that the application of honey and honey-
based dressings can promote the healing of infected wounds that do not respond to 
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the conventional therapy. These shreds of evidence buttress recommendations on the 
use of honey in the management of chronic wounds infected with S. aureus as shown 
on Table 1.

Non-MRSA Clinical isolate1; MRSA2; Non–MRSA Lab strain3; Resistant to all 
antibiotics4; Isolates sensitive to all antibiotics5.

MIC- Minimum Inhibitory Concentration; ZI- Zone of Inhibition; R- Resistant.

Type of Honey MIC S. aureus Test method Reference

Manuka 34 𝜇𝜇g O4–277-35671 Broth microdilution [24]

Manuka 8.0 w/v % NCTC83253 Microdilution assay [25]

8.0 w/v % RPAH181,2

8.0 w/v % MW21,2

Medihoney 4.2 w/v % MRSA2 Agar dilution method [15]

4.1 w/v % Non-MRSA Clinical isolate1

4.2 w/v % Resistant to all antibiotics4

4.4 w/v % sensitive to all antibiotics5

Medihoney 8.0 w/v % NCT83253 Microdilution assay [25]

8.0 w/v % RPAH181,2

8.0 w/v % MW21,2

Manuka 3.0 v/v MRSA1 Broth dilution method [26]

3.0 v/v MRSA2

3.0 v/v MRSA3

3.0 v/v MRSA4

3.0 v/v MRSA5

3.0 v/v MRSA6

3.0 v/v MRSA7

3.0 v/v MRSA8

3.0 v/v MRSA9

3.0 v/v MRSA10

3.0 v/v MRSA11

3.0 v/v MRSA12

3.0 v/v MRSA13

3.0 v/v MRSA14

3.0 v/v MRSA15

3.0 v/v MRSA16

2.7 v/v MRSA17

Manuka 12.5 v/v MRSA ATCC 433003 Broth dilution method [26]

12.5 v/v MRSA 07912

12.5 v/v MRSA 289652

12.5 v/v MRSA 013222

12.5 v/v MRSA 07452
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3. Combinatorial effect of MGH and antibiotics on S. aureus

One of the ways to curb the upsurge in antimicrobial resistance is to introduce 
novel approaches to combat these pathogens. Merging antimicrobial drugs with other 
agents such as honey that counteract and obstruct the antibiotic resistant mecha-
nisms expressed by these pathogens is a novel strategy. The natural product, honey, 
is gaining acceptance as an alternative antimicrobial agent. Medical grade honey 
offers a favorable alternative for topical use, as a single or a multi-component agent in 
combination with other antibiotics [28]. One of the approaches to fight antimicrobial 
resistance is combination drug therapy [29]. This upturns efficacy and enhances the 
value of existing antimicrobials in the dearth of new antibiotics discovery and devel-
opment. There are instances where, combining antimicrobial agents have made drug 
action synergistic. This has the benefits of lessening both the treatment costs and the 
risk of possible side effects owing to the reduced concentrations of both agents used 
[29]. This phenomenon is especially vital for chronic wounds where antibiotic therapy 
is usually applied for long-term. Moreover, combining antibiotics and other drug 
agents is reported to exhibit different, modes of action and as such reduces the risk of 
resistance arising during treatment.

Honey is a natural product substance applied in different forms such as gels 
for topical management of infected chronic wounds [30]. MGH-based dressings 
have been licensed by some national health authorities and are available to health 
professionals in many countries. Honey has a multifaceted substance [20] with 
well-known, broad-spectrum antibacterial activity against a various microorgan-
ism, including those that are commonly associated with chronic wounds such as S. 
aureus [31]. These bacteria appear unable to develop resistance to MGH, even when 
small concentrations are applied [14, 15]. This is contrary to orthodox antibiotics, 
where resistance is readily induced with sub-inhibitory exposure [31]. This dearth 
of resistance is probably due to the multiple antibacterial properties of honey that 
overwhelm S. aureus bacterial stress responses [15]. A combination of approved anti-
biotics and MGH could result in a new range of antimicrobials with the potential to 
avert the emergence of resistant offering broad-spectrum coverage and subsequently 
improving the curative efficiency. According to Saeed a researcher, therapeutic 
efficacy studies of conventional treatment with antibiotics combined with Manuka 
honey in the treatment of diabetic foot ulcers yields a reassuring healing process [32].

Type of Honey MIC S. aureus Test method Reference

Medihoney 4.0 v/v BORSA mecA neg1 Broth dilution method [23]

4.0 v/v Multiresistant mecA neg1

4.0 v/v Multiresistant2

4.0 v/v Non-multiresistant2

Manuka 60000 mg/ml EMRA-15 NCTC 131422 E-test strip [27]

60000 mg/ml Broth dilution

60000 mg/ml Checker board

60000 mg/ml Time kill curve

Table 1. 
Antibacterial action of manuka and medihoney against various strains of S. aureus.
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Type of Honey Antibiotics S. aureus FICI Test method Reference

Manuka Rifampicin RPAH182 Checkerboard [33]

MW22 0.45

IMVS672 Microdilution assay

O4–277-35671

Manuka NCTC83253 0.445 Agar diffusion test [25]

Rifampicin RPAH181,2 0.405

MW21,2 0.435

O4–277-35672 0.445

Clindamycin NCTC83253 0.405

RPAH181,2 2

MW21,2 0.275

O4–277-35672 0.405

Gentamycin NCTC83253 0.8782

RPAH181,2 2

MW21,2 1.07

O4–277-35672 0.955

Oxacillin NCTC83253 0.405

RPAH181,2 0.8782

MW21,2 0.753

O4–277-35672 0.407

Medihoney Rifampicin NCTC83253 0.445 Agar diffusion test [25]

RPAH181,2 0.405

MW21,2 0.435

O4–277-35672 0.445

Clindamycin NCTC83253 0.405

RPAH181,2 2

MW21,2 0.405

O4–277-35672 0.405

Gentamycin NCTC83253 1.197

RPAH181,2 2

MW21,2 1.195

O4–277-35672 0.955

Medihoney Oxacillin NCTC83253 0.405

RPAH181,2 0.8782

MW21,2 0.753

O4–277-35672 0.407

Manuka Oxacillin EMRSA-15 NCTC 131422 0.001 Etest strip [27]

Broth dilution

Checker board

Time kill curve

Table 2. 
Combinatorial effects of manuka and medihoney and antibiotics against S. aureus strains.
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In vitro studies combining MGH with antibiotics recorded a synergistic effect with 
tetracycline, oxacillin, imipenem and mupirocin against the growth of MRSA strain 
as shown on Table 2 [27, 33]. Interestingly, small concentrations of MGH in combina-
tion with oxacillin restored the MRSA strain to oxacillin susceptibility. Convincing 
synergistic action between manuka honey and rifampicin against S. aureus strains, 
has also been reported, and the inclusion of honey was seen to have averted the emer-
gence of rifampicin resistance in vitro [33]. This is of clinical consequence as rifam-
picin penetrates into cells tissues and sores and is normally used to treat superficial S. 
aureus infections, but rapidly induces resistance and thus has to be used together with 
another agent.

The fractional inhibitory concentration index (FICI) range of 0.5 to 4.0 is usually 
used to define additivity results in most combination studies. The fractional inhibi-
tory concentration index (FICI) is calculated as the sum of the minimum inhibitory 
concentration (MIC) of each compound divided by the MIC of one compound used 
alone. Synergy and antagonism are defined by FICI ≤ 0.5 and FICI > 4 respectively, 
while FICI > 0.5 or 4 ≤ is considered indifferent.

It is clear that MGH combining with gentamicin or clindamycin recorded the high-
est FICI compared with other antibiotics used as shown on Table 2.

Non-MRSA Clinical isolate1; MRSA2; Non–MRSA Lab strain3.

4. Mechanisms of action of honey on Staphylococcus aureus strains

Understanding how MGH impacts the action of orthodox antibiotics and their 
mode on action may broaden our knowledge of how honey affects these pathogens. 
It is important to state that much evidence would be displayed using data on manuka 
honey because much research has been undertaken on it since sterile preparations 
of it is available commercially. According to a publication by Majtan, in 2014 there 
is no evidence of damage to host cells, when MGH is either consumed orally or used 
as a wound dressing. Honey appears to stimulate healing and reduce scarring when 
applied to wounds [34].

The antibacterial property of honey has been linked to some mechanisms. The 
high osmolarity of honey as a result of its high sugar content inhibits microbial 
growth [35]; the sugar molecules within the honey hold onto the water molecules, 
thereby denying the bacteria enough water to support their growth. However, this 
effect gets lessened as the honey becomes more diluted by wound exudates.

There is another mechanism that lies in the fact that its antimicrobial properties 
are retained, even when the honey is diluted by wound exudate. This is partly due to 
the presence of hydrogen peroxide, which is slowly released as a result of the action of 
glucose oxidase present in the honey. The latter gets diluted by the exudate and in the 
process becomes activated [36].

S. aureus is one of the Gram-positive strains that is susceptible to honey-mediated 
inhibition. The antimicrobial action of MGH, is made possible through the combined 
action bee defensin-1 (antimicrobial peptide), MGH (phytochemical), and hydrogen 
peroxide. Moreover, the high sugar contents of medical grade honey could also be 
helpful to inhibit and eliminating bacteria biofilm through osmosis as reported in a 
study using eucalyptus honey [37], observed enlarged cells containing septa when S. 
aureus was exposed to manuka honey. An indication that cell division was interrupted 
as a mechanism of action. In S. aureus strains, the primary mechanism of action has 
been reported to involve the interruption of the cell cycle, whereby bacteria fail to 
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divide leading to an accumulation of arrested cells with fully formed septum [38]. The 
cleavage of the septum is normally controlled by autolysins, which digest peptidogly-
can to produce two daughter cells [39]. In addition to this, it has been demonstrated 
that treatment with MGH leads to down regulation of the universal stress protein, 
UspA, in MRSA, reducing the ability of bacteria to survive conditions of cellular and 
metabolic stress [40].

Biofilms are generally populations of cells typically covered in a self-produced 
extracellular matrix and usually clinging on surfaces such as teeth, implanted 
devices and wounds. Generally, these microbes in biofilms are safeguarded from 
antimicrobial agents which can lead to stubborn infections. MGH is reported to 
disrupt cellular aggregates and averts the formation of biofilms formed by many 
pathogens, including S. aureus [18]. Honey has been reported to disrupt biofilms 
and kill resident cells, though a higher concentration is required than for plank-
tonic cells [41]. Honey acts as a bactericidal negotiator, penetrates biofilms, recov-
ers aggressive infection, and eradicates colonies. Honey has exhibited bactericidal 
outcome against biofilms of pathogenic reference strains such as MRSA. This has 
clinical implications for using honey as dressing on wounds containing biofilms of 
S. aureus.

5.  Proof of efficacy from animal and case studies, and hurdles so far 
encountered

MGH has been used on animals with accidental or surgical wounds, such as rhinos, 
Horses, etc., with positive outcomes [42, 43]. Case reports using MGH for non-heal-
ing wounds and ulcers have recorded substantial improvement where conventional 
antibiotics had failed [44–48].

In the intervention studies, the treatment of non-healing wounds with MGH-
based dressings resulted in a higher number of completely healed wounds and a faster 
rate of wound size reduction. Also, it was observed that wound odor was neutralized 
with the provision of topical protection, and a reduction in wound pain intensity.

There is evidence from case studies of MGH-based dressing used to treat wounds 
that have failed with treatment with orthodox antibiotics. Though MGH has shown 
potent antibacterial actions in the past three decades and has high potential for use to 
treat chronic wounds caused by S. aureus. MGH-based dressing creates a moist and 
anti-inflammatory wound environment, neutralizes wound odor although promoting 
almost all facets of the wound healing processes such as angiogenesis and re-epithe-
lialization. The efficacy of MGH has constantly been confirmed in other cases and in 
literature as well [49].

Meanwhile there are challenges that cannot be overlooked. There are countless 
reasons for this, including technical challenges in performing a double-blind placebo-
controlled trial on a distinctive substance like honey. The issue of ethical consid-
erations and lack of interest by clinical practitioners are other worries that affect 
patronage. Additionally, the use of honey ointment has been portrayed as messy as it 
leaves behind a sticky residue [50]. There are also apprehensions with the application 
of honey to vertical wounds in ambulatory patients. The newer honey-dressings have 
resolved such issues and there appears to be good ease of use, retention and removal 
and patient comfort with MGH- impregnated tulle.
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6. Conclusion

There has been a collective effort to find or develop novel agents with 
antimicrobial activity in order to increase the collection of drugs against 
methicillin-resistant S. aureus infections and biofilm-forming resistant strains 
which are responsible for chronic wounds. Data collated indisputably demon-
strate that honey possesses bacteriostatic, bactericidal and antibiofilm effects 
on various strains of staphylococcus aureus. Based on evidence gathered so far, 
MGH and MGH-based dressings seem to be an effective medication that could 
be considered a suitable therapy for wounds. Clinical application has proven 
it to be specifically beneficial in the treatment of wounds that are nonrespon-
sive to conventional therapies and wounds infected with antibiotic-resistant 
bacteria such MRSA. Though several challenges are experienced in the effort 
to developing honey into an acceptable therapeutic agent, staphylococcus aureus 
strains appear unable to develop resistance to MGH such as Manuka honey and 
Medihoney, when exposed to various concentrations. MGH therefore offers a 
promising alternative for topical use in wound dressings, both as a single multi-
component agent as well as in combination with antibiotics. This evidence-based 
data has supported the fact that though honey is an ancient remedy, so far it is 
the most effective and efficacious drug agent for stubborn bacteria like MRSA. 
It is believed that this information would contribute to greater credibility of 
MGH-based dressings and their consideration in the management of non-healing 
wounds caused by MRSA.
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Abstract

Antimicrobial resistance is a global concern that requires immediate attention. 
Major causes of development of antimicrobial resistance in microbial cells are overuse 
of antimicrobials along the food chain especially in livestock, in preventing infections 
as well as misuse of antimicrobials by patients. Probiotics could be a viable alterna-
tive to antibiotics in the fight against antimicrobial resistance. Probiotic strains can 
act as a complement to antimicrobial therapy, improving antimicrobial function and 
enhancing immunity. However, there are safety concerns regarding the extensive use 
of live microbial cells especially in immunocompromised individuals; these include 
microbial translocation, inhibition of other beneficial microorganisms and develop-
ment of antimicrobial resistance, among other concerns. Inevitably, ghost probiot-
ics have become the favored alternative as they eliminate the safety and shelf-life 
problems associated with use of probiotics. Ghost probiotics are non-viable microbial 
cells (intact or broken) or metabolic products from microorganisms, which when 
administered in adequate amounts have biologic activity in the host and confer health 
benefits. Ghost probiotics exert biological effects similar to probiotics. However, the 
major drawback of using ghost probiotics is that the mechanism of action of these is 
currently unknown, hence more research is required and regulatory instruments are 
needed to assure the safety of consumers.

Keywords: ghost probiotics, antimicrobial, resistance, potential, combat

1. Introduction

1.1 Antimicrobial resistance

Misuse and abuse of antimicrobials are key contributors to the introduction of 
selective pressures in our natural environments, resulting in the rapid increase of 
antimicrobial resistant microbial strains. Random antimicrobial use has impelled 
microorganisms to adapt and survive by acquiring antimicrobial resistance genes 
that lead to antimicrobial resistant strains [1]. Antimicrobials are drugs or medicines, 
including antibacterials, antivirals, antifungals and antiparasitics, used to prevent and 
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treat infections in humans, plants and animals [2]. Antimicrobial resistance occurs 
when a microbial strain is no longer susceptible to antimicrobials that would normally 
inhibit their growth and allows them to withstand the drugs [3]. Chromosomal or 
plasmid DNA encoding antimicrobial resistance is implicated in the rapid spread of 
multiple resistance through horizontal gene transfer [4], as shown in Figure 1.

Figure 2. 
Mechanisms of antibiotic resistance.

Figure 1. 
Mechanisms of horizontal gene transfer in bacteria. Acquired antimicrobial resistance genes can pass between 
related and unrelated species by transformation, transduction and conjugation.
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Mobile genetic elements including plasmids and transposons are instrumental 
in horizontal gene transfer [5]. Chromosomal resistance is caused by mutations in 
the developing spontaneous bacterial chromosome [6] while extra chromosomal 
resistance depends on the extra chromosomal genetic material that can be transferred 
in ways such as plasmids, transposons and integro [7]. Different types of resistance 
occur including natural resistance, acquired resistance, cross resistance and multi 
drug resistance [8, 9].

1.2 Mechanisms of antimicrobial resistance

The major problem with antimicrobial resistance is the selection and stabilization 
of mechanisms directed by foreign genes taken up by susceptible and resistant strains 
[2]. Microorganisms can evade the effects of the antimicrobial agents throughdecreased 
influx (limiting uptake of a drug), alterationof drug target site, drug inactivation using 
enzymes and active drug efflux (efflux pump) [10, 11] as detailed in Figure 2.

As a result of antimicrobial resistance, antibiotics and other antimicrobial medi-
cines have become ineffective and infections are becoming increasingly difficult or 
impossible to treat increasing the risk of disease spread, severe illness and death. 
Alternative strategies are being employed in order to combat antimicrobial resistance. 
Such strategies include the use of probiotics.

2. Probiotics

Probiotics are live microorganisms, which when administered in correct pro-
portions confer a health benefit on a host [12]. These microbes are a combination 
of bacteria, fungi, viruses and protozoa [13], and the commonly used probiotics 
are Lactobacillus and Bifidobacterium [14]. Beneficial probiotics are found in 
several locations on the body such as the gut, mouth, urinary tract, skin, lungs  
[8, 15]. Probiotic microorganisms can be isolated from plants, food products, 
environment, human and animal sources. Probiotics can be administered as 
supplements in a variety of forms, including in foods, drinks, capsules or pills, 
powders and liquids [16].

2.1 Characteristics of probiotics

Microorganisms must possess a number of characteristics in order to be classified 
as probiotics, that is the microbes should be easily isolated from humans, have the 
ability to live in the gut after consumption, have a proven benefit and must be safe to 
consume [17, 18]. Some of the characteristics are shown in Figure 3.

2.2 Mechanisms of action of probiotics

Probiotics exert their biological effect using different mechanisms of action as 
shown in Figure 4, these include; inhibition of the growth of pathogenic bacteria 
(competitive exclusion), reduction of bacterial and/or toxin translocation, modula-
tion of the intestinal immune system, production of specific substance such as 
bacteriocins, modifications of the structure and function of intestinal epithelium, 
competitive adhesion to epithelial receptors, vitamin absorption and provision of 
other nutrients [19, 20].
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2.3 Probiotic health effects

Probiotics have a number of health benefits, including lowering the risk of some 
infectious diseases and reducing the need for antimicrobials to treat secondary infec-
tions. For example, the use of probiotics with antimicrobials reduces the incidence, 
duration and severity of antimicrobial-associated diarrhea, thereby reducing the 
evolution of resistance [21–23] and unlike antimicrobials which kill untargeted micro-
bials, probiotics help to keep the gut microbiota in check. Some of the health benefits 
are shown in Table 1 below.

Probiotics aren’t perfect, there are many safety challenges associated with the use 
of probiotics such as ability to acquire antimicrobial resistance and virulence genes 
[24], chances of microbial translocation from gut to the blood stream [25], high risk 
of allergic reactions [26] and that biological effects of probiotics are strain specific, 
therefore proper strain identification is required [27] for a specific condition. As a 
result, ghost probiotics have become the preferred alternative to probiotics in order to 
solve the majority of these safety issues [14].

Figure 4. 
Mechanisms of action of probiotics.

Figure 3. 
Characteristics of probiotics.
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3. Ghost probiotics

Health benefits observed for physiologically active probiotics are not associated with 
their viability only [28]. Probiotic products containing dead cells can produce effective 
biological responses. This proves that probiotics merely have an expiry date and can be 
used beyond that. This phenomenon is known as the probiotic paradox, that is, both 
live and dead cells produce the same biological response [29]. Ghost probiotics (inacti-
vated probiotics, non-viable probiotics, paraprobiotics) are inactive microbial cells or 
cell fractions that, when administered in adequate amounts, confer a health benefit to 
the consumer, [14, 30, 31]. They consist of molecules present on the cell surfaces such 
as peptidoglycan, teichoic acid, cell wall polysaccharides and cell surface-associated 
proteins [32]. These trigger the human immune system, stimulating a positive immune 
response and anti-inflammatory effects in animals and humans [33].

3.1 Technologies used in the production of ghost probiotics

The methods used in producing ghost probiotics are similar to the techniques 
used for bacterial inactivation such as thermal processing, irradiation, UV rays, high 
pressure and ultrasound [14, 34] as shown in Table 2 below. Thermal treatment is the 
most common technique for the production of ghost probiotics in laboratories [14]. 
The cell membranes are damaged, leading to leakage of nutrients and ions, ribosome 
aggregation and DNA breakage. Ohmic heating has been proposed for ghost probiot-
ics production. It involves an electric current passing through the sample, leading 
to fast and uniform heating [35]. Therefore, bacterial inactivation can be caused by 
thermal and non-thermal damage (electroporation). Inactivation methods have an 
impact on the beneficial effects. This means that ghost probiotics obtained with dif-
ferent technologies could exhibit different functional features [36].

3.2 Characteristics of ghost probiotics

They are quite safe, they are well-tolerated and associated with reduced risk for 
adverse effects in vulnerable individuals [37]. They have no risk for transferring 
antibiotic-resistant genes to pathogenic or commensal bacteria [38]. Their effectiv-
ity is independent of the cell viability, which ensures longer stability and improved 
shelf-life [39]. They present an easy industrial large-scale production [36]. They 
provide a wide range of health-promoting effects, some of which can be reinforced in 

Probiotic health effects

Metabolic effects Microbiota & Immunomodulation effects

• Reduce risk of colon cancer.

• Hydrolyse lactose to improve lactose 
tolerance.

• Lower levels of mutagenic and/or 
toxigenic reactions in the gut.

• Lower serum cholesterol & Supply 
vitamins like folate to colon epithelium.

• Control of irritable bowel syndrome.

• Colonization resistance which leads to suppression of 
endogenous & exogenous pathogens e.g., Antibiotic associ-
ated diarrhea & travelers’ diarrhea respectively.

• Strengthened innate immunity&

• Balanced immune response – to alleviate food allergy symp-
toms in infants & control inflammatory bowel diseases.

Table 1. 
Probiotics beneficial health effects.
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comparison with the effect of intact viable microbial cells [40]. Another very interest-
ing feature of ghost probiotics, is that, due to their nature, it appears feasible that they 
could be used with concurrent administration with antibiotic and antifungal agents.

Ghost probiotics are categorized into peptidoglycan, teichoic acid, cell wall polysac-
charides, cell surface-associated proteins and proteinaceous filaments. These are the 
ones that mediate beneficial effects to the host [41]. Some bacterial cell walls such as 
Lactobacilli contain a thick layer of peptidoglycan. This enhances the sensitivity to autoly-
sis, hydrophobicity of the cell envelope and resistance to lysozymes [42]. This part in 
bacteria can improve innate and systemic adaptive immune responses as well as suppress 
interleukins which are associated with autoimmune and inflammatory bowel diseases.

Teichoic acids (TAs) are the second main constituent of the cell wall of the 
microbes. They possess immunomodulatory characteristics and exert anti-inflamma-
tory effects on the intestinal epithelial cells of humans [43]. Cell-wall polysaccharides 
are common in Gram-positive bacteria surfaces for example exopolysaccharides 
(EPS). These have the ability to facilitate the interaction of the bacteria with patho-
gens, have immunoregulatory effects and act as a protective layer [43]. Cell surface 
proteins are one of the most important components of the outermost cell envelope 
structure. S-layer proteins, pili proteins, moonlight proteins are part of the surface 
proteins. These play a role in the host biological processes [44].

3.3 Possible uses of ghost probiotics in combating antimicrobial resistance

To counteract the phenomenon of antimicrobial resistance, there is a need to 
reduce the frequency in which they are administered. Ghost probiotics are used as 

Methods of cell inactivation Activities that lead to cell inactivation

Thermal/ heat treatment • Cell membrane damage

• Leakage of nutrients and ions

• Protein denaturation

• Ribosome aggregation

• DNA breakage

High pressure treatment • Membrane rupture

• Alteration of ribosomes

• Protein denaturation & coagulation

• Reduction of intracellular pH

• Inactivation of enzymes

• Loss of solutes

Ultra Violet (UV) Irradiation • Formation of DNA photoproducts

Ionizing radiations • Damage of nucleic acids caused by oxidative radicals

High intensity ultrasound • Cell wall shearing

• Production of free radicals

• DNA damage

• Membrane breakdown & cell lysis

Table 2. 
Methods used in the production of ghost probiotics.
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a possible solution in fighting against antimicrobial resistance [45]. Due to the risks 
and concerns of administering probiotics to livestock, scientists are now opting to use 
ghost probiotics.

Cows tend to suffer from inflammation of the udder (mastitis). The main 
pathogens that stimulate the infection are Staphylococcus aureus, Streptococcus uberis, 
isolated strains of Escherichia coli and Streptococcus dysgalactiae [46]. There has been 
excessive use of intramammary antimicrobials to treat mastitis hence, increasing 
bacterial resistance. This has reduced their treatment efficacy resulting in a growing 
interest in replacement therapies without antibiotics such as ghost probiotics [47]. 
Different variants of ghost probiotics have shown antibacterial activity against S. 
aureus strains associated with bovine mastitis, increased response of the immune 
system and a decrease in the number of somatic cells in milk [48].

Increased animal production keeps animals crowded, facilitating the transmission of 
various diseases. The use of ghost probiotics on farms can naturally bring about a balance 
of gut microbes, reduce the growth of pathogens and reduce the use of antibiotics for 
disease prevention [49]. Thus, reducing the occurrence of resistance effects among patho-
genic bacteria as the major spread of antimicrobial resistance is through food chains [50]. 
In a study carried out using Lactobacillus, the cure rate was doubled by the administration 
of inactivated lactobacilli. For example, the dose of amoxicillin required to kill uropatho-
genic E. coli was halved [51]. Hence, the use of ghost probiotics can reduce excessive use of 
antimicrobials. This can help decrease the chances of antibiotic resistance developing.

A variety of ghost probiotics from the Bifidobacterium species have been shown 
to act as antitumor agents through inhibiting the proliferation of tumor cells. This is 
still waiting for more human trials for approval. Some have been shown to be car-
dioprotective, antiulcer, antioxidants and reduce cholesterol in the body [52]. Ghost 
probiotics containing Bifidobacterium breve and S.thermophilus on preterm infants 
causes clinical tolerance to tumors necrosis, lowered digestive and respiratory infec-
tions, and consumption of these results in lower abdominal distention [53]. Ghost 
probiotics can treat acute diarrhea, which is one of the most common causes of death 
in infants and children in developing countries [54]. Ghost probiotic L. paracei can 
treat atopic dermatitis and other skin infections [55].

There is an innate immune response of macrophages to non-viable Lactobacillus 
casei cells. This results in an increase in the expression of pro-inflammatory cytokines 
and an enhanced transcription of toll-like receptors [56]. Ghost probiotics from 
B. breve and Streptococcus thermophilus cause prolonged dendritic cell survival and 
maturation hence can be used to enhance immune regulatory function, and improve 
epithelial barrier function [53]. Lactobacillus paracasei ghost probiotic, can act via 
the inhibition of immune cell inflammation and protect the host from pathobionts, 
enteric pathogens and protect a patient against colitis [57].

The capability of ghost probiotics to safeguard the host’s health against serious 
infections induced by pathogens is fulfilled through various mechanisms such as 
inhibition of pathogenic adhesion, invasion, biofilm formation, and improvement 
of immune responses in thegut environment. Additionally, some ghost probiotics 
derived from Lactobacillus can provide effective protection against infections induced 
by certain viruses. Lactobacillus species possess antibacterial and anti-viral properties 
[58], inhibition of Gastric Corona, HIV, and Rotavirus in vitro along with a noticeable 
diminution in viral load in vivo [6, 30]. According to [59], ghost probiotics have also 
been shown to fortify endogenous beneficial microorganisms within the gut of the 
host. This activity by ghost probiotics is suggested to be better than the supplementa-
tion with unfamiliar microbial strains as probiotic, [60].
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3.4 Advantages of ghost probiotics

To address the safety concerns surrounding probiotics, the attention has switched 
to the use of non-viable microbial cells, commonly known as ghost probiotics. Ghost 
probiotic and probiotic cells exhibit similar immunological responses by means of 
using the same or different mechanisms of action [14, 31, 32]. This has been demon-
strated by an experiment done on the human epithelial colorectal adenocarcinoma 
Caco-2 cell line, both viable and UV-inactivated Lactobacillus rhamnosus GG cells were 
equally effective in decreasing thepro-inflammatory cytokine, interleukin-8 (IL-8), 
upon flagellin induction using different mechanisms of action [61]. Additionally, in 
a different study, RAW 264.7 macrophages were exposed to heat-killed Lactobacillus 
acidophilus, Lactobacillus bulgaricus, Lactobacillus casei, Lactobacillus gasseri, 
Lactobacillus helveticus, Lactobacillus reuteri, Bifidobacterium species, and S. ther-
mophilus as well as the cell envelope components and cytoplasmic extracts of these 
bacteria. Whole inactivated cells, the cell envelope components, and cytoplasmic 
fractions from probiotic bacteria stimulated macrophages to producetumor necrosis 
factor-α (TNF-α), interleukin (IL-6), and nitric oxide [62]. This experiment dem-
onstrated that bioactive compounds responsible for eliciting immune responses can 
be found anywhere in bacterial cells, and that it does not need an intact cell to elicit 
immune responses.

Furthermore, various inactivation methods for making ghost probiotics, such as 
high-pressure treatment and high-intensity ultrasound, have been reported to cause 
membrane rupture and cell lysis, respectively [14, 63]. Inactivation of microbial 
cells by cell lysis can produce additional beneficial effects, the contact between the 
released molecule and the host cells is improved [36, 40], increasing chances of 
MAMP-PRR interactions which are important for eliciting immunological responses, 
making ghost probiotics attractive than probiotics.

Misuse of antimicrobials in agriculture and medicine has resulted in development 
of antimicrobial-resistant microbes in animals. And also, interaction of microbes in 
gut might result in acquisition of antibiotic resistance and virulence genes in strains 
that previously lacked these through horizontal gene transfer. Alarmingly, antibiotic-
resistant Lactobacillus and Bifidobacterium probiotics have been discovered in dairy 
products such as milk culture, yogurts, and cheese [27]. As a result of this, the focus 
has shifted towards using ghost probiotics that cannot acquire and transfer antibiotic 
resistantand virulence genes. Furthermore, ghost probiotics have a great advantage 
over probiotics in that they can be administered concurrently with antimicrobial agents 
without any bioactivity loss and/or development of antimicrobial resistance [64, 65] 
and thus making it attractive to immunocompromised and multi-diseased individuals.

Industrial processing and storage of probiotic products present viability and 
stability challenges, probiotic cultures should remain viable and sufficient numbers 
must reach the target site after thermal processing, storage, and gastrointestinal 
transit. To avoid these technological challenges, ghost probiotics are used. The dead 
inactivated cells, ghost probiotics do not require refrigeration to maintain the cultures 
in a stable and viable state. This reduces the cost of storing and transporting ghost 
probiotics, allowing them to be used by the poor in impoverished locations such as 
rural areas where refrigeration machines and facilities are lacking. [14], making them 
a cheaper and accessible option than probiotics.

Remarkably, ghost probiotics can remain stable in extreme environmental condi-
tions, like water activity (Aw), temperature and pH which are considered stressful 
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to probiotics and they have a longer shelf life. In addition, they can be supplemented 
into foods, other than dairy products like fruit juices and other cereal products [14], 
thus provide beneficial effects to lactose intolerant individuals. The heat-inactivated 
L. gasseri CP2305 strain is an example of ghost probiotics found in non-dairy goods. 
A sports drink treated with heat-inactivated L. gasseri CP2305 helped young athletes 
recover from exhaustion, anxiety, and negative moods [66]. Ghost probiotics can 
withstand the thermal processes during production and thus they can be added before 
thermal processing without any functionality loss [14]. Because ghost probiotics do 
not interact directly with food matrices, they have no effect on the organoleptic and/
or sensory qualities of the food [34], hence there is no detrimental modification such 
as that observed in yogurt, which results in high acidification [35].

3.5 Disadvantages of ghost probiotics

Ghost probiotics, being dead and inactive cells, are unable to create metabolites 
such as bacteriocins, lactic acid, vitamins, and enzymes that are essential for pro-
biotic health effects [14]. Additionally, the chemical mechanism of action of ghost 
probiotics is unknown; nevertheless, cell wall polysaccharides, peptidoglycans, 
surface proteins, and teichoic acids are known to activate immunological responses. 
Unlike postbiotic components which exist in purified form, ghost probiotics mecha-
nism of action is unclear and is difficult to point out which molecule does what due 
to complex bacterial architecture [36]. Some methods of microbial inactivation 
such as thermal treatment affect the physiological activity of the resulting dead cells 
and the stability of their beneficial effects during shelf life, resulting in altered and 
non-identical biological responses [14, 36]. For instance, heat treatment at 121°C 
for 15 minutes of multispecies of lactic acid bacteriaie., L. acidophilus, Lactobacillus 
plantarum, Lactobacillus fermentum, and Enterococcus faecium demonstrated reduced 
adherent capacity to Caco-2 cells by more than 50% while heat-treatment at  
100°C for 30 minutes did not alter the capacity of these strains to adhere to Caco-2 
cells at all [67].

4. Current issues surrounding the adoption of ghost probiotics

Their side effects have not been fully understood. Studies have been done on how 
the microbiome of the gut reconstituted itself after antimicrobial treatment with and 
without ghost probiotic administration [68]. This means the impact ghost probiotics 
can have in the medical industry is questionable. There is an issue of, what is being 
studied is not exactly what would be administered to people [69]. For instance, when 
research is being carried out it involves a specific organism defined by genus, species 
and strain (these are pure and carefully dosed). But when buying off the shelf mixed 
with other products such as food products, people become skeptical about what they 
are getting dosage wise [70].

Research being carried out is claimed to be of low quality, small in size and often 
funded by companies with significant conflicts of interest [71].

The inactivation method of ghost probiotics functions can interrupt the bacterial 
cells and allow for an interface between intracellular bioactive compounds and the 
host cells on the administration of ghost probiotics. Delivery and formulation of ghost 
probiotics has been limited in the clinical field [31].
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5. Regulation of ghost probiotics

In light of the safety and technological challenges associated with probiotics 
[14, 40], use of ghost probiotics will expand in near future. Therefore, there is an 
urgent need to clarify several points to support regulatory authoritiesin defining the 
requirements for the registration and approval of functional foods containing ghost 
probiotics and those that have health claims to protect consumers. There is currently 
an overlap of terminology in defining the biotics terms, ghost probiotics and post 
biotics which makes communication difficult among researchers, manufacturers, and 
customers [14]. Therefore, there is a need for internationally recognized clear-cut 
definitions to avoid confusion that currently exists in biotics, especially for probiotics, 
postbiotics and ghost probiotics [14]. As result of this mayhem, the ghost probiotics 
are currently marketed as probiotics [72]. Chiefly, ghost probiotics production, detec-
tion, and quantification methods need to be look into closely [14] and standardized 
[14], before regulations and/or requirements are laid out and implemented. The FDA 
should then layout the ghost probiotics specific requirements and specifications to 
iron out the mix-up.

Global commercialization of ghost probiotics is also one of the issues recognized 
from a regulatory view point because of the geographical differences, for example 
some traditional probiotics are classified differently across countries like Generally 
Regarded As Safe for USA and QPS for Europe and additionally some probiotics 
do not follow the same regulation globally. The regulatory process followed so as to 
launch a non-traditional probiotic is as complicated as one required for drugs [73].

The current regulations on probiotics are inadequate to protect the consumers 
and the prescribing doctors, there is abuse of the word probiotics and no specifics of 
microorganism are indicated in products [74]. Obviously, just like probiotics, ghost 
probiotics cannot be approved as drugs, even though they are sometimes used for 
the prevention, management or treatment of disease [75]. In the United States, and 
many regions of the world, probiotic products are marketed as dietary supplements 
(not drugs) and are therefore subject to different manufacturing and quality control 
standards than approved drugs are [75, 76], the same should apply to ghost probiotics. 
Exemption should be given to ghost probiotics with health claims, these should be 
treated aspharmaceutical products and regulated as such [75]. To assure safety to end-
users, pharmacists should be aware of product quality when recommending these 
dietary supplements to risk populations like immunocompromised individuals [75] 
and infants and manufacturing quality control standards should be steeper especial 
for this vulnerable group [40].

Additionally, manufacturers should be in a position to provide evidence of quality 
criteriawhen required to and they should guide pharmacists on the safe use of specific 
products [75]. Manufacturers should have quality management systems in place, and 
third-party and/or regulatory organizations should verify compliance. Accordingly, 
the regulatory aspects that need to be considered for ghost probiotics are efficacy, 
safety, andquality control of manufacturing.

6. Future perspectives and conclusion

There is a need for large randomized placebo-controlled single strain trials with 
standard dosing, formulation and duration of treatment in various diseases to get 
consistent results. At this moment it is difficult to recommend any particular ghost 
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probiotic for a particular disease as the preparation and dosing may not be available 
commercially. The interaction of the gut microbiota with its host and mutual regula-
tion has become one of the important topics of biomedical research. Their relevance 
in human diseases require much more research. The popularity of ghost probiot-
ics is fast increasing shortly they will be used in food, medicine, and agriculture. 
Additionally, the diet microbiota host interface can give rise to newer therapeutic 
approaches based on selective alteration of microbial metabolite production to sup-
port human health and prevent diseases. The metabolic profiling approach, suggests 
how mining the microbiota may lead to personalized treatment.
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Chapter 4

Managing Antimicrobial Resistance 
beyond the Hospital Antimicrobial 
Stewardship: The Role of One 
Health
Istifanus Anekoson Joshua, Mathew Bobai  
and Clement Sokfa Woje

Abstract

Infections caused by micro-organisms affect the health of people and animals, 
causing morbidity and mortality, with Asia and Africa as the epicenters. Some of 
the infectious diseases are emerging and re-emerging in nature. Examples include 
viral hepatitis, Lassa fever, Ebola, yellow fever, tuberculosis, covid-19, measles, and 
malaria, among others. Antimicrobials have been playing an important role in the 
treatment of infections by these microbes. However, there has been a development 
of resistance to these antimicrobials as a result of many drivers. This write-up used 
secondary data to explore the management of antimicrobial resistance (AMR) beyond 
the hospital antimicrobial resistance steward using the one health concept. The find-
ings showed AMR to be a transboundary, multifaceted ecosystem problem affecting 
both the developed and developing countries. It is also one of the top ten global 
public health threats facing mankind. Globally, AMR will cost over US$100 trillion in 
output loss by 2050, about 700,000 deaths a year, and 4,150,000 deaths in Africa by 
2050. About 2.4 million people could die in high-income countries between 2015 and 
2050 without a sustained effort to contain AMR. The drivers of AMR are beyond the 
hospital and hospital AMR stewardship. Therefore, the need for one health concept to 
manage it.

Keywords: antimicrobials, antimicrobial resistance, Hospital antimicrobial 
stewardship, infections, one health

1. Introduction

Infectious diseases are caused by microbes such as bacteria, viruses, fungi, or 
parasite, which often affect human and animal health. The mode of transmission can 
be direct, such as spread from person to person, or indirect contact via insect bites, 
food and water contaminations, among others [1].
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Africa with the fastest growing population in the world, is now catching up with 
Asia as infectious diseases hotspot [2]. Infectious diseases have accounted for about 
one-quarter of deaths, and are globally responsible for at least ten million deaths 
annually, especially in tropical countries at the beginning of the 21st century. Some of 
the infectious diseases are emerging while some are re-emerging in nature. Examples 
of these diseases reported in Africa include meningococcal meningitis, hepatitis B, 
C, and E viruses, tuberculosis, Dengue fever, Lassa fever, yellow fever, Ebola virus, 
COVID-19, measles, HIV/AIDS, plague, avian influenza, chikungunya, syphilis and 
poliomyelitis, monkey pox, Marburg virus, Zika virus, rift valley fever, malaria, 
cholera, rickettsia, among others (Table 1).

Disease Type Countries

Covid-19 Emerging Nigeria, among other African countries

Lassa fever Emerging Nigeria, Liberia, Benin Republic

Ebola virus Emerging Sierra Leone, Liberia, Guinea, Democratic Republic of Congo 
(DRC), Uganda, Senegal

HIV/AIDS Emerging All African Countries

Hepatitis B, C, E Emerging Nigeria, Kenya, Uganda, Rwanda, most African countries

Typhoid fever Emerging Nigeria, Ghana, Madagascar, Senegal, Ethiopia, Burkina Faso, 
Kenya, Guinea Bissau, South Africa, Sudan, and Tanzania

Dengue fever Emerging Burkina Faso, Cote d’ivoire, Egypt, Cape Verde

Monkey pox Emerging Nigeria, Cameroon, Central Africa Republic (CAR)

Chikungunya Emerging Congo, Sudan, Kenya, Senegal

Zika virus Emerging Cape Verde

Malaria Emerging/ 
Re-emerging

Nigeria, Tanzania, Mozambique, DRC

Measles Re-emerging Nigeria, DRC, Zambia, Ethiopia

Cholera Re-emerging Nigeria, Guinea Bissau, Zimbabwe, Niger, Chad, Cameroon, 
DRC, Sierra Leone, South Sudan, Zambia, Kenya, Somalia and 
Mozambique

Tuberculosis Re-emerging Nigeria, South Africa

Meningococcal 
meningitis

Re-emerging Nigeria, Liberia, Togo, Niger, Guinea, South Sudan, Benin 
Republic, Chad, Burkina Faso, Ghana, DRC, Uganda, Cote 
d’ivoire

Syphilis Re-emerging Nigeria, Morocco, Burkina Faso, Togo, Ghana, Tanzania, 
Ethiopia, Rwanda, Cameroon, Gabon, Mozambique, Swaziland, 
South Africa

Plague Re-emerging Madagascar

Trypanosomiasis Emerging/ 
Re-emerging

Nigeria, DRC, South Sudan, Angola, CAR, Chad, Congo, Malawi, 
Guinea Bissau, Cameroon, Cote d’Ivoire, Equatorial Guinea, 
Tanzania, Uganda, Zambia, Zimbabwe, Burkina Faso, Ghana, 
Kenya

Anthrax Re-emerging Tanzania, Zimbabwe, Botswana, Uganda, Namibia, Chad

Table 1. 
Some emerging and re-emerging infectious diseases reported in Africa [3–13].
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The burden of infectious diseases in Africa is huge, and it has topped the list of 
diseases that frequently require consultation, hospitalization and also remain a major 
cause of morbidity and mortality. Antimicrobials play important roles in their treatment, 
emergence of resistance, persistence, and transmission. They have also saved hundreds 
of millions from infectious agents. However, antimicrobial resistant (AMR) organisms 
are increasing globally, threatening to render existing treatments ineffective. They pro-
long illness, increase case fatality, facilitate transmission, and increase treatment costs.

Antimicrobial resistance caused by bacteria and viruses are of greater public 
health significance. This is because they account for a large share of clinical infections 
observed. Their emergence has compromised the effectiveness of antimicrobials [14]. 
The use of antibiotics makes them serve as reservoirs of resistant genes with the pro-
pensity to spread via ecological niche through the human, animal, and environmental 
interactions [15, 16].

Some factors associated with antimicrobial resistance include microbial adapta-
tion and change, human susceptibility to infection, poor environmental practices, 
human demographics and behavior, international travel and commerce, technology 
and industry, breakdown of public health measures, poverty and social inequality, 
war, and famine and lack of political will [3].

2. Antimicrobials and antimicrobial resistance

Antimicrobials are global public good that has improved health care, saved lives, 
and enhanced economic gains [17]; and they are the cornerstone on which the health 
system is standing on [18]. Antimicrobial resistance is the alteration of microbes 
when exposed to the antimicrobial making them not sensitive. These drugs become 
ineffective and infections persist in the body, increasing the risk of spread to others.

Antimicrobial resistance is the development of resistance in a microorganism to an 
antimicrobial agent to which it was previously sensitive [19]; and it is a multifaceted 
ecosystem problem that threatens the interdependent humans, animals, and environ-
mental health [15, 20]. In view of this importance, the World Health Organization 
theme for 2011 was tagged “antimicrobial resistance: no action taken, no cure 
tomorrow”.

3. Magnitude of the problem of antimicrobial resistance

The World Health Organization (WHO) has declared that antimicrobial resis-
tance is one of the top ten global public health threats the world is battling with [4]. 
Antimicrobials such as antibacterial, antivirals, antifungals, and antiparasitics are 
used to prevent and treat infections in human, animals and plants [4].

United Nations General Assembly, World leaders of G7 and G20, and WHO 
declared AMR as a global health security challenge today. It is a transboundary 
problem that concerns every country irrespective of its level of income and develop-
ment, where the organisms require no international passports [15, 20]. Antimicrobial 
resistance is a global crisis that risks reversing a century of progress in health [21]. 
Alarming levels of resistance have been reported in both developing and developed 
countries, with the result that common diseases are becoming untreatable, and 
lifesaving medical procedures more at risk to perform [21].
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Antimicrobial resistance is also an ecosystem problem threatening the interrelated 
human-animal-environment health under the “One Health” framework. Resistant 
bacteria arising in one geographical area can spread via cross-reservoir transmission 
to other areas worldwide either by direct exposure or through the food chain and the 
environment [22, 23]. Sixty percent of pathogens harmful to humans are of animal 
origin; humans and animals share the same bacteria [17].

The economic burden of AMR is difficult to calculate due to insufficient data and 
the need to account for externalities, especially in Africa [24]. Globally, drug-resistant 
microbes account for at least 700,000 yearly deaths and 230,000 deaths from resis-
tant mycobacteria are projected to increase to 10 million deaths globally by 2050 in 
no action is taken. Around 2.4 million people could die in high-income countries 
between 2015 and 2050 without a sustained effort to contain antimicrobial resistance 
[21]. Estimates of the impact of AMR on the US economy are exceedingly high, 
including $20 billion in direct health care costs with additional indirect costs as high 
as $25 billion, 2 million illnesses, and 23000 deaths per year [25].

The World Bank projected that 24 million people could fall into extreme poverty 
by 2030 because of AMR and most would come from low- and middle-income coun-
tries [15]. Globally, AMR will cost over US$100 trillion in lost output by 2050 [23] and 
about 4,150,000 deaths in Africa by 2050 [19, 23]. The problem of AMR is global but 
is particularly more serious in sub-Saharan Africa, second only to that of Asia.

The increase in AMR could lead to a reduction in options available to treat infec-
tious diseases, support chemotherapy, and surgery, and this will have a significant 
impact on the Health System and economies [19]. Infections with resistant organ-
isms have been associated with an increased hospital stay, increased morbidity and 
mortality, use of additional drugs, laboratory tests, and increased treatment cost 
[26, 27]. This has financial implications for the individuals, families, communities, 
and the health system (HS) [19]. This has increased poverty as it has been docu-
mented that millions of Africans fall into poverty due to high out-of-pocket health 
payments [28]. Antimicrobial resistance could lead to loss of productivity from the 
spread of diseases to other animals and death of the animals, thereby threatening 
the sustainability and security of food production and the livelihood of farmers. The 
proportion of antimicrobials resistance has at least doubled in chickens and in pigs 
in the past two decades [25].

Reports have identified significant gaps in surveillance, standard methodologies, 
and data sharing related to AMR; and Africa and South East Asia as regions without 
established AMR surveillance systems [29]. This results in a lack of quality data lead-
ing to treatment guidelines that are not adequate for the local situation. Consequently, 
the rise and spread of AMR threaten the effective control and treatment of various 
bacterial diseases world wide [15, 20]. In addition, the lack of consistency in the mea-
surement and reporting of susceptibility data makes it difficult to compare findings 
among different countries and laboratories, sometimes even within one country [30].

Infections caused by antimicrobial resistance are now alarming globally, and the 
increasing rates of antimicrobial resistance are resulting in fewer treatment options 
[31]. The world’s known antimicrobials are becoming increasingly ineffective as drug 
resistance spreads globally leading to more difficult to treat infections and deaths 
[4]. The problem is further compounded by the fact that very few new antibiotics 
have been developed within the last thirty years. We effectively do not have any new 
weapon in the fight against AMR. Therefore, new antimicrobials are urgently needed 
to treat especially carbapenem-resistant gram-negative bacterial infections as identi-
fied by the WHO priority pathogen list [4].
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Without effective tools for the prevention and adequate treatment of drug-
resistant infections, the maternal number of death due to drugs resistant infections 
will increase, and medical procedures such as surgery, including cesarean sections, 
hip replacements, cancer chemotherapy, and organ transplantation will become 
riskier [4].

Statistics indicated that malaria claims more than one million lives yearly, and 
African countries bear the brunt of malaria accounting for more than 90% of all 
cases occurring worldwide [32]. In Africa, malaria has devastating consequences on 
agricultural households. It is estimated that malaria cost Africa more than twelve  
billion United State dollar per year slowing its economic growth by 1.3% annually 
[33]. Tuberculosis is one of the top leading causes of mortality globally and the  
highest incidence rates are found in Africa and south-east Asia [34].

HIV/AIDS kills and disable adults in the productive part of their lives affect-
ing businesses, investments, industries, agricultural sustainability, and African 
agricultural labor force in particular affected [35]. It is worth noting, that bacterial 
diarrhea, malaria, tuberculosis, and HIV infections, responsible for high mortality 
rates in sub-Saharan Africa, are also showing increased resistance to hitherto effective 
antimicrobials. Candida auris has shown increased resistance to antifungal drugs such 
as fluconazole, amphotericin B, Voriconazole, among others [4]. In Nigeria, there 
is a widespread antimicrobial resistance among enteric Escherichia coli, particularly 
to penicillins, aminoglycosides, cephaloporins, chloramphenicol, tetracycline, and 
cotrimoxazole [36].

4. Drivers of antimicrobial resistance transmission

Antimicrobial resistance is complex, multi-sectoral and a cross-boundary chal-
lenge being driven by clinical, biological, social-political, economical, and envi-
ronmental drivers and exerts effect not only on humans, but also animals and the 
ecosystem. However, the key drivers of antimicrobial resistance include poverty, lack 
of access to clean water, sanitation, and hygiene for both human and animals; poor 
infections and diseases prevention and control in healthcare facilities and farms; 
changing population density; poor management of pharmaceutical and hospital 
wastes; antibiotic misuse and overuse; poor access to quality and affordable medi-
cines, vaccines, and diagnostics; poor public knowledge about antimicrobials and its 
resistance; lack of enforcement of legislation; lack of surveillance systems; lack of 
food safety and control measures; poor environmental practices, poor documenta-
tion of AMR in animals, poor evidence-based data on the magnitude and economic 
burden of AMR in humans; poor rules and regulations to control counterfeit drugs in 
the market and unique transmission properties of antimicrobial resistant organism, 
chemical stressors in an environment, among others [37].

Bacteria usually adopt some mechanisms to resist antibiotic action against them. 
These mechanisms include the inactivation of the antibiotic through enzymatic 
degradation, or modification of the antibiotic targets, alteration of the permeability 
of the cell membrane, and the expression of efflux pumps to keep intracellular of 
antibiotic below inhibitory level [37].

Several unique properties of antimicrobial resistant bacteria enable their devel-
opment and propagation in the environment. Autochthonous bacteria constitute 
environmental reservoirs of antibiotic resistance genes or “resistomes” that can subse-
quently be transferred to pathogens via horizontal gene transfer (HGT) [37, 38]. This 



The Global Antimicrobial Resistance Epidemic - Innovative Approaches and Cutting-Edge Solutions

44

HGT can occur through conjugation, transduction or transformation. However, the 
key global concern is the development of resistance of last resort, such as the cephalo-
sporins, carbapenems, and polymyximises [39]. Resistance to third-generation cepha-
losporins has increased worldwide to bacterial acquisition of the ability to produce 
extended-spectrum beta-lactamase enzymes (ESBL) that mediate resistance to most 
beta – lactams [40]. Bacteria and mobile genetic elements conferring resistance 
linger on animal skin and in feces and by various means can be transferred between 
bacteria, and these organisms can make their way to human beings [41]. Evidence of 
transmission from livestock to human beings ESBL and AmpC – B – Lactamase genes 
on plasmids and Escherichia coli clones, most likely through the food chain have been 
reported [41].

4.1 Environmental and related factors

In developing countries with scarce resources, poor sanitation, poor food safety 
measures, sales of antimicrobial over the counter, overcrowding, use of antimicrobials 
in animal and fish farming, and weak government regulations are some of the leading 
causes of antimicrobial resistance [42, 43]. There has been documentation of antibiot-
ics being added directly to dairy products by vendors in order to increase shelf-life in 
Ethiopia [44]. Others showed high antimicrobial residues in eggs and meat in Nigeria 
[45], Ghana [46], Senegal [47], Kenya [48], and Tanzania [49].

4.2 Changing of population density

Movement of people from rural to urban areas (urbanization) brings considerable 
negative and positive changes in their living and working conditions. In the urban 
areas, housing density increases, there is overcrowding, animals and humans may 
share dwelling places and drinking water, among others with resultant negative health 
consequences. One of the problems associated with rural-urban migration of people 
includes AMR infection transmission, which has been documented [50].

4.3 Use of antimicrobials in human and veterinary medicine

Antimicrobial are among the most commonly prescribed drugs in human and 
veterinary medicine but about 50% of these are considered unnecessary [51]. This is 
associated with misuse, overuse, and underuse especially in low, middle, and high-
income countries (LMIC) [52, 53]. These consumptions could be a major driver of 
AMR. When antibiotics are used, either for medicinal purposes or for food animal 
production, they inevitably make their way into the environment [40].

Antibiotics have been in use in livestock, cattle, and aquaculture, among others 
to enhance production and growth for human consumption. A study showed that 
among different countries using veterinary antibiotics, Myanmar, Indonesia, Nigeria, 
Peru, and Vietnam have been projected to have the greatest increase by 2030 in that 
descending order [54].

Treatment of ailing fish with antibiotics used for human medicine and then dump-
ing these treatments directly into the water or via fish food is one of the leading causes 
of bacterial resistance in the aquatic environment. Substantial evidence supports the 
link between antibiotic resistance in livestock and the emergence of bacterial resistance 
in humans [55, 56].
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4.4 Counterfeit antibiotics

Counterfeit antibiotics are a type of substandard drug and the influx into the 
global pharmaceutical market is estimated at 5% [57]. The majority of these products 
originating from south-East-Asia and Africa, are destined mainly for emerging coun-
tries including South-East –Asia, sub-Saharan Africa, Europe, and North America 
[57]. Even though it is a worldwide problem, it is still not eradicated and it continues 
to exert a devastating negative impact mainly because of poverty, globalization, ease 
of international trade, the lack of regulations, and law enforcement, among others.

4.5 Non-prescription antibiotics

Globally, antibiotics are becoming more and more available over-the-counter 
or via unregulated supply chains [58, 59], which is a problem in both developing 
and developed countries [60]. This results from weak law enforcement or even the 
absence of policies and regulations [61]. In developing countries mainly Africa, the 
community is providing different unauthorized services like consulting, diagnosing, 
prescribing, and dispensing medications [62]. These illegal practices if no care is 
taken can increase selection pressure and consequently AMR.

5. Overview antimicrobial and hospital antimicrobial stewardship

Antimicrobial stewardship is the effort to measure and improve how antimicro-
bials are prescribed by clinicians and used by patients. Improving antimicrobials 
prescribing and use is critical to effectively treat infections, protect patients from 
harms caused by unnecessary antimicrobial use, and combat antimicrobial resistance. 
(www.cdc.gov/antibiotic-use/core-elements/index.html).

CDC’s Core Elements of Antibiotic Stewardship offers providers and facilities a 
set of key principles to guide efforts to improve antibiotic use and, therefore, advance 
patient safety and improve outcomes. These frameworks complement existing 
guidelines and standards from key healthcare partner organizations, including the 
Infectious Diseases Society of America, Society for Healthcare Epidemiology of 
America, American Society of Health System Pharmacists, Society of Infectious 
Diseases Pharmacists, and The Joint Commission (CDC www.cdc.gov/antibiotic-use/
core-elements/index.html).

It is the use of standard antibiotic regimens for the treatment of infections thus 
optimization of antibiotic use. This program has been implemented in some countries 
with impressive results [48], leading to a reduction in the use of antibiotics especially 
broad-spectrum antibiotics in addition to a decrease in healthcare costs and the 
improvement of patient outcomes and AMR containment [63, 64]. Similar programs 
in South Africa, a lower-middle-income country, in both the private and public hospi-
tal sectors, have shown reductions in inappropriate antibiotic use, among others [65].

The Core Elements of Hospital Antibiotic Stewardship Programmes [66] include:

• Hospital Leadership Commitment which dedicates necessary human, financial, 
and information technology resources.

• Accountability appoints a leader or co-leaders, such as a physician and pharma-
cist, responsible for program management and outcomes.
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• Pharmacy Expertise (previously Drug Expertise) which appoints a pharmacist, 
ideally as the co-leader of the stewardship program, to help lead implementation 
efforts to improve antibiotic use.

• Action that implements interventions, such as prospective audit and feedback or 
preauthorization, to improve antibiotic use.

• Tracking which monitors antibiotic prescribing, impact of interventions, and 
other important outcomes, like Clostridium difficile infections and resistance 
patterns.

• Regularly reporting information on antibiotic use and resistance to prescribers, 
pharmacists, nurses, and hospital leadership.

• Education of prescribers, pharmacists, nurses, and patients about adverse reac-
tions from antibiotics, antibiotic resistance, and optimal prescribing.

6. Deficiencies in the hospital antimicrobial stewardship program

Because the drivers of antimicrobial resistance lie in humans, animals, plants, 
food, and the environment (i.e., beyond the hospital), a sustained One Health 
response is essential to engage and unite all stakeholders around a shared vision and 
goals.

Human resources for health (HRH) are key in the hospital antimicrobial resistance 
containment. However, inadequate and inequity in the distribution of health work-
ers is a huge problem, especially in Africa, and Nigeria [67]. The maldistribution of 
health workforces is central to the existing inequalities in health service coverage and 
the burden of disease for populations in need.

Weak health system: Although the battle of AMR is a global one, Africa is cur-
rently at a disadvantage in the fight because of weak healthcare systems and other 
factors that are slowing the continent’s efforts in the fight. This will have serious 
negative human, social, economic, and developmental consequences in the region 
[15]. Africa is a continent bellied with challenges such as widespread poverty, armed 
conflicts, high level of illiteracy, poverty, and very weak medical and veterinary 
health institutions [68], that have made the continent poorly prepared to effectively 
fight this public health threat.

7. The role of One Health

One Health is an approach of multiple disciplines working locally, nationally, and 
globally to obtain better health for people, animals, and the environment. It has the 
potential to mitigate the negative externality of AMR [69].

Studies have shown that implementing one health, especially in low-income 
countries will save lots of money for the veterinary and medical health systems 
[44, 68]. This money can be used to enhance surveillance and improve capacities 
in medical and veterinary HS. Surveillance systems are the foundation for a better 
understanding of the epidemiology of AMR and the key for tackling this public 
health threat [46].
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7.1 The benefits of One Health in tackling antimicrobial resistance

Tackling antimicrobial resistance from the “One Health” perspective is emaced by 
the WHO/FAO/OIE Tripartite, the Declaration from the 2016 high-level meeting on 
antimicrobial resistance at the United Nations General Assembly, and is supported by 
the World Bank [20, 70, 71]. This model engenders broad effectiveness and efficiency 
outcomes generating savings in operating costs. It is based on building veterinary/
human public-health capacity and enhancing awareness in order to reach effective 
global governance. Capitalizing on these capacities or reducing the vulnerabilities, 
especially in low-income countries will prevent or mitigate the leading causes of 
antimicrobial resistance and infectious pandemic.

The adoption and implementation of laboratory-based surveillance and monitor-
ing system in the African WHO regional office is poor. In LMICs, the challenges are 
enormous due to weak laboratory and communications infrastructure, lack of trained 
and qualified staff, and higher incidence of counterfeit antibiotics [72]. Current 
surveillance capabilities are variable across the world. Europe and the USA have the 
best surveillance coverage while Sub-Saharan Africa, South and Southeast Asia have 
the least developed [51]. Therefore, there is need for global public health awareness on 
the importance of rational antibiotic use and emergence of resistance.

8. Conclusion

The importance of antimicrobial resistance cannot be neglected in view of its 
consequences globally, regionally, nationally, and locally. It is a hazard that must be 
prevented and/or mitigated. Health Education of the general population and clini-
cians on wrong antibiotic choice, wrong dose, wrong dose interval, wrong route, 
wrong duration, and delayed administration could be helpful.

Multimodal strategies for the control of AMR, Research and Development, envi-
ronmental control, market control, and manufacturing should be explored.

Establishment of laboratory for human and animal diseases research: Adequate 
funding is critical; however, the sources of funding can be from governmental and 
non-governmental entities.

Surveillance of antibiotic consumption in medical and veterinary medicine is fun-
damental; and a massive global public awareness is important to enhance knowledge 
about AMR in general and antibiotic uses and resistance in particular. Surveillance 
systems are the foundation for a better understanding of the epidemiology of AMR 
and the key for tackling this public health threat.

Medical prescriptions should be based on the local antibiogram. There is a need to 
explore alternatives to antimicrobials, such as phages and probiotics, among others.
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Abstract

Disinfectants, antiseptics, and sanitizers are crucial for hygiene standards and 
disease control, as recently emphasized by the SARS-CoV-2 (COVID-19) pandemic. 
With the foreshadowing of antibiotic resistance, new cutting-edge technologies and 
innovative methodology need to be applied to prevent the latest emerging antimicro-
bial resistance crisis, resistance to disinfectants. Disinfectant resistance is a relatively 
novel field of study, and although some molecular mechanisms have been elucidated, 
little is known about complex mechanisms, cross-resistance with antibiotics, and the 
existence of resistance biomarkers. Fortunately, great advances have been made in the 
field of sequencing technology and bioinformatics. Although there are many limita-
tions to this technology, various “omics” approaches to disinfectant resistance will be 
crucial in directing environment-specific disinfection programs. In addition, the vast 
amounts of data generated by sequencing technologies can be applied by artificial 
intelligence (AI) models to identify key disinfectant resistance markers and in the 
surveillance of disinfectant resistance genes. A combination of these approaches 
will be crucial in identifying new disinfectant resistance mechanisms, in monitoring 
resistant populations, and in identifying cellular targets for new disinfectant formula-
tions. These molecular tools will be vital in the battle against disinfectant resistance, 
the latest development in the antimicrobial resistance crisis.

Keywords: biomarkers, antimicrobial resistance, biocide resistance, omics,  
artificial intelligence

1. Introduction

The SARS-CoV-2 (COVID-19) pandemic has highlighted our reliance on disinfectants, 
antiseptics, and sanitizers. These products are used extensively in the agricultural, food, 
and beverage industries, as well as in veterinary and medical environments. Disinfectants 
play a crucial role in biosecurity as a preventative measure in hygiene and disease control. 
A great deal of research has been carried out on antimicrobial resistance (AMR) and anti-
biotic resistance in particular, however little is known about resistance to disinfectants. 
Disinfectant resistance is a relatively novel field of study; however, this phenomenon is 
emerging at a troubling rate.
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Quaternary ammonium compounds (QACs) are one of the most widely-used disin-
fectants globally and are the best studied in terms of disinfectant resistance. In general, 
the underlying basis of resistance is a decrease in the intracellular concentration of the 
disinfectant within the microbial cell [1]. Resistance mechanisms may include changes 
in cell membrane structures, biofilm formation, efflux pumps, enzymatic activity 
and metabolism, and degradation of these compounds [1, 2]. These properties may be 
selected for and proliferate under stress conditions (such as QAC exposure), and some 
may be transferred on mobile genetic elements to other organisms (also to/from other 
species) [3]. Nonspecific resistance mechanisms, such as multidrug efflux pumps, can 
result in cross-resistance to several antimicrobials, including resistance to antibiotics, 
disinfectants, and antiseptics simultaneously [3, 4].

Although advances have been made in the study of disinfectant resistance, the 
literature is vastly less than that on antibiotic resistance. One main difference between 
antibiotics and disinfectants is that antibiotics often have one or two cellular targets, 
whereas disinfectants have multiple cellular targets to bring about the microbicidal 
effect [1, 5]. As a result, the antimicrobial effect of disinfectants is much more 
complex and so are the resistance mechanisms. Therefore, it may become crucial to 
use various “omics” methods in the study of disinfectant resistance that can reveal the 
full extent of what is happening inside a cell. This includes whole-genome sequenc-
ing, metagenomics, transcriptomics, proteome analysis, and metabolome research. 
This technology has become crucial in the study of disinfectant resistance and may be 
applied to discover new antimicrobial compounds.

In addition, to sequencing technology, recent advances in artificial intelligence 
(AI) have resulted in models that can trace and predict antimicrobial resistance 
patterns [6]. AI models together with disinfectant resistance biomarkers will be 
integral in the tracking of resistant populations and directing disinfection programs. 
Although extensive work is still required to develop these techniques and the database 
they rely on, these pose a promising alternative to studying the rapidly emerging 
disinfectant resistance crisis.

2. Mechanisms of disinfectant resistance

The biocidal activity of QACs has been attributed to their cationic charge interacting 
with the anionic charge cell wall of microorganisms and diffuse binding to the cytoplas-
mic membrane resulting in the formation of an electrostatic bond [5, 7, 8]. QACs cause 
damage by disrupting the cell membrane, distorting the permeability of the cell wall, 
loss of osmoregulation, disrupting the flow of nutrients into the cell, leakage of intra-
cellular molecules, protein denaturation, and degradation of nucleic acids; ultimately 
resulting in cell death [8, 9].

While QACs and their active concentrations vary based on target organisms, 
they are typically utilized in concentrations below 1000 ppm. Nevertheless, the 
inappropriate use of disinfectants exposing microbes to sub-lethal concentrations 
can facilitate tolerance, reduced susceptibility, and resistance to these compounds 
[10, 11]. Furthermore, the release of QACs in run-off into the environment from 
food, healthcare, and animal production industries further poses a risk by exposing 
potential pathogens to sub-inhibitory concentrations of QACs. Bacterial resistance to 
biocides may develop by several mechanisms.
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2.1 Cell membrane/wall alterations

While many studies have examined the development and spread of antibiotic 
resistance, the rise of disinfectant resistance further threatens biosecurity. While it 
has been shown that QACs act primarily by disrupting the cellular membranes, some 
microorganisms have intrinsic resistance provided by their phenotypic and physiological 
characteristics that challenge the penetration of the QACs [1, 2]. The phenotypic traits 
that facilitate inherent resistance to QACs often involve sophisticated membrane lipid 
permeability barriers, reducing the penetration of these compounds. The unique outer 
membrane, rich in lipopolysaccharides (LPS), phospholipids, and lipoproteins, that sur-
rounds the cellular membrane of Gram-negative bacteria, makes them less susceptible 
than Gram-positive bacteria [10]. In addition, slime layers and cell walls rich in complex 
lipid molecules may confer tolerance to QACs based on physiological traits [1].

Apart from intrinsic resistance, reduced susceptibility to QACs can be induced 
over time by exposure to sub-inhibitory concentrations [12]. This change can be in 
the form of acquired resistance through the reduction of membrane permeability 
by changes in the fatty acid and phospholipid composition, and LPS [13, 14]. These 
alterations result in the cellular membrane becoming more negatively charged and 
hydrophobic, limiting the diffusion of QACs into the cell via the membrane [2]. 
Another mechanism to avoid QAC penetration involves density reduction, changes in 
the composition of porins, and protein composition of the outer membrane [15].

2.2 Biofilms

Exposure to QACs at sub-lethal concentrations enhances biofilm formation [16]. 
The physiological adaptation of certain bacteria to biofilms aids in their survival as 
these cells embed in the biofilm polysaccharide matrix and form part of microenvi-
ronments [16]. Within the biofilm, any antimicrobial treatment is hindered due to a 
lack of cell penetration and lower intracellular inhibitory concentrations [10, 16].

2.3 Efflux pumps

Inherent resistance to QACs may also result from the basic activity of broad-spectrum 
chromosomally encoded efflux pumps [7, 17]. These are transmembrane proteins that 
may provide resistance to numerous antimicrobial agents, including antibiotics and 
QACs [17]. While their main physiological purpose includes the transport of natural 
substances, it has been found that the resistance nodulation division (RND) family, the 
major facilitator (MF) superfamily, the small multidrug-resistance (SMR) family, and 
the multidrug and toxic compound extrusion (MATE) family of efflux pumps can expel 
antimicrobials from cells [7, 17, 18].

QAC resistance mediated through the action of efflux pumps has received 
considerable attention due to its genetic origin, ability to confer co-resistance to 
both antibiotics and other antimicrobials, and the ability to be transferred across 
microbial species via horizontal gene transfer (HGT) [17, 18]. QAC resistance may 
be induced by the overexpression of these pumps following exposure to QACs [12]. 
QAC resistance genes for efflux pumps can also be acquired, such as qacE, qacF, qacG, 
qacH, qacI, qacJ, and qacZ, which form part of the SMR efflux family [2, 18]. These 
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QAC resistance genes have mainly been found on mobile genetic elements, including 
transposons, plasmids, integrons, and integrative and conjugative elements (ICEs) 
allowing for HGT [3, 19].

2.4 Degradation and metabolism of QACs

Various studies have suggested an alternative fate of QACs that includes, degradation 
and metabolism [20, 21]. Some microorganisms have demonstrated the ability to degrade 
QACs under aerobic conditions, as a result of exposure to a range of sub-inhibitory 
concentrations [22]. QAC degradation has been found in various microbial communities, 
where microbes have been able to utilize QACs, (benzalkonium chloride (BC) and dodecyl 
dimethylammonium chloride (DDAC)) as their sole carbon and energy source [20, 22, 23].

2.5 Mobile genetic elements

Apart from intrinsic resistance mechanisms, the acquisition of mobile genetic 
elements (MGEs) is an important method for the attainment of resistance genes. 
Multidrug-resistant microorganisms develop via the acquisition of resistance deter-
minants that exist in the global microbial gene pool [24]. The selective pressure of 
QACs may enhance the transfer of MGEs, such as ICEs, plasmids, insertion sequences, 
integrons, and transposons. Furthermore, the movement of these elements facilitates 
HGT and leads to the rise of antimicrobial resistance as a result of the acquisition and 
spread of resistance genes [25].

The exposure of bacteria to disinfectants may result in nonoptimal gene expression, 
which potentially reduces susceptibility through altered gene expression and muta-
tions [26]. Hence, any microbe can possess resistance genes and while these may not 
always be expressed, they may also be constitutively expressed or induced, resulting in 
optimal expression in response to environmental changes.

2.6 Linking antibiotic and disinfectant resistance

The mobilization of resistance genes through intracellular mechanisms allows 
multiple resistance genes to cluster together, forming a single genetic unit. This means 
that bacteria may acquire resistance to multiple compounds (including disinfectants 
and antibiotics) simultaneously through one conjugation event [24, 27, 28]. This type 
of co-resistance to disinfectants and antibiotics has already been observed in multiple 
bacterial groups and co-resistance plasmids with similar structural arrangements 
have been isolated from various groups of unrelated bacteria [27, 29, 30].

Multidrug efflux pumps play important roles in linking antibiotic and disinfectant 
resistance, as they are effective against quaternary ammonium compounds along with 
various antibiotics. Additionally, disinfectant resistance genes (qac) are often found 
alongside antibiotic resistance genes on plasmids, further increasing the significance 
and complexity of resistance [30–32].

3. Innovative and cutting-edge solutions to counter disinfectant resistance

3.1 Biomarkers: a new way to track disinfectant resistance

The infectious disease poses a great threat to global healthcare systems and is 
estimated to cause annual mortality of over 17 million worldwide according to the 
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World Health Organization [33]. This estimate can be expected to rise due to AMR 
becoming more prevalent. Antimicrobial resistance arises from the overuse and abuse 
of antibiotics and other antimicrobial chemicals [2, 34]. The ability to accurately 
diagnose infections will guide clinicians to select the correct treatment strategy while 
maintaining sensible use of antimicrobials to prevent further proliferation of AMR. 
Moreover, scheduled surveying of the microbial population and AMR status of the 
population within a given setting can provide vital information to attempt to control 
resistance development.

To appropriately respond to AMR either in a clinical sense or as a public health 
threat, rapid detection of multidrug-resistant (MDR) isolates will be required. 
Conventional susceptibility testing, such as agar dilution, disk diffusion, gradient 
diffusion, or broth macrodilution techniques, has the limitation of only providing 
results 24 h after bacterial isolation [35]. To overcome this limitation the combination 
of biological marker indicators, cost-effective and time-efficient techniques could 
provide the solution.

Biological markers or biomarkers are indicators of a particular disease state 
or other physiological states of an organism. These indicators can include genes, 
proteins, genetic variations, and/or differences in metabolic expression [36]. The 
presence or absence of certain biomarker indicators can provide insight into the 
physiological state of the cell. Recent developments in biomarker identification 
and research have focused on antibiotic resistance and virulence biomarkers [37]. 
However, some techniques and workflows allow for elucidation of novel resistance 
mechanisms, which could be used to expand the currently small pool of disinfectant 
biomarkers [38].

A functional metagenomic workflow was used to rapidly identify and validate 
AMR biomarkers from clinical isolates for three antibiotics, namely tobramycin, 
ciprofloxacin, and trimethoprim-sulfamethoxazole [38]. This technique was func-
tionally verified for known AMR biomarkers but of substantial interest would be the 
applicability to elucidate potentially novel resistance mechanisms. While the focus 
of AMR remains on antibiotics due to the connectivity associated with patient utility 
and infection, disinfectant resistance is an emerging issue and needs to be approached 
in the same manner.

Currently, one of the key tools that can be used to combat AMR is rapid detection 
and diagnostic evaluation of infections. Rapid elucidation of the AMR status of infec-
tions can improve the antimicrobial treatment prescribed and affect the outcome of 
patients. Machine learning approaches have successfully used genomic and transcrip-
tomic data to distinguish and provide antibiotic resistance capabilities for the bacterial 
pathogen Pseudomonas aeruginosa [39]. Genetic features, such as gene expression, gene 
presence/absence, and single nucleotide polymorphisms (SNPs), were analyzed to 
categorize the isolates as susceptible or resistant. Interestingly, the resistance predic-
tions were heavily dependent on the specific antimicrobial investigated. However, 
contrasting prediction criteria are present in other bacterial families, such as the 
Enterobacteriaceae, where the presence of resistance-conferring genes is sufficient for 
susceptibility predictions [39].

Another rapid technique for the detection of MDR isolates that have been 
implemented in clinical microbiology laboratories is matrix-assisted laser desorp-
tion ionization-time of flight (MALDI-TOF) mass spectrometry (MS). This tech-
nique is used to either replace or assist conventional phenotypic identification for 
many bacterial isolates [40]. MADLI-TOF MS can rapidly provide the simultaneous 
detection of multiple resistance characteristic peaks in the spectra generated when 
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the identification of a specific strain occurs. Although the detection of the peaks 
responsible for resistance is feasible, the identification of the protein responsible for 
the peak is lacking [41]. Even though the proteins responsible for resistance can-
not be identified, the presence of resistance can be identified, this could aid in the 
potential of MADLI-TOF MS to detect resistance presence or absence as potential 
biomarker candidates.

In the case of the detection of disinfectant resistance biomarkers, the need for 
urgency and rapid results is not as pressing as with antibiotic resistance markers 
present in hospitalized patients. The concept of tracking disinfectant resistance using 
biomarkers does not require as much speed, because rapid treatment is not of utmost 
importance. However, being able to elucidate what disinfectant resistance is present is 
necessary to maintain sanitary surfaces within hospitals, food production, or animal 
husbandry facilities. Once the disinfectant resistance biomarkers have been detected, 
follow-up procedures, such as susceptibility testing, can be conducted to appro-
priately correlate the MADLI-TOF MS peaks with distinctive minimum inhibitory 
concentration results [41].

3.2 Expanded surveillance of disinfectant resistance

With the growing threat of antimicrobial resistance and emerging pathogens, the 
need for effective surveillance and tracking of the spread of antimicrobial resistance 
and possible determinants is a new avenue for possible disease prevention [42]. 
Resistant determinants include both resistance genes and mutations that provide 
microbes with the ability to resist the effects, typically biocidal, of antimicrobials or 
other drugs. As with antibiotic resistance, disinfectant resistance may also be intrinsic 
or acquired via HGT on plasmids or other mobile genetic elements [25, 42].

Continued misuse and overuse of current essential antibiotics have resulted in less 
effective therapeutic options and a push into a post-antibiotic era [34, 43, 44]. While 
much research is underway in developing novel antimicrobials, there is also a need 
to establish effective strategies and preventative measures to reduce antimicrobial 
resistance. As disinfection is the main form of biosecurity in many human and animal 
environments, this has quickly become a concern as these treatments are becoming 
less reliable [45].

Some advances in molecular typing methods and the availability of genome 
information for various microorganisms provide tools and insights for further under-
standing molecular epidemiology, genetic content, and the spread of antimicrobial 
resistance [19, 46]. Hegstad and coworkers [19] examined mobile genetic elements 
and their contribution to the resistant Enterococcus species and described specific 
resistance and virulence determinants. They saw certain genes, transposons, and 
plasmids may confer certain phenotypic characteristics such as resistance to specific 
antibiotics. In addition, the development of simplistic typing methods allowed for 
an assessment of the relative contributions of microbes, such as enterococci, to the 
spread of defined resistance phenotypes [19]. These typing methods also allowed 
elucidation of the potential risk for the transfer of conjugative elements to other bac-
teria genera. In some cases, R-plasmids transferred antibiotic resistance without the 
selection pressure present. It was also suggested that genetically manipulated CRISPR 
interference mechanisms may be useful in limiting the spread of antibiotic-resistant 
enterococci [19].

Investigation of potential pathogens requires the knowledge of pre-established 
resistance determinants such as antibiotic resistance genes (β-lactam) or disinfectant 
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resistance genes (qacH, qacA, qacB, and qacC) [32]. With the use of these  
known resistance determinants, microbes can be isolated from areas such as those 
observed in healthcare, food, and animal production industries, and genomic 
screening of the isolates can be done to elucidate their susceptibility to antibiotics or 
disinfectants. Such screening was done by Zmantar and coworkers [47] through the 
examination of Staphylococcus aureus associated with dental infections to monitor the 
epidemiology and spread of the multi-drug resistant staphylococci. In this study, S. 
aureus strains were isolated from bloodstream infections and identified using specific 
primers, and minimal inhibitory concentrations of BAC and antibiotics were deter-
mined. Approximately 50% of the isolated strains were resistant to BAC and harbored 
efflux-mediated resistance genes [47]. The qacA/B and other qac genes were found 
following molecular analysis, these are typically found on pSK1 plasmids and could be 
why such a high proportion of this population exhibited resistance to BAC [48, 49].

The tracking of resistance determinants provides surveillance of potential pathogens 
and resistance genes, however, the prevention of the spread of these determinants is a 
major concern as the control of microbes in many environments is difficult [50]. It may be 
possible to enforce proper control and sterilization or disinfection procedures in controlled 
environments such as healthcare and food production industries. Through the screening 
of nosocomial pathogens in hospitals the possible resistance profile of these pathogens may 
be elucidated, and help to tailor individual antimicrobial strategies, including changes in 
terms of QAC concentrations or the use of alternative disinfectants [50].

4. “Omics” methods to study disinfectant resistance

The omics revolution stems from recent significant advances in sequencing technology 
and bioinformatics. From the beginning of the central dogma, whole-genome sequencing 
can identify which genes are present in a cell or population. Thereafter, transcriptomics 
can be used to study how these genes are transcribed and under what conditions. 
Furthermore, proteomics can be used to reveal which proteins have matured, if any post-
translational modifications have occurred, and how the protein profile of a cell can change 
due to environmental factors. Lastly, metabolomics has the power to elucidate the impact 
of a changing proteome on metabolic pathways, and which metabolic pathways are key in 
a microbial response to antimicrobials.

Pan-genome analysis and metagenomics are powerful tools that can reveal any 
resistance determinants present in the genome of a microorganism. Together with 
bioinformatics, this approach can be applied to determine what is present in a resis-
tant strain that is absent in a related susceptible strain and therefore infers the cause 
of the resistance phenotype. By comparison of susceptible against resistant strains, 
complex resistance mechanisms can be elucidated, and the additive effect of hun-
dreds of genes throughout the genome can be revealed. Bland and coworkers [51] used 
whole-genome sequencing to gain insight into sanitizer tolerance amongst Listeria 
monocytogenes isolates exhibiting different resistance profiles. The genomic related-
ness of the isolates was analyzed, and the origin and dissemination of these popula-
tions were tracked throughout the facility where they were isolates [51]. In addition, 
genetic elements were found associated with decreased susceptibility to QAC-based 
disinfectants, this included bcrABC efflux cassette and four Listeria pathogenicity 
islands (LIPI-4, [51]). This application of whole-genome sequencing and data min-
ing shows that this methodology can be used to reveal known disinfectant resistance 
determinants and be applied in the surveillance and tracking of persistent resistance 
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populations. Metagenomics in this approach can reveal the impact of a bacterial 
 community and population dynamics that lead to the development of resistant 
populations [46].

An additional advantage of whole-genome sequencing is an analysis of full 
genome sequences and the comparison of the role of the core genome and accessory 
genome in the resistance phenotype. A great deal can be revealed by focusing on 
acquired resistance determinants; however, recently it has been discovered that the 
core genome can play a much greater role than initially anticipated [52]. Gallagher 
and coworkers [52] used whole-genome and transposon sequencing to reveal 
that elements of the core genome of A. baumanii play an instrumental role in the 
extreme antibiotic resistance phenotype and not the accessory elements. Research 
into resistance to disinfectants has focused mainly on accessory genome elements 
that are acquired through horizontal gene transfer. This has led to the discovery of 
efflux pumps (smr and qac genes) harbored on mobile genetic elements and numer-
ous plasmids responsible for resistance to disinfectants [53–55]. However, the core 
genome may present an equally important untapped refuge for disinfectant resistance 
determinants. Future work should include a combination of these strategies, the 
comparison of susceptible and resistant strains together with metagenomics and 
pan-genome sequencing to elucidate novel molecular mechanisms of resistance in 
both the accessory and core genomes of bacteria eliciting resistance to disinfectants 
and antiseptics.

Whole-genome sequencing has played an integral role in identifying genetic 
elements responsible for decreased susceptibility to antimicrobials. However, simply 
because a resistance gene is present does not mean it plays a role in the resistance 
phenotype. Gene activation and regulation of expression can be crucial in resistance 
to an antimicrobial [12, 56]. Transcriptomics has the power to link the genotype of 
resistance to the resultant phenotype exhibited. This can be particularly useful when 
genotypic data needs to be linked to a phenotype, or when a resistance phenotype is 
exhibited but no obvious antimicrobial resistance genes can be found.

A few methods to analyze transcriptomics are by using Microarray, Real-Time 
PCR, and RNA-Sequencing technology. Microarray and real-time PCR can show 
differential expression in response to antimicrobial treatment. However, certain genes 
need to be targeted, and therefore the mechanisms and gene sequence needs to be 
known and characterized. Whereas, RNA-Sequencing requires no prior knowledge, 
and allows for a full view of the core and accessory genomes. In this way, novel 
mechanisms of resistance can be found more easily, and differential expression can be 
seen genome-wide.

The transcriptomic analysis allows for the numeration of differentially expressed 
genes and quantitative data on what fold change is the down or upregulation of 
expression. This allows for a generation of a complete differential expression profile 
for thousands of genes for an isolate when exposed to certain environmental condi-
tions. This means that a “screenshot” of gene expression can be taken at a certain time 
under specific conditions. This gene expression profile can then be compared at the 
same time under different conditions or under the same conditions but over time. 
As an application of this information, entire networks and metabolic pathways of 
hundreds of genes can be characterized. In addition, the impact of complex intercon-
nected pathways can be mapped, and regulatory circuits can be revealed. This is 
an important application when a resistant isolate does not harbor any attributable 
resistance genes, the resistance phenotype could be elicited by overexpression of non-
resistant “housekeeping” genes or those yet to be annotated as resistance genes [57].
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Kim and coworkers [4, 12] combined a genomic and transcriptomic approach to 
study bacterial resistance to the disinfectant benzalkonium chloride (BC). In a popu-
lation exposed to BC long-term, RNA-Sequencing revealed an upregulation in efflux 
pump genes, down-regulation of porins, and a reduced growth rate [12]. In addition, 
mutations in the pmrB genes and upregulation of spermidine synthase genes affected 
the charge on the cell membrane of bacteria in the resistant population, resulting in 
a hindrance of BC uptake [12]. These mutations and differential expression, identi-
fied by a combination of genomic and transcriptomic methods, work synergistically 
to reduce the intracellular concentration of BC. The use of both methods revealed a 
complex multifaceted approach used by bacterial populations to reduce susceptibil-
ity to disinfectants. Due to this discovery, the mutation in the pmrB gene could be an 
attractive biomarker for BC resistance moving forward.

Although transcriptomics can give insight and detail into gene function and 
regulation, a great deal can change after expression. Resistance profiles can be 
affected during the protein synthesis stage in the form of post-translational modi-
fications, protein maturation, and combinatory effects. Proteomics can also reveal 
intercellular changes due to antimicrobial treatment. A protein profile includes any 
extracellular proteins and those that are secreted to form part of the intercellular 
microenvironment. Proteomics can be studied by Liquid chromatography-mass 
spectrometry (LC-MS) and two-dimensional difference in gel electrophoresis 
(DIGE) and generates an overall protein profile of the cell [46]. This includes both 
qualitative and quantitative data so not only can we see which proteins are pres-
ent but in what number. Similarly, to transcriptomics, this protein profile can be 
generated to reveal protein changes in different conditions or can be monitored 
over time. Proteomics is best used in combination with real-time PCR to determine 
if regulation of protein expression occurs at the level of transcription, transla-
tion, or post-translational modification [46]. This information can tell us how 
the proteome changes in response to different antimicrobials and what cellular 
structures are affected. Zhang and coworkers [58] used proteomic analysis to gain 
insight into the effect of environmental conditions on an increased tolerance of 
P. aeruginosa to monochloramine disinfection in drinking water. The proteomic 
profile was compared under different environmental conditions and revealed that 
stress conditions (starvation and low temperatures) significantly aided in tolerance 
to monochloramine disinfection [58]. This decrease in susceptibility occurred by 
triggering oxidative stress defense, dormancy, osmotic stress response, and the 
stringent response; these responses have been shown to play a vital role in reduced 
susceptibility to disinfectants [58]. Therefore, proteomic signatures can be gener-
ated including protein networks for different antimicrobials, and thus provide 
insight into how resistance to these antimicrobials develops. Additionally, protein 
profiles can be used to identify antimicrobial targets and therefore in the design of 
new antimicrobials [46].

Finally, the metabolome is a new area of study in terms of antimicrobial resistance. 
Metabolomics reveals a profile of metabolites in a system at a specific time under 
certain conditions. As with proteomics, this is not limited to the cellular metabo-
lome but includes the intercellular metabolome as well (secreted metabolites). The 
metabolome can be studied through LC-MS and Nuclear Magnetic Resonance (NMR) 
[46]. Metabolomics is integral in identifying which metabolic pathways are affected 
by which antimicrobials, to create a metabolic profile for certain antimicrobial 
treatments. Metabolomic profiles can be created for individual antimicrobials or 
antimicrobials used in combination. This will provide insight into the mode of action 
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for antimicrobials, any combinatory effects and reveal how resistance mechanisms 
develop. In turn, metabolomics can also create a metabolic profile of resistant organ-
isms under different stress conditions over time and identify important metabolic 
pathways in resistance. Lin and coworkers [59] used comparative metabolomics on 
susceptible and MDR Escherichia coli strains to identify and characterize 273 differing 
metabolites between the susceptible and resistant strains. Bioinformatics analyses 
revealed that the resistant strains all had enriched biosynthesis of amino acids, bio-
synthesis of phenylpropanoids, and purine metabolism while the susceptible strains 
did not [59]. This study represents the first step in the prediction and characterization 
of metabolic pathways crucial in multidrug-resistance profiles in bacteria.

The “omics” methods mentioned generate immense amounts of data. In particular, 
transcriptomics, proteomics, and metabolomics provide a screenshot of what is hap-
pening within a cell at a certain time under certain conditions. These methods can also 
be used to study how the response of an organism changes over time to a certain antimi-
crobial, or how the response of the microbe changes between different antimicrobials. 
However, these methods are all limited by what can be done with the data generated.

5.  Artificial intelligence for the prediction of antimicrobial resistance 
profiles and directing of antimicrobial treatment

Artificial intelligence (AI) has been used to predict antimicrobial resistance 
profiles based on sequence data. This is done using several models including random 
forests, naïve Bayes, decision trees, artificial neural networks, and support vector 
machines [6]. Whole-genome sequencing is a technology that is readily available and 
becoming more cost-effective year on year, in turn, a massive amount of genomic data 
now exists. This genomic information has been stored on various databases (NCBI, 
GenBank, etc.) and is widely available. Artificial intelligence models use this data to 
identify multiple biomarkers of resistance, in turn, these biomarkers allow for the 
generation of a predicted resistance profile. This is done by searching the genome for 
the presence of resistance determinants and labeling them as biomarkers for associ-
ated predicted resistance phenotypes.

The Naïve Bayes method has been used to identify resistance determinants and 
build a resistance profile of biomarkers [60]. In addition, this method has been used 
in to determine the probability of effective antibiotic treatment when not targeted to 
a specific pathogen [61]. The support vector machines model has been used to label 
susceptible or resistant isolates, when applied to E. coli for antibiotic resistance it cor-
rectly predicted the susceptibility profile with a 95% accuracy [62]. This model can be 
applied to antimicrobial resistance surveillance and tracking as well as directing treat-
ment for clinical pathogens [6]. Random forest is an algorithm that can direct anti-
biotic combinations to find synergistic properties and lower total dosage given over 
time to patients [6]. The decision tree model has been used to estimate the impact of 
antimicrobial resistance and strategize a proportional response for the allocation of 
medical resources [63, 64]. This model has also been applied to direct antibiotic use 
to shorten treatment time [65, 66]. Finally, artificial neural network models have 
been used to identify new antimicrobial compounds and methods to modify existing 
antimicrobials to increase effectiveness [6, 67].

The resultant resistance profile generated can determine which genes, mutations, 
and resistance mechanisms exist and therefore which antimicrobials will be least 
likely to be effective [61, 62]. In turn, this resistance profile can be used to determine 
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which resistance biomarkers are not present and therefore which antimicrobials the 
isolate is most likely susceptible [62]. This generates a list of potential antimicrobials 
that will be effective against a particular pathogen based on its genomic characteris-
tics and biomarkers present in the genome [60].

This technology can be used for an individual isolate, an infection caused by 
multiple microbes (as part of a biofilm) or an environmental population, as the total 
DNA can be extracted, and pan-genome metagenomics is used to screen multiple 
genomes for biomarkers [62]. This may be of importance when analyzing popula-
tion dynamics in environments like hospitals where multiple MDR isolates could be 
harbored together, each exhibiting a different resistance profile. These techniques 
can be used to determine which antimicrobial will be effective against all microbes 
present in the population to ensure that one or two do not persist and give rise to a 
new resistant population.

The resistance profile for an isolate can be used to direct individual targeted 
antimicrobial treatment. Currently, this method is still in development and being 
directed mainly to antibiotic treatment of persistent infections [62]. However, this 
technology has a wide range of applications including chemical treatment of micro-
organisms by disinfection. Disinfectant resistance is emerging at an alarming rate and 
some molecular mechanisms of resistance to disinfectants have been discovered [3]. If 
the molecular resistance mechanisms are known, these resistance genes or mutations 
that give rise to the resistance phenotype can be flagged as biomarkers of disinfectant 
resistance. A resistance profile can be generated to determine which active ingredi-
ent is most likely to be effective, based on a lack of resistance biomarkers for that 
specific compound. From there, chemical treatment by certain disinfectants can be 
recommended based on their active ingredient. Molecular mechanisms of resistance 
to quaternary ammonium compound (QAC) disinfectants are well characterized. The 
qac gene family plays a direct role in resistance to QAC-based disinfectants as well as 
smr efflux pump genes [3]. These genes can be flagged as potential resistance markers 
for QAC-based disinfectants.

This technology can also be applied to direct day-to-day antibiotic treatment by 
predicting which drug combinations will give the best treatment against a certain 
pathogen [6]. AI models have been used to elucidate which drug combinations could 
work synergistically to amplify the antibiotic effect, minimize patient side effects, 
and prevent the development of antibiotic resistance [6, 65, 66]. This methodology 
can be applied to antimicrobial chemical treatments (such as disinfectants), which 
can be applied in combination to create a synergistic effect and prevent the develop-
ment of resistance to disinfectants. For example, the presence of smr efflux pump 
genes in a microbial population can bring about resistance to a variety of antimicro-
bial compounds [53]. However, this effect can be negated by the addition of efflux 
pump inhibitors [68, 69]. This information can be used to direct the treatment of 
a resistant population by adding efflux pump inhibitors to be used in combination 
synergistically with disinfectants.

6. Measures to counter resistant organisms once identified

Alternative control methods have been suggested for many years to overcome 
MDR bacteria, including bacteriocins, essential oils, bacteriophage therapies, nano-
therapeutics, antibodies, and more recently quorum sensing inhibitors [44, 70]. Many 
of these methods currently suffer from their inability to be stand-alone replacements 
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for antibiotics due to their infancy. Additionally, these alternative methods will most 
likely be classified as supplementary options in addition to traditional antibiotic or 
antimicrobial treatments. Suggesting that combination therapy could be the best way 
forward to combat the global threat of MDR.

Combination therapy involves the coadministration of antibiotics/antimicrobial 
agents with other chemicals that lack antimicrobial properties or different antibiotics/
antimicrobials with differing modes of action [71, 72]. The advantage of combination 
therapy is that further resistance development can be hindered but the susceptibility 
of MDR bacteria to treatment can also be restored [73]. The success of combination 
therapy is shadowed by theoretical predictions that can cause unexpected adminis-
tration results. The interaction between the different chemicals administered with 
one another and/or the environment could be antagonistic rather than synergistic, 
resulting in failure of combinational treatment [74]. Emphasizing that solutions to 
MDR bacteria are not simple but rather require a great degree of complexity to ensure 
that the trend of resistance spread does not continue.

There are a plethora of resistance mechanisms present in bacteria, some of the 
most prevalent include low outer membrane permeability, production of degradation 
enzymes, efflux pumps, and target modification [75]. Efflux pumps possibly provide 
the most versatile mechanism to both provide resistance to a broad range of antimi-
crobial compounds while simultaneously providing additional characteristics, such as 
increased virulence [76]. Multidrug transporters are efflux pumps with the capability 
to recognize a wide variety of dissimilar substrates and these types of transporters are 
often key in MDR bacteria [76].

Since the discovery of MDR caused by efflux pumps the development of efflux 
pump inhibitors (EPIs) as a strategy to combat this resistance has been considered. 
The combination of antibiotics/antimicrobials and EPIs could allow the return of 
certain antibiotics/antimicrobial chemicals that have lost functionality in clinical 
practice. Additionally, the spectrum of usable compounds could be broadened by the 
addition of EPIs to allow antimicrobials to be able to adequately target Gram-positive 
and more naturally resistant Gram-negative bacteria [77]. The inhibition of efflux 
pumps can have dual purposes, of increasing the susceptibility to some of the antimi-
crobial substrates which would normally be resisted and potentially some attenuation 
of the virulence that is connected to efflux pump expression.

Many EPIs have been elucidated, some having specific inhibitory activity against 
select efflux pumps and others having broader inhibitory effects [77]. Some examples 
of EPIs include verapamil, reserpine, phenylalanine-arginine beta-naphthylamide 
(PAβN), 1-(1-naphthylmethyl)-piperazine (NMP), and carbonyl cyanide m-chloro-
phenyl hydrazone (CCCP). The inhibition of efflux pumps that have substrates of high 
clinical significance appears to be a very attractive approach. However, this approach 
will only prove productive for bacterial populations with prevalent efflux-mediated 
resistance. EPI use has been shown to reduce the frequency of emergence of bacterial 
strains with clinically relevant levels of resistance to certain antibacterial chemicals 
[78]. However, the introduction of EPIs as a viable form of combination therapy suffers 
from several downfalls, which prevent its immediate introduction into clinical settings. 
When considering EPIs that function to inhibit efflux by specific interaction with the 
efflux protein via competitive inhibition. Some substrates of the same efflux pump 
might have different binding sites that are not inhibited by the competitive binding 
inhibition of the EPI. Highlighting the complexity of interactions between antibacte-
rial compounds and efflux pumps, and how unique combinations of antimicrobials 
and EPIs will have to be identified to provide desired inhibition effects [78, 79].
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EPIs with broad inhibitory capabilities, such as CCCP, inhibit efflux by targeting 
the energy production of the cell [80]. In both nonspecific and specific inhibition, 
the end result is to increase the susceptibility of bacterial isolates to antibacte-
rial compounds by increasing intracellular accumulation. The major downfall of 
EPIs is related to the stringent requirements that these chemicals need to obtain 
to be successfully classified and used. These compounds must not have inherent 
antibacterial properties, which could potentiate the problem of MDR bacteria, and 
must be selective for bacterial efflux pumps, without interaction with eukaryotic 
efflux systems. Additionally, they must fulfill certain pharmacological character-
istics, most notably non-toxicity, and must be economically feasible at commercial 
production levels [81]. To date, no EPIs have reached clinical use, as none can suc-
cessfully meet all the requirements to be regarded safe for combination therapy in 
humans. However, the utility of EPIs could be beneficial for studying the prevalence 
and contribution that efflux plays in acquired and intrinsic resistance to antibacte-
rial compounds within clinical bacterial isolates to allow better understating of 
efflux-mediated MDR in the clinical setting. Increased study into alternatives to 
antibiotics has put a spotlight on treatment options, such as EPIs, further research 
will be required to get EPIs into clinical use as a combinational therapy option. EPIs 
can also be used in combination with disinfectants and antiseptics where efflux 
pumps contribute to reduced susceptibility of these compounds. The synergistic use 
of EPIs together with antimicrobials may be a crucial step in the fight against AMR 
in the near future.

7. Conclusions

The antibiotic resistance crisis is a foreshadowing of an equally troubling 
phenomenon, resistance to disinfectants. Although we have elucidated molecular 
mechanisms of disinfectant resistance there is still a great deal we do not under-
stand. Complex mechanisms of disinfectant resistance are poorly characterized, 
little to no research has been done on disinfectant resistance biomarkers and sur-
veillance of disinfectant resistant populations is not a priority. Our current disin-
fectants need to be safeguarded and the search for new disinfectant formulas must 
become a priority. Advances in sequencing technologies in the form of omics, bio-
markers, and AI will be key in the battle against emerging disinfectant resistance 
and will go far in characterizing synergistic treatment options. Disinfectants are 
heavily relied on for hygiene purposes and infection control in the agricultural, 
food and beverage industries, and so designing a disinfection program that is 
effective is vital. Additionally, characterizing disinfectant resistance profiles in 
environments such as the food industry and medical environments will be key 
to effective control ever changing persistent resistant populations. Advances in 
sequencing and antimicrobial resistance research have never been so important, 
as this methodology can be applied to disinfectant resistance to avoid another 
worldwide resistance crisis.
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Abstract

Colistin has been administrated for a long time in both human and veterinary 
medicine. Since the detection of the colistin resistance gene in animals, the increased 
concern about the impact on public health of colistin resistance has been evident, and 
several measures have been implemented. Some countries banned colistin use in food-
producing animals, however, other countries continue the animal administration of 
colistin without restrictions. Consequently, colistin resistance originated on animal 
production can be transmitted to humans through the food chain or the contaminated 
environment. Nowadays, this antibiotic was considered as the last resort for the treat-
ment of multidrug-resistant Gram-negative infections or patients with fibrosis cystic. 
For these reasons, this review aimed to summarize the trend of antimicrobial use in 
livestock and aquaculture production, as well as, colistin-resistant bacteria in these 
animals, and the impact of its resistance on human health and the environment. In 
general, consumption and colistin use in livestock production have shown to decrease 
worldwide. In animal production, the detection of mcr genes, is well documented, 
demonstrating global dissemination of colistin resistance in Enterobacteriaceae isolates 
and the emergence of novel colistin-resistant genes. Moreover, identification of these 
genes has also been reported in animal food, humans and the environment.

Keywords: antibiotics, antimicrobial resistance, colistin resistance, mcr-1, 
Enterobacteriaceae, livestock, aquaculture

1. Introduction

In veterinary medicine, colistin or polymyxin E has been administrated for a 
long time [1], mainly for therapeutic and prophylactic purposes in food animals. 
In pets, colistin is administered alone or in combination with other antibiotics 
for eye application and eardrops [2]. Colistin belongs to the antimicrobial class of 
polymyxins and currently was classified as the highest priority critically important 
antimicrobials for human medicine, according to WHO CIA list [3], and included 
in the category 2 (restrict), according to the EU antimicrobial advice ad hoc expert 
group (AMEG) classification. Polymyxins, as well as, fluoroquinolones and 3rd- or 
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4th-generation cephalosporins are considered the classes of antimicrobial agents 
that required the most urgent measures to tackle risks of the antimicrobial resis-
tance (AMR) [4]. Therefore, this agent is used in both people and food animals 
for the treatment and prevention of Enterobacteriaceae infections, which include 
Klebsiella spp., Escherichia coli, Acinetobacter spp. and Pseudomonas aeruginosa. 
Colistin is highly used as the last resource in critical care settings or tackling 
multidrug-resistant (MDR) microorganisms, such as Enterobacteriaceae, in humans. 
Taking into account the increase of MDR Enterobacteriaceae prevalence in human 
infections, the amount of colistin administration can be considerable worldwide 
[1, 3]. In addition, this antimicrobial showed lower toxicity and more efficiency 
compared to beta-lactams and fluoroquinolones used as alternatives [5].

The detection of bacteria resistance to colistin has worried the scientific com-
munity, due to the presence of mobile-colistin-resistance (mcr) genes that are on 
plasmids and can be transferred among bacteria conferring resistance to colistin 
via the food chain and/or the environment through the contaminated manure, soil, 
air or water [1, 3, 6]. Furthermore, the scarce of alternatives against MDR Gram-
negative bacteria infections can constitute an emerging threat to animal and human 
health. In addition, data regarding the presence of colistin resistance in livestock 
animals and animal products are dispersed. These factors, such as the detection of 
colistin-resistant genes in humans, animals and food, and the increase of colistin 
use to combat multi-resistant bacteria in human infections, implied international 
and national strategies to determine the risk and limit the colistin use in veterinary 
medicine [5]. For these reasons, this review summarizes to trend of antimicrobial use 
in food-producing animals, as well as, colistin-resistant bacteria in these animals, and 
the impact of its resistance on public health.

2. Colistin worldwide use in animal production

Antibiotics, including colistin, are required in pets but mainly in aquaculture and 
livestock to maintain animal welfare, reproductive performance or as growth-pro-
moting, and food security, although all antimicrobial growth promoters (AGPs) for 
food animal production are prohibited in Sweden, Denmark and Europe since 1986, 
2000 and 2006, respectively (Table 1). Recently, China has banned colistin use and 
all AGPs in animal production in 2017 and 2020, respectively [6]. Of the 146 member 
countries, 86 (59%) have not authorized any antimicrobial drugs for growth promo-
tion in animals since 2016, according to the World Organization for Animal Health 
(OIE) annual report [21]. In 2022, the EU will implement new legislation (Regulation 
(EU) 2019/6), prohibiting all forms of routine and prophylactic farm antibiotic use 
and banning the importation of all animal food produced with AGPs. Although 
some countries, such as the United States, Canada, Australia and New Zealand, have 
banned the antibiotic use classified as medically important, continue to administer 
other antibiotics as growth promoters like bacitracin [19, 20].

In animal production, estimates more than 57 million kilograms of antibiotics are 
annually used worldwide [22]. Antibiotic consumption in food-producing animals 
was globally estimated to increase by 67% between 2010 and 2030 [22], and 11.5% 
between 2017 and 2030 [23]. In parallel, a recent study reported the gap of register 
and control by the antibiotics sales online, showing the ease availability of veterinary 
antibiotics for purchase without a prescription, the factor that can raise the risk of 
resistant microorganisms [24].
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In veterinary medicine, colistin is mainly used to treat gastrointestinal infections 
caused by Escherichia coli in ruminants (cattle, sheep and goats), pigs, rabbits and 
poultry, and endotoxemia caused by other Gram-negative bacteria (Figure 1). In 
pig production, is often used as medicated premixes after weaning for the treatment 
and prevention of colibacillosis, diarrhea and septicemia caused by E. coli mainly in 
piglets [25, 26]. Colistin can be administrated via oral through the feed or drinking 
water, parental and intra-mammary in the form of colistin sulfate, for metaphylactic, 
prophylactic, growth promotion and therapeutic purposes [2].

2.1 European countries

In European countries, the total sales for veterinary antimicrobial agents, 99% 
were used for food-producing animals in 2016 and 2018 (approximately 8 and 6.4 
tones, respectively), according to the annuals European Surveillance of Veterinary 
Antimicrobial Consumption (ESVAC) report [4, 7]. The sales of polymyxins, includ-
ing colistin only, for animal production, represented 5% in 2016, decreasing its sales 
by 40% in 25 countries of which three countries like Norway, Finland and Iceland 
not reported polymyxin sales from 2011 to 2018 [4]. In general, the antibiotic use 
between 2011 and 2018 in European animals has been declined at 34%, in particular 
the antimicrobial classes used in the treatment of severe human infections, such as 

Year Country Antibiotic use Colistin use Reference

2011–2018 Europe ↓ 34% All AGPs banned (2006), Colistin sales ↓ 70% [7]

2011–2018 Norway — No polymyxins sales [7]

2011–2018 Finland — No polymyxins sales [7]

2011–2018 Iceland — No polymyxins sales [7]

2015–2019 UK ↓ 45% Colistin sales ↓ 99.9% [8]

2018–2019 Netherlands ↓ 16% Colistin sales ↑ 13% [9]

2010–2019 Sweden ↓ 32% All AGPs banned (1986), Polymyxins sales 
↑ 73%

[10]

2015–2016 Denmark ↓ 5% All AGPs banned (2000), Colistin sales ↑ 4% [5]

2011–2018 France ↓ 48% Colistin sales ↓ 76% [11]

2018–2019 Belgium ↓ 8% Polymyxin sales ↓ 11% [12]

2013–2017 China ↓ 46% Colistin and all AGPs banned [6]

2015–2017 Japan Trend to ↑ Colistin 0.3–1.6% (2005–2010) [13, 14]

2015–2018 USA ↓ 38% MIA banned (2017), no colistin products 
sales

[15]

2019 India — Colistin banned and no colistin products sales [16]

2016–2017 Canada ↓ 12% MIA banned, no colistin products sales [17]

2016 Brazil — Colistin banned as AGPs [18]

2008–2010 Australia ↑ 11% Some AGPs banned, no colistin products sales [19]

2016–2017 New Zealand ↑ 3% — [20]

AGPs, antimicrobial growth promoters; MIA, medically important antimicrobials.

Table 1. 
The sales of antimicrobial agents and colistin for use in livestock animals.
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polymyxins, 3rd- and 4th-generation cephalosporins and fluoroquinolones dropped 
by 70%, 24% and 4%, respectively [7]. However, antibiotic consumption is high and 
increasing in some countries because of the growing demands by consumers for ani-
mal proteins and depending on animal production composition and epidemiological 
situations of the production systems in each country [4, 22]. In Europe, the countries 
with the lowest antibiotic use were Norway, Iceland and Sweden, while Cyprus, Italy 
and Spain showed the highest farm antibiotic use in 2019 [7, 20].

In the United Kingdom (UK), the sold veterinary antibiotics for administration in 
food-producing animals showed a relevant reduction (45%) in 2015 but an increase 
(5%) in 2018 in comparison to 2019 (Table 1). Since 2015, sales of antimicrobial 
classes classified as a highest priority on the WHO CIA list decrease 74%, in particu-
lar, colistin showing a reduction of 99.9%. In 2019, colistin was sold 1.2 kg only for UK 
animal production and 8.8 kg was exported as medicated feed [8]. In the Netherlands, 
antibiotic sales decreased by 70% for farm animals including pigs, veal calves, broilers 
and dairy cattle, between 2009 and 2019, resulting from efforts of the veterinarians, 
livestock sectors and the authorities. Additionally, the polymyxins are considered as 
third choice agents and the use of colistin increased by 13% in 2019, mainly in weaned 
piglets and poultry (excepting broilers and turkey), although cattle farms not have 
prescriptions since 2015, according to the annual NethMap/MARAN 2020 report 
[9]. In Sweden, all antimicrobial classes showed a reduction notably in sales (32%) 
since 2010, leveled between 2014 and 2018, and in 2019 decreased 8% comparatively 
to 2018. The sales of polymyxins have decreased by 73%, between 2010 and 2019. 
In addition, no colistin is used in poultry [10]. In France, the sales of veterinary 
medicinal products showed a reduction by 48% between 2011 and 2018, in which for 
all species was observed a reduction of the administered antimicrobials. Taking into 

Figure 1. 
The possible pathways of the colistin administration into a food-producing animal (orange arrows) and 
consequently, the spreading of the colistin-resistant bacteria to humans, other animals and the environment (red 
arrows).
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account the aim of the EcoAntibio 2017–2021 plan to reduce by 50% the colistin use 
in food-producing animals, in which for pigs has been achieved with a decreasing of 
63%, while for cattle and poultry production only decreasing 48% and 49%, respec-
tively, in 2018 [11].

In Denmark, the DANMAP program has allowed monitoring the use of antimi-
crobial agents in both animals and humans since 1995. Since then, the consumption 
of antimicrobial for animals has been reduced, due to the limits to its use to veteri-
narians and the national measures implemented of veterinary preventive medicine. 
Moreover, the total antimicrobial use for animals decreased by 5% in Denmark, 
between 2015 and 2016, in particular for pig (75%) and cattle (12%) production, 
and the aquaculture industry. Although the antimicrobial use classified as critically 
important remained low in food production, the colistin use that represented 1% for 
pigs in 2016, showing an increase (40 kg) mainly for the gastroenteritis treatment in 
weaners, between 2015 and 2016. This increase of the colistin use for pigs has been 
demonstrated since 2009, reporting a high increase, from 407 kg to 864 kg, between 
2009 and 2016 respectively [5]. According to the annual BelVet-SAC report, the 
antimicrobial use in animals mainly veal calves, poultry and pigs, showed a relevant 
decrease by 40% and 8% in 2019 relative to 2011 and 2018, respectively, in Belgium. 
The polymyxin use also decreased by 66% and 11% in 2019 when compared to 2013 
and 2018, respectively [12].

2.2 Other countries

In the United States (US), the total sales of medically important antibiotics 
approved for food-producing animals reduced by 21% and 38% from 2009 and 2015 
through 2018, respectively, however, there was an increase by 9% from 2017, according 
to the report on antimicrobials sold or distributed for use in food-producing animals 
[15]. In 2018, these sales were estimated that 42%, 39%, 11% and 4% were intended for 
administration in cattle, swine, turkeys and chickens, respectively. In addition, colistin 
products have never been sold for animal use in the US, only products containing 
polymyxin B also belonging to the antimicrobial class of polymyxins were approved 
for ophthalmic infections in animals [2, 15]. In Canada, of which antimicrobials were 
distributed in 2014, 73% were in the same antimicrobial classes used in humans, and 
in 2017, 77% of distributed antimicrobials were intended for food-producing animals 
and 20% for humans. Moreover, antimicrobials sales showed a decrease by 12% mainly 
in pig and broiler chicken farms between 2016 and 2017, due to the implementation 
of measures for medically important antimicrobials banning them to use for growth 
promotion, according to the Canadian Animal Health Institute and the Public Health 
Agency of Canada. However, antibiotic sales for animal production increased by 6% 
between 2017 and 2018. Moreover, there are no colistin products approved for animal 
use and the predominant antimicrobial classes sold were tetracyclines and beta-
lactams [17, 27]. The government of Brazil after the emergence of colistin resistance in 
animals and humans banned colistin use as AGPs in 2016 [18].

Australia showed one of the lowest levels of antibiotic resistance, although the 
Australian Pesticides and Veterinary Medicines Authority (APVMA) reported that 
98% of the overall antibiotics sold for animal use between 2005 and 2010 were 
administered in food-producing animals, showing an increase of 11% in 2010 com-
pared with 2008. Of which 43% were used for therapeutic purposes in poultry (49%), 
pigs (36%) and cattle (15%) mainly by feed (76%) and water (18%); and 6% were 
used as growth promoters. In addition, colistin was only reported for human use in 
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Australia [19]. In New Zealand, the antibiotic sold for farm animals increased by 4% 
and 3% between 2014 and 2017, and between 2016 and 2017, respectively [20].

The overall antimicrobial sales for animals in Japan showed a trend to decrease 
from 2001 to 2014 and since 2015 there was an upward trend until 2017, according 
to the Japanese Veterinary Antimicrobial Resistance Monitoring System (JVARM) 
that was implemented in 1999 [13]. From 2005 to 2010, the sales of polymyxins 
(colistin) for farm animals were 0.3–1.6%, with therapeutic use in beef cattle, 
pigs and broiler chickens [14]. China, the country that is expected to be the 
largest antimicrobial consumer worldwide in livestock animals in 2030, showed 
a reduction of 46% in antibiotic consumption from 2013 to 2017 [23]. With the 
emergence of colistin-resistant bacteria in China, colistin use was banned as a 
feed additive in animal production in 2016. Additionally, from the annual produc-
tion of 12,000 tons of colistin in China, their use was estimated at 8000 tons per 
year in this country. The remains were exported to South Korea, Vietnam and 
India [28]. Similar to China, India is also one of the top antibiotic consumers for 
farm animals. However, the manufacture, sale and distribution of colistin, as well 
as, its formulations applied for food-producing animals, aquafarming and animal 
feed supplements were banned by the Indian Ministry of Health and Family 
welfare, since July 2019 [16].

3.  Dissemination of colistin-resistant Enterobacteriaceae in animal 
production

In food-producing animals, the widely antibiotic use constitutes a key factor to the 
development of resistant microorganisms in humans, these animals work as potential 
reservoirs of antibiotic-resistant bacteria transferable to them through food supply 
[29, 30]. The second joint interagency antimicrobial consumption and resistance 
analysis (JIACRA) report in bacteria from food-producing animals and humans pro-
duced by the European centre for disease prevention and control (ECDC), European 
food safety authority (EFSA) and European medicines agency (EMA) showed that the 
average antimicrobial consumption (AMC) was lower in humans (124 mg/kg) than 
in animals (152 mg/kg), however, the median AMC was higher in humans (118 and 
67 mg/kg, respectively), in 2014. In addition, the results demonstrated statistically-
significant associations between antimicrobial consumption and resistance for 3rd- 
and 4th-generation cephalosporins and Escherichia coli in humans, for tetracyclines 
and polymyxins and Escherichia coli in animals, and fluoroquinolones and Escherichia 
coli in food-producing animals and humans. For carbapenems and polymyxins in 
Klebsiella pneumoniae from humans, there was also a significant association between 
AMC and AMR [30].

Colistin, an old antibiotic, used for the treatment of E. coli infections, was 
reintroduced as last resort for the treatment of emergent multi-resistant Gram-
negative infections [26, 31]. In 2015, the mcr-1 gene responsible for the plasmid-
mediated (transferrable) colistin resistance was detected in E. coli isolates from 
animals, foods and patients in China [32]. With the emergence of a colistin resis-
tance mechanism including the mcr-1 gene, first detected in China and remaining 
spreading worldwide (Figure 2); the concerns around colistin use in animals and 
humans have increased [32, 33]. Since then, several other countries worldwide 
have been reported the presence of colistin-resistant genes in Gram-negative 
bacteria isolated from food animals or products animals, even before 2015.
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3.1 Colistin-resistant E. coli

The occurrence of colistin resistance in indicator E. coli from poultry (turkeys 
and broilers) of 27 analyzed countries in 2014 and pigs for 18 countries in 2015, 
were significantly positive for the consumption of polymyxins [30]. Migura-Garcia 
et al. [34] reported the circulation of mrc-1 in E. coli isolated from Spanish pig farms 
since 2005 (Table 2). In Great Britain, one E. coli carrying the mrc-1 gene was also 
identified from a pig farm [41]. However, the UK reported that in 2015, 2017 and 
2019, there was no resistance to colistin in E. coli from pigs and chickens [8]. In 
Denmark, mcr-1 gene was identified in E. coli from imported poultry meat [37]. In 
France, the presence of the mcr-1 gene from E. coli strains isolated from diseased 
pigs was confirmed by sequencing between 2009 and 2013 [42]. In this country, 
Perrin-Guyomard et al. [43] also reported the mrc-1 presence in 0.5% pigs analyzed 
in 2013, and in 6% turkeys and 2% broilers analyzed in 2014; and Haenni et al. [44] 
reported that the mcr-1 gene was present in 21% of the extended-spectrum-lacta-
mase (ESBL)-producing E. coli isolates obtained from bovine calves in 2014 and the 
mcr-3 gene in 3% of ESBL-producing E. coli from cattle between 2011 and 2016 [45]. 
In Germany, also three ESBL-producing E. coli that originated from swine were 
positive for the mcr-1 gene during 2010–2011 [46]. In concordance, Roschanski 
et al. [67] reported the presence of the mcr-1 in E. coli collected from fecal samples 
of pig-fattening farms during 2011–2012; whilst mcr-2 was not detected in Germany 
(Table 2). In Portugal, two pig farms also showed mcr-1 positive E. coli isolates, 
in which this gene was identified on IncHI2, IncP, and IncX4 plasmids. This study 

Figure 2. 
Geographical distribution of the spreading colistin-resistant genes detected in worldwide animal production. 
Orange, presence of colistin-resistant genes in pigs; green, presence of colistin-resistant genes in poultry; yellow, 
presence of colistin-resistant genes in cattle; Purple, presence of colistin-resistant genes in fish.
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Animal specie Country Year of 
isolation

Isolate 
strain

Colistin-
resistant gene

Reference

Pigs China 2011–2014 E. coli mcr-1 [32]

Chicken China 2012–2014 E. coli mcr-1 [35]

Pigs China 2015 E. coli mcr-3 [36]

Poultry meat (imported) Denmark 2015 E. coli mcr-1 [37]

Pigs and calves Belgium 2011–2012 E. coli mcr-1 [38]

Pigs and Cattles Belgium 2016 E. coli mcr-2 [39]

Pigs Belgium 2015–2016 E. coli mcr-4 [40]

Pigs Great Britain 2016 E. coli mcr-1 [41]

Pigs France 2009–2013 E. coli mcr-1 [42]

Pigs and poultry France 2013–2014 E. coli mcr-1 [43]

Calves, Cattle France 2014, 
2011–2016

E. coli mcr-1, mcr-3 [44, 45]

Pigs Germany 2010–2011 E. coli mcr-1 [46]

Broilers, veal calves and 
turkey

Netherlands 2010–2013 E. coli mcr-1 [47]

Pigs, veal calves and 
turkey meat

Netherlands 2019 E. coli mcr-1, mcr-4 [9]

Poultry, pigs and cattle Poland 2011–2016 E. coli mcr-1 [48]

Pigs Spain 2005–2014 E. coli mcr-1, mcr-4 [34]

Pigs Spain 2015–2016 E. coli mcr-4 [40]

Pigs Italy 2015–2016 E. coli mcr-1 [49]

Pigs, turkeys, broilers and 
cattle

Italy 2014–2015 E. coli mcr-1, mcr3, 
mcr-4

[50]

Pigs Portugal 2016 E. coli mcr-1 [51, 52]

Poultry and pigs South Korea 2013–2015 E. coli mcr-1 [53]

Pigs South Korea 2011–2018 E. coli mcr-3 [54]

Pigs Thailand — E. coli mcr-1, mcr-3 [55]

Pigs USA 2016 E. coli mcr-1 [56]

Chicken Egypt 2010 E. coli mcr-1 [35]

Chicken Bangladesh 2017–2018 E. coli mcr-1, mcr-2 [57]

Cattle, pigs and broilers Japan 2008–2014 E. coli mcr-1 [58]

Pigs and chickens Vietnam 2013–2014 E. coli mcr-1 [59]

Chickens Tunisia 2015 E. coli mcr-1 [60]

Chickens Pakistan 2016–2017 E. coli mcr-1 [61]

Pigs and chickens Ecuador 2017 E. coli mcr-1 [62]

Pigs and chickens Brazil 2012–2013 E. coli mcr-1 [63]

Pigs Venezuela 2015 E. coli mcr-1 [64]

Pigs Argentina 2017 E. coli mcr-1 [65]

Chickens South Africa 2015 E. coli mcr-1 [66]

Table 2. 
Summary of the worldwide distribution of the mcr-positive Escherichia coli, resistance to colistin, from livestock 
animals.
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reported that these food animals had received feed colistin as metaphylaxis during 
the 6 weeks before sample collection, suggesting a selective pressure. In addition, 
the presence of extended-spectrum beta-lactamases (ESBL)-encoding genes, such 
as blaCTX-M-2, blaTEM-1 and chloramphenicol gene, floR, were also identified into 
same plasmids [51]. Similar results were also obtained by Manageiro et al. [68] and 
Fournier et al. [52].

In South Korea, the first detection of mcr-1 positive E. coli isolated from food 
animals was documented since 2013. Between 2013 and 2015, the mcr-1 gene was 
identified in 12 E. coli isolates collected from healthy chicken fecal samples and 
chicken carcasses at slaughterhouses, and a diseased pig. Additionally, all colistin-
resistant E. coli strains showed multidrug resistance (≥3 antimicrobial classes) 
and this gene was not detected in cattle samples [53]. Lima Barbieri et al. [35] 
reported the identification of the mcr-1 gene in diseased poultry fecal E. coli from 
Egypt and China and no mcr-1 or -2 gene was detected in the healthy birds. In the 
United States, two E. coli isolates from swine fecal samples at slaughter were posi-
tive for mcr-1 gene, however, fecal content samples from cattle, chickens and tur-
keys were negative to this resistance in 2016 [56]. The presence of mcr-1 gene was 
detected in food animals, such as healthy cattle, pigs and broilers since 2008 in 
Japan [58] and in pigs and chickens during 2013–2014 in Vietnam [59]. In Tunisia, 
three chicken farms were positive to colistin-resistant E. coli carrying the mcr-1 
and blaCTX-M-1 genes, in which these animals were imported from France [60]. The 
mcr-1 gene was detected in E. coli obtained from swine samples in Venezuela [64], 
from chickens in South Africa [66] and swine and chickens samples collected in 
Brazil [63] and Ecuador [62]. In Argentina, mcr-1-positive and ESBL-producing 
E. coli isolates were identified from healthy fattening pigs and diarrheic piglets 
[65]. In Pakistan, mcr-1 positive E. coli were identified in healthy broilers during 
2016–2017 [61] and in retail freshwater fish [69].

During 2011–2012, 12% of E. coli diarrhea strains originated Belgian calves and 
piglets were positive for mcr-1 [38]. Also, in Belgium, a novel plasmid-mediated 
colistin-resistant gene, mcr-2, was documented in porcine and bovine colistin-resis-
tant E. coli in 2016, showing a higher prevalence of mcr-2 in porcine colistin-resistant 
E. coli in comparison to mcr-1 [39, 70]. In Bangladesh, the mcr-1 and mcr-2 genes were 
predominant in chicken gut Enterobacteriaceae, including E. coli, during 2017–2018 
[57]. In China, a novel mcr gene, mcr-3, was identified in E. coli collected from health 
pigs in 2015 [36]. This gene, mcr-3 was also identified in porcine E. coli in South Korea 
[54] and Thailand [55]. Between 2015 and 2016, the mcr-4 gene was detected in E. coli 
isolates collected from piglets with diarrhea in Spain and Belgium [40]. In Italy, 72% 
of the E. coli isolates from pigs with post-weaning diarrhea were positive for mcr-1 
from 2015 to 2016 [49]. Another Italian study identified E. coli carrying the mcr-1, 
-3 and -4 genes in fattening turkeys, broilers, pigs and bovines during 2014–2015 
[50]. In the Netherlands, the mcr-1 gene was identified in E. coli from fecal samples 
obtained in slaughter pigs and white veal calves in 2019, representing less than 1%. 
Additionally, the mcr-4 was detected in white veal calves at a low level (2%). In turkey 
meat, colistin-resistant E. coli was identified (13%). However, E. coli isolated from 
broilers and chicken meat no mcr genes were identified [9]. Veldman et al. [47] also 
report mcr-1-positive E. coli from broilers, veal calves and turkeys from 2010 to 2013, 
in the Netherlands. In Poland, 62% of E. coli isolated from fecal samples of several 
food-producing animals, mainly turkeys, following broilers, laying hens, pig and 
bovine were present for mcr-1 gene, although no mcr-2 to -5 were detected during 
2011–2016 [48].
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3.2 Colistin-resistant Salmonella spp

Salmonella Typhimurium carrying the mrc-1 gene was identified from a pig in 
Great Britain [41]. More recently, two Salmonella strains (serovars S. Dublin and S. 
Bovismorbificans) isolated from pig farm were resistant to colistin in 2019, although 
neither isolate had known transferable colistin resistance genes detected (Table 3). In ad 
dition, S. Dublin showed a degree of intrinsic colistin resistance and S. Bovismorbificans 
sequencing demonstrated the presence of chromosomal mutations conferring colistin 
resistance [8]. Four S. enterica (serovar Typhimurium and Rissen) collected from swine 
farms were positive for mcr-1 in Spain [71]. In Taiwan, the colistin resistance gene mcr-1 
was identified in two Salmonella serovars (Typhimurium and Anatum) isolated from 
food animals with diarrhea, pigs and chickens, during 2012–2015. However, no gene 
was identified in all colistin-resistant strains tested phenotypically [75]. Salmonella 
Typhimurium carrying the mrc-1 gene, and floR and oqxAB genes was identified from 
a pig in China, during 2013–2014 [76] and the mcr-1 gene in S. enterica from diseased 
chickens during 2014–2015 [77]. In Japan, S. enterica serovar Typhimurium carrying the 
mcr-1 gene was also detected in swine [78]. In Bangladeshi chicken, the mcr-1 and mcr-2 
were isolated from Salmonella spp. [57].

A study that screened the mcr-1 positive Salmonella spp. in European food-producing 
animals, reported three isolates from pigs and cattle located in France and Germany 
from 2004 to 2014 [73]. During 2012–2015, 56% of the colistin-resistant Salnomella 
isolates from swine and 15% from poultry showed the presence of mcr-1 gene in Italy, 
as well as, in food samples of pork [72]. Another Italian study only identified Salmonella 
spp. carrying the mcr-1 gene in fattening turkeys in 2014 [50]. In 2013, a novel colistin-
resistant gene, mcr-4, was detected in S. enterica serovar Typhimurium obtained from 
the pig fecal sample at Italian slaughter [40]. German sample collection of Salmonella 
Paratyphi B isolated in 2012 from poultry, carried a novel colistin-resistant gene, 
 mcr-5 [74].

3.3 Colistin-resistant Klebsiella pneumoniae

In Portugal, Klebsiella pneumoniae isolated from swine farms were positive for 
mcr-1 gene (Table 3), carrying on IncHI2 and IncP plasmids, collected in 2016 [51, 52]. 
In Bangladesh, Klebsiella spp. isolated from chicken was positive to mcr-1 and mcr-2 
[57]. In China, K. pneumoniae isolates harboring the mcr-1 gene were collected from 
pigs, cattle and chickens in 2016 [79] and harboring the mcr-3 gene were detected in 
chicken samples during 2016–2017 [80]. Other study reported the coexistence in K. 
pneumoniae isolates of the carbapenemase-encoding gene blaCTX-M-55 and mcr-7 from 
chickens [81], and the carbapenemase-encoding gene blaNDM and mcr-8 from pigs and 
chicken in China [82].

Recently, studies showed that the mechanism responsible for colistin resistance in 
K. pneumoniae resulted in inactivation of the mgrB gene through the upregulation of 
the PhoPQ system and consequently the overexpression of the pmrHFIJKLM operon 
[83, 89]. In France, the mgrB gene was identified in K. pneumoniae isolates from 
bovine mastitis [83].

3.4 Other colistin-resistant Enterobacteriaceae and non-Enterobacteriaceae bacteria

In China, the mcr-1 gene was detected in Citrobacter freundii isolates collected from 
pigs in 2012 (Table 3) [84] and Citrobacter braakii isolates collected from chickens in 
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Animal 
specie

Country Year of 
isolation

Isolate strain Colistinresistant 
gene

Reference

Pigs Spain 2010–2011 S. Typhimurium 
and S. Rissen

mcr-1 [71]

Pigs Great Britain 2016 S. Typhimurium mcr-1 [41]

Pigs UK 2019 S. Dublin and S. 
Bovismorbificans

mcr-1 [8]

Pigs and 
poultry

Italy 2012–2015 Salmonella spp. mcr-1 [72]

Pigs Italy 2013 S. Typhimurium mcr-4 [40]

Turkeys Italy 2014 Salmonella spp. mcr-1 [50]

Pigs and cattle France 2005–2010 Salmonella spp. mcr-1 [73]

Pigs Germany 2010 Salmonella spp. mcr-1 [73]

Poultry Germany 2012 Salmonella 
Paratyphi B

mcr-5 [74]

Pigs and 
chickens

Taiwan 2012–2015 S. Typhimurium 
and S. Anatum

mcr-1 [75]

Pigs China 2013–2014 S. Typhimurium mcr-1 [76]

Chickens China 2014–2015 S. enterica mcr-1 [77]

Pigs Japan 2013 S. Typhimurium mcr-1 [78]

Chicken Bangladesh 2017–2018 Salmonella spp. mcr-1, mcr-2 [57]

Pigs, chickens 
and cattle

China 2016 K. pneunomiae mcr-1 [79]

Chickens China 2016–2017 K. pneunomiae mcr-3 [80]

Chickens China 2010–2015 K. pneunomiae mcr-7 [81]

Pigs and 
chickens

China 2015–2017 K. pneunomiae mcr-1, mcr-8 [82]

Cattle France 2015 K. pneunomiae mgrB [83]

Pigs Portugal 2016 K. pneunomiae mcr-1 [51, 52]

Chicken Bangladesh 2017–2018 Klebsiella spp. mcr-1, mcr-2 [57]

Chickens China 2012 Citrobacter freundii mcr-1 [84]

Pigs China 2015 Citrobacter braakii mcr-1 [85]

Chicken Bangladesh 2017–2018 Proteus spp. mcr-1, mcr-2 [57]

Chicken Bangladesh 2017–2018 Shigella spp. mcr-1 [57]

Chicken Bangladesh 2017–2018 Enterobacter spp. mcr-1 [57]

Turkey German 2012 Aeromonas media mcr-3 [86]

Pigs China 2018 Acinetobacter 
baumannii

mcr-4 [87]

Pigs Great Britain 2014–2015 Moraxella 
pluranimalium

mcr-6 [88]

Table 3. 
Summary of the worldwide distribution of the colistin-resistant Enterobacteriaceae (Salmonella, Klebsiella and 
Citrobacter) and non-Enterobacteriaceae (Aeromonas, Acinetobacter and Moraxella) in livestock animals.
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2015 [85]. In Bangladeshi chicken, mcr-1 gene was identified from Proteus spp., Shigella 
spp. and Enterobacter spp., and the mcr-2 gene was detected in Proteus spp. [57].

Furthermore, an Aeromonas media carrying the mcr-3 was detected in German 
turkey in 2012 [86]. The mcr-4 gene was identified in Acinetobacter baumannii isolated 
from fecal pig samples at a Chinese slaughter in 2018 [87]. From healthy pigs in Great 
Britain, a novel mobile colistin resistance gene, mcr-6, was identified in Moraxella 
pluranimalium (Table 3) [88].

4. Colistin resistance in aquaculture production

In aquaculture production, information about the presence of colistin resistance 
is scarce. This ecosystem is a possible reservoir of antibiotic resistance and it can 
contribute to the transfer of colistin-resistant genes to humans through the food chain 
and to aquatic environments [90, 91], requiring strict sanitary control by the public 
health authorities [92].

Hassan et al. [90] reported the identification of E. coli strains positive for mcr-1 
isolated from Rainbow trout guts in Lebanon (Table 4). Moreover, isolates were 
multidrug-resistant to blaTEM-1, tetA and strA genes. In Vietnam, a AmpC-producing 
E. coli isolated from a fish sample was positive to mcr-1 in 2014 [93] and two ESBL-
producing E. coli harboring mcr-1 and sul genes were detected from wild fish and 
striped catfish during 2014–2015 [94]. In China, mcr-1 gene was detected in seven  
E. coli from retail grass carp collected from fish markets in 2016 [69], and in two E. coli  
isolated from farmed fish in 2017 [96]. In same country, ESBL-producing E. coli 
strains carrying the mcr-1, blaCTX-Ms and fosA3 genes were isolated from shrimp 
purchased in markets and supermarkets during 2015–2016 [95].

Salmonella enterica serovar Rissen strains obtained from mussel samples carried 
the mcr-1 gene, in Spain from 2012 to 2016, and their genotypic profile showed other 
antibiotic resistance, such as blaTEM-1B, aac(6′)-Iaa, tet(A), cmlA1, aadA1, aadA2, 
dfrA1, sul1 and sul3 [92].

An Aeromonas carrying the mcr-3 gene was isolated from a Chinese market 
sample in 2017 [96]. In Germany, three Aeromonas isolates were positive for mcr-3 
genes recovered from ornamental fish, such as koi carp (Aeromonas jandaei and 
Aeromonas hydrophila) and golden orfe (Aeromonas allosacharophila), between 2005 
and 2008, suggesting that the mcr-3 genes have circulated in European food-produc-
ing aquaculture animals at least 10 years before the first mcr-1-positive isolates from 
China [86].

Recently, two new no mobile genetic genes encoding phosphoethanolamine 
transferase, eptAv3 and eptAv7 were detected in Aeromonas jandaei strain isolated 
from retail fish in China. These genes demonstrated a high amino acid identity (80 
and 79.9%) relative to mcr-3.1 and mcr-7.1 mobile genes, respectively. The strain dem-
onstrated high-level colistin resistance, suggesting that Aeromonas can emerge and 
constitute as reservoir for mcr-3 and -7 genes [97]. Although the colistin-resistance 
prevalence in fish products is low, the antibiotic use in aquacultural activities can be a 
key factor for the rapid generation and dissemination of colistin-resistant bacteria in 
terrestrial and aquatic ecosystems [98]. In addition, antibiotic use for therapeutic and 
metaphylaxis purposes should be regulated and better assessed in aquaculture since 
there is antimicrobial consumption trend to increasing 33% between 2017 and 2030, 
suggesting that intensity use of antibiotics in some fish species can surpass the level of 
consumption in humans and terrestrial animals [98, 99].
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5. Global impact of colistin-resistant Enterobacteriaceae to public health

Inappropriate antibiotic use and its administration in food animals is a public 
health concern, contributing to the emergence of resistant bacteria in animals that 
can be transmitted to humans by ingestion of contaminated food or proximity with 
animals and their environment or other contaminated vehicles [5, 27]. In addition, 
characterization of colistin-resistance genes allows understanding of the molecular 
basis and evolution of colistin resistance, facilitating new interventions, such as the 
development of diagnostic tests [18]. Therefore, restriction of colistin use is essential 
to prevent the transmission of resistant genes, such as mcr-1, to other bacteria in the 
same or different animals, to the food supply and human community [53]. Moreover, 
the colistin-resistant genes have been identified in a variety of plasmids, such as 
IncHI2, IncP, Incl2 and IncX4, which are associated with the dissemination of other 
antibiotic resistance, in particular for β-lactams [34, 51].

In past years, the colistin administration in animal production has been decreas-
ing. However, there is evidence that colistin resistance can increase due to the use of 
other antibiotics, in particular bacitracin, in animal production. Bacitracin is used in 
human medicine and veterinary medicine as a growth promoter in some countries, 
although the US is not marketed for food animals as a growth promoter for instance 
[20]. The bacitracin use in livestock production cans facilitate the transmission of 
bacitracin-resistant bacteria to agricultural ecosystems and humans by the food 
chain. Xu et al. [100] highlighted the extensive and imprudent usage of bacitracin 
in food animals to mitigate the spread of colistin resistance, since they observed 
that mcr-1 gene confers cross-resistance to bacitracin, serving as a risk factor for the 
plasmid-mediated transmissible colistin resistance. This finding can explain the study 
performed by Lentz et al. [101] that reported the mcr-1 positive E. coli isolates from 
chickens that had not been fed with colistin antibiotic but had been fed with bacitra-
cin and other antibiotics.

Animal specie Country Year of 
isolation

Isolate strain Colistin-resistant 
gene

Reference

Rainbow trout Lebanon — E. coli mcr-1 [90]

Fish Vietnam 2014 E. coli mcr-1 [93]

Wild fish and 
striped catfish

Vietnam 2014–2015 E. coli mcr-1 [94]

Shrimp China 2015–2016 E. coli mcr-1 [95]

Grass carp China 2016 E. coli mcr-1 [69]

Fish China 2017 E. coli mcr-1 [96]

Mussels Spain 2012–2016 Salmonella enterica Rissen mcr-1 [92]

Ornamental fish German 2005–
2008

Aeromonas jandaei, 
A. hydrophila and A. 

allosacharophila

mcr-3 [86]

Fish China 2017 Aeromonas spp. mcr-3 [96]

Fish China — Aeromonas jandaei eptAv3, eptAv7 [97]

Table 4. 
Summary of the worldwide distribution of the colistin-resistant Enterobacteriaceae and non-Enterobacteriaceae 
in aquaculture production.
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In some countries, high administration of colistin has been reported in food 
animals [2]. Touati et al. [102] demonstrated that farms are an important reservoir of 
colistin resistance genes, as well as, other antibiotic resistance genes. These genes are 
transferred from manure and slurry animal directly to soil and water used for irriga-
tion, allowing their dissemination in the environment, which posture an emergent 
threat to public health. In Estonia, ESBL-producing E. coli isolates obtained from 
swine slurry samples carried the mcr-1 gene on a plasmid of the IncX4 group [103]. In 
Algeria, E. coli isolates carrying the mcr-1 and mcr-3 genes were isolated from bovine 
manure, agricultural soil and irrigation water [102]. In addition, the colistin resistance 
gene has also been identified in bacteria from other different environment niches and 
commodities, like vegetables, wells, rivers and lakes and coastal water or beaches and 
vegetables [104–106]. Moreover, wild animals can contribute to the dissemination 
of colistin resistance since these animals feed on landfills of urban household waste. 
Migura-Garcia et al. [34] reported colistin-resistant E. coli isolated from white storks 
(Ciconia ciconia) in Spain. Fernandes et al. [105] highlighted a potential new environ-
mental reservoir in the case of public urban beaches, where colistin-resistant E. coli 
isolates carrying the mcr-1 and blaCTX-M genes were isolated and there is a high tourist 
turnover, facilitating the rapid spread of antimicrobial resistance. Zhao et al. [107] 
reported the presence of mcr-1 K. pneumoniae in hospital sewage.

Although there is a high rate of widespread dissemination of colistin-resistant bac-
teria in livestock, the rate of colistin resistance in healthy animals and animal prod-
ucts is low [53]. However, several studies have been reported the detection of mcr-1 in 
food that originated from animals, confirming the risk of consuming these products 
colonized with resistant bacteria and one via transmission of colistin-resistant genes 
to humans [6]. For instance, mcr-1 positive E. coli isolates from lean ground beef, 
chicken meat samples and raw milk cheese were collected from markets of Canada, 
Brazil and Egypt, respectively [108–110]. Shen et al. [96] reported the aquaculture 
role as a reservoir for colistin resistance, suggesting the transmission of mcr genes via 
the aquatic food chain.

In humans, the administration of colistin in the hospital sector, mainly in patients 
in intensive care units and with cystic fibrosis, is increasing [30]. Most colistin-
resistant bacteria also showed resistance to several antimicrobial agents available 
for treatment, leading to antibiotic treatment failure, life-threatening illness and 
enormous clinical costs 5]***. According to the ECDC report, countries with a high 
rate of carbapenem resistance also show a high rate of polymyxin-resistant isolates, 
suggesting loss of effect of antibiotic alternatives for the treatment of the infections 
caused by Gram-negative bacteria. In addition, colistin resistance was common in 
K. pneumoniea, Acinetobacter spp., E. coli and Pseudomonas aeruginosa [111, 112]. It is 
urgent to control the risk and rate of the spreading of colistin resistance worldwide, 
for this, it is necessary to work together in a One Health approach, according to 
Liu and Liu [112]. The data analysis of colistin resistance detecting in animals and 
humans is essential, as well as, motoring the epidemiological distribution of colistin-
resistant Gram-negative bacteria in animals [112].

6. Conclusions

The immensely and novel diversity of colistin-resistant Enterobacteriaceae isolates 
is well documented in various ecosystems, where the occurrence of mcr genes with 
livestock, food, human and environmental origin have been detected. Here, this 
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information was summarized to understand the global dissemination of colistin 
resistance, particular in food-producing animals, and to highlight the impact of 
colistin use in livestock and aquaculture production, and consequently public health. 
Although some countries had banned colistin use in food animals, in others colistin 
is administrated without restrictions. This review verified that the circulation of 
colistin-resistant genes started about 10 years before the first detection in 2015. 
Thereby, identification and continuous monitoring of colistin-resistance genes, as 
well as, prudent colistin use in both animals and humans are vital for tracking the 
colistin resistance threat and the associated socioeconomic costs.
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Abstract

In recent years, there has been a surge in antibiotic resistance in both humans 
and animals, as well as increased public concern over medication residues in animal 
products. As a result, the use of antibiotics as growth promoters in chicken has been 
banned in the European Union, and consumer pressure is likely to lead to their 
removal in other countries. More recently, the United States of America adopted the 
same restriction in 2017. Different alternatives to antibiotics have been proposed as a 
measure to eliminate pathogens or to improve growth and feed conversion in poultry, 
such as probiotics, enzymes, bacteriophages and antimicrobial peptides, herbal 
compounds and organic acids. These substances exert their effects on the gastrointes-
tinal biota and digestion processes, directly or indirectly. Humic substances (HS) in 
animal applications have shown improved live-weight, growth rates and feed intakes 
by improving immune functions and gut health. In poultry nutrition as an alternative 
to growth-promoting has been proven with promising results on the growth and 
health of birds. Additional research suggests that HS can increase gut integrity and 
performance when combined with good nutrition, management, and biosecurity 
policies. Therefore, recent results of HS extracted from vermicompost in poultry will 
be described in this chapter.

Keywords: humic substances, vermicompost, gut health, poultry

1. Introduction

During the previous decade, the poultry business has been the most active and 
fastest-growing sector in the worldwide market for the production of meat directed 
to human consumption. The world’s population is forecasted to double by 2050, and 
agricultural production is expected to double as well [1]. The supply of protein of  
animal origin in countries like Mexico is insufficient to fulfill the population’s demand; 
nevertheless, the OECD-FAO Agricultural Outlook 2016–2025 projects that chicken 
meat output will expand at a pace of 2.9 per cent per year on average between average 
2016 and 2025. As a result, national output and consumption will continue to rise [2].

Increased livestock output must be done with the most efficient use of resources 
as possible, without compromising environmental integrity or animal or human 
health. For achieving this, one of the most significant obstacles is the restriction to 
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the use of growth-promoting antibiotics (GPA) as feed additives due to concerns 
about pathogenic bacteria developing antibiotic resistance, which represents a threat 
to human and animal health [3]. As a result, non-pharmacological growth promoters 
have been studied for decades in an attempt to replace or alternate the application of 
conventional promoters [4].

Humic substances (HS) are one of the alternative additives that has been studied 
for several years as a means to promote animal health. HS has been employed in agri-
culture for many years to enrich the soils, but because of their many qualities, they 
have been recently resurrected in environmental sciences and the human biomedical 
sector [5, 6]. In veterinary medicine, HS have been used as antidiarrheal, analgesic, 
immunostimulatory, and antibacterial agents [7]. When HS has been combined 
with the correct ration, husbandry, and biosecurity procedures, has been shown to 
enhance intestinal integrity and performance in chickens [8–11].

The majority of HS used in these studies were commercial products generated 
from mineral sources such as lignites and leonardite Vermicompost, from which 
compost and leachates are produced, is one of the first HS sources employed by 
Gomez and Angeles [11, 12], they have been reported to have promising advantages in 
poultry production as growth promoters.

2. Humic substances

HS are organic macromolecules that play an important role in biochemistry; they 
are a fraction of soil organic matter and have the highest density in soil and composts. 
They are produced by the biodegradation of organic matter, which involves physical, 
chemical, and microbiological processes [5], in which eukaryotes (worms and fungi) 
and prokaryotes (aerobic bacteria) further decompose organic matter [11]. HS are 
a natural component of streams, lakes, and oceans, containing the majority of the 
nutrients in the soil, accounting for approximately 80% of the carbon in soils and 
60% of the dissolved carbon in the aquatic environment [13].

Based on their solubility, HS are classified as humic acids (HA), fulvic acids (FA) 
and humin. It has been stated that the isolating and characterizing of the organic 
components of soils is challenging due to the breakdown products of organic matter 
associated with other minerals [5]. For the first time, Senn and Kingman [14] charac-
terized the molecular structure of HS, determining that the oxidized sites provide the 
molecule with a negative charge, allowing it to attach to mineral ions.

HA molecules have a wide range of weight and size, ranging from hundreds to 
thousands of atomic mass units, and are constituted of aromatic units, units linked by 
oxygen and nitrogen, functional groups mostly linked to carboxylic acids, phenols, 
and hydroxyl alcohol, ketone and quinone groups [15]. These chemical properties 
provide HA with the capacity to serve as a surfactant, binding to a variety of sub-
stances and generating hydrophobic and hydrophilic chemical complexes [16]. HS are 
excellent at transporting and binding organic and inorganic agents in the environment 
because of this function, which is combined with their colloidal characteristics [17].

The great electron transport capability of HS in oxidation–reduction processes 
is their principal attraction [6, 18]. HS also can develop bindings with ions such as 
Mg2+, Ca2+, Fe2+, and Fe3+ due to the presence of carboxylic groups and phenolates. 
Creating chelate compounds with one or more of these ions and controlling metal ion 
bioavailability [19].
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2.1 Use of humic substances in animals

HS have been used as an antidiarrheal, analgesic, immunostimulatory and 
antimicrobial agent in veterinary practices in Europe [7]. Furthermore, they have 
been shown to have a strong affinity for binding to heavy metals, mutagens, min-
erals, bacteria, and aflatoxins [20]. HS can be used orally in horses, ruminants, 
pigs and poultry for the treatment of diarrhoeas, dyspepsia and acute intoxica-
tions following the recommendations of the Committee for Veterinary Medicinal 
Products of the European Agency for the Evaluation of Medicinal Products [7].

In vitro studies of the antioxidant properties of HS in doses of 0.1 per cent in rat 
liver, the organ with the highest metabolic function and responsible for the metabo-
lism of pharmacological compounds, found that HS aids in the elimination of free 
radicals and superoxide radicals, as well as maintaining the balance in the oxidation–
reduction reactions of the mitochondria [21]. In rats with 2/3 of their liver removed, 
the administration of HS resulted in liver regeneration [18].

When rats were administered HS in their drinking water, Yasar [22] discovered a 
considerable rise in weight, as well as an increase in epithelial surface, intestinal villi 
length, and crypt depth.

2.2 Use of humic substances in poultry

The effects of different concentrations of HS in the diet on live weight, feed  
consumption, carcass characteristics, and gastrointestinal characteristics in broilers 
have been extensively studied [8, 23–26]. The addition of HS in the drinking water or 
feed improves most of the productive parameters, such as daily weight gain, in addi-
tion to enhancing the carcass yield of broilers.

According to Jin [27], the feed conversion does not change at 21 days but improves 
at 42 days, implying that the increase in weight gain and feed conversion efficiency 
might be due to the stimulating impact of HS in the digestive system and the nutrient 
utilization in metabolic processes. Adding HS to laying and broiler chickens can boost 
profitability by improving the production performance, reducing mortality, lowering 
feed conversion, and increasing egg output [28].

HS have been used to reduce mycotoxicosis in chicken due to its adsorbent capabil-
ity [29–31]. Several studies have found that HS reduces ammonia emissions to the 
environment [9, 32, 33]. Similarly, in farms with a high density of chicken population, 
HS have been found to have a considerable anti-stress impact, reducing the negative 
effects of chronic stress in laying hens in production [34].

The mechanism through which HS affects poultry performance remains unclear. 
According to Shermer [35], HS might affect poultry performance by modifying the 
microbiota in the gastrointestinal tract, particularly in Escherichia coli populations, 
by altering the pH and promoting a greater activity of intestinal enzymes and feed 
digestibility. Several trace elements in HS can act as co-factors, increasing the activity 
of numerous enzymes involved in digestion and metabolic processes [36].

3. Humic substances derived from vermicompost

Vermicomposting is a bio-oxidative process that involves the breakdown of 
organic materials by litter-dwelling detritivorous earthworm species. Earthworms 



The Global Antimicrobial Resistance Epidemic - Innovative Approaches and Cutting-Edge Solutions

106

are important because they fragment organic materials and increase surface area, but 
microscopic species in the earthworm stomach and their castings are responsible for 
the actual decomposition [37, 38]. These gut and cast-related processes are considered 
to have a significant impact on the properties of vermicompost. Eisenia fetida, Eisenia 
andrei, and Dendrobaena veneta are the earthworm species used in vermicomposting. 
E. fetida is one of the most frequently utilized earthworm species due to its high rate 
of organic matter digestion, tolerance to environmental conditions, fast reproductive 
rate and short life cycle, and tolerance to handling [39].

Two phases can be distinguished in vermicomposting: 1) an active phase in which 
earthworms process the waste through physical comminution, ingestion, and microbial 
decomposition, and 2) a maturation-like phase in which earthworms move to fresher 
layers of undigested waste and microbes provide additional decomposition [40].

Bacteria and fungi are the two primary kinds of microorganisms involved in the 
composting process. Bacteria degrade sugars and other easily accessible organic 
materials faster than fungus. They are, therefore, crucial in the early phases of 
composting, when the feedstocks contain large quantities of carbohydrates. More 
complex compounds, such as hemicellulose, starch, and even lignin, can be degraded 
by actinomycetes. They are more common in the later stages of composting, after the 
majority of easily degradable substrates have been used [41].

The fresh organic matter (animal manure, food wastes, green wastes, agricultural 
leftovers, etc.) is transformed into more stable humus-like substances, nutrients are 
recycled, and energy is created throughout the composting process [42]. The process 
should be aerobic, with a portion of it taking place under thermophilic circumstances. 
It minimizes phytotoxicity, removes pathogens, and stabilizes the material in terms of 
nitrogen and oxygen demand, avoiding N immobilization by soil biota, which com-
petes with the plant for limited nitrogen resources [43].

3.1 Establishment of vermicompost

The establishment of our vermicompost took place in the greenhouse area, which 
has concrete and stone walls and a white polyethylene roof (Figure 1). The tempera-
ture inside the greenhouse is maintained throughout the year, with maximum tem-
peratures of 35°C and minimum temperatures of 15°C, as well as relative humidity of 
70–80%. Eisenia Foetida is used in vermicompost; and it is composed of 50% pastures 
from the area/50% sheep manure; with an internal temperature of 15–25°C, a pH of 
6.5 to 7.5 and relative humidity of 80–90%.

Vermicompost is made by enclosing a 2 × 5 m rectangular space with bricks 
and covering it with polypropylene (Figure 2). To reduce the bacterial content, 
the organic material and manure are first pre-composted for a month. The com-
ponents are then combined and placed in the compost’s lower side; worms are 
then sewn on top, and the compost is watered. Finally, a part of the organic mate-
rial is coated over the compost to protect it from light rays, covered with black 
polyethylene (Figure 3).

The compost is moistened once a week, vegetable matter is added once a week, and 
all parameters are checked regularly for upkeep. To collect the compost, the vermi-
compost must grow for four months. The worm harvest is conducted first, and then 
the compost is sifted to eliminate any unprocessed organic and inorganic elements. 
The compost was preserved after being oven-dried for 24 hours at 60°C.
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3.2 Humic substances extraction/isolation

HA, FA, and humin are the three main types of humic compounds found in soils 
and sediments [5, 13]. A strongly basic aqueous solution of sodium hydroxide or 
potassium hydroxide is used to extract HS from humus and other solid phases. The HS 
precipitate in this solution when the pH is adjusted to 1 with hydrochloric or sulfuric 
acid, leaving the FA in the solution (upper section) [19, 44]. This is the most impor-
tant distinction: FA are insoluble in alkaline media, while HA are insoluble in acid 
media, and humin are insoluble at any pH (Figure 4).

Figure 1. 
Greenhouse area.

Figure 2. 
Delimitation of the area with bricks and covered with polypropylene.
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In addition to alkaline solvents, chelating agents, organic solvents, and aqueous 
saline solutions have been proposed for the extraction of HS. Alkaline solvents are the 
most efficient and commonly utilized of them [44]. The extraction of HA with NaOH 
is a standard method for isolating HA, with an extraction efficiency of more than 
80% of samples from soils (Table 1).

The isolation and extraction of HS from the earthworm compost were carried out 
using an alkaline extraction process. Sodium hydroxide (0.1 M NaOH) was used in a 
ratio of 5:1 parts of compost (mL/g); it was left to rest for 24 h at room temperature, 
and then filtered through a 125 μm mesh; sulfuric acid was added (H2SO4, 10%), 

Figure 3. 
Vermicompost is covered with organic matter and polyethylene.

Figure 4. 
Fractions of humic substances.
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Agent HS extraction (%)

NaOH 80

Na4P2O7 30

Organic chelators 30

Acetyl-acetone/Hydroxyquinone 30

Formic acid 55

Table 1. 
Agents used for the extraction of humic substances.

Humic acid Fulvic acid

Formula C110H105N7O50 C25H17N0O18

Molecular weight 2325.028 619.398

Elemental composition 
(%)

C (56.82), H (4.55), N (4.22), O 
(34.41)

C (48.48), H (2.77), N (2.26), O 
(46.49)

Density, g/cm3 1.870 ± 0.10 1.935 ± 0.06

Table 2. 
Estimated chemical properties of the humic and fulvic acid molecules, extracted from vermicompost.

Figure 5. 
The flat structure of a humic acid molecule with aromaticity (a) and flat structure of a fulvic acid molecule with 
aromaticity (b).
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rectifying a pH of 2. The solids and liquids were separated by decantation. The 
precipitate (HA) was washed two times with distilled water to remove sulfuric acid 
residues and between each washing it was centrifuged for 20 min at 5000 rpm. Then, 
to remove the remnants of sulfuric acid, in a rotary evaporator, the sample was dried 
at 60°C until it had a gel consistency. Finally, it was dried in an oven at 60°C. The 
result was a yellowish-brown powder with a pH of 10.

For the identification of functional groups, the extracted HS were analyzed 
using an infrared spectrophotometer with Fourier transformation with attenuated 
total reflectance (FTIR-ATR); the elemental analysis was carried out using energy 
dispersive X-Ray spectroscopy (EDS); and the crystal types were detected with X-ray 
diffraction (XRD). These results were used for the calculation of aromaticity and were 
published in a previous paper [45]. Additionally, the chemical properties (Table 2) and 
the flat structures of the HS molecules with aromaticity (Figure 5) using the chemistry 
software ACD Lab v.12 (Advanced Chemistry Development, Toronto, Canada) were 
estimated [46].

4. Use of humic substances from vermicompost in poultry

Various in vitro and in vivo models for evaluating the behavior of different chemi-
cals in chicken supplements have recently been established in our lab. The in vitro 
digestion model replicates broiler body temperature, peristaltic motions, enzymatic 
and pH conditions in each simulated compartment (crop, proventriculus, and small 
intestine) [47, 48]. In addition, in vivo models of intestinal inflammation in birds have 
been employed. Non-starch polysaccharide-rich diets [49, 50]; dexamethasone [51]; 
dextran sodium sulfate (DSS) [52, 53]; and 24 hours of feed restriction [54, 55]. With 
the help of these research models, we have been able to elucidate some effects of HA.

Firstly, two experiments were conducted to evaluate the effects of HA on recovery 
of Salmonella Enteritidis (SE) [56]; there were no effects of HA on SE recovery in an 
in vitro digestive system, or in Salmonella intestinal colonization, bacterial numbers 
in ceca, intestinal IgA, or serum FITC-d in neonatal broiler chicks.

Treatment Intestinal viscosity 
(cP Log10)b

Serum FITC-d (ng/
mL)c

Liver bacterial translocation (Log10 
cfu/g)d

cfu Log10of 
liver

Liver 
enrichment 

culturee

Control FR 0.13 ± 0.01f 828.58 ± 32.85g 2.83 ± 0.09g 12/12(100%)

0.2% 
HA + FR

0.24 ± 0.01g 544.62 ± 41.84f 1.60 ± 0.04f 7/12 (58%)*

aData expressed as Mean ± SE.
bIntestinal viscosities evaluated in Log10 (in centipoise, cP = 1/100 dyne sec/cm2), n = 5 chickens/group.
cSerum (FITC-d) was evaluated in 20 chickens/group.
dLiver bacterial translocation was evaluated in 12 chickens/group.
eData expressed as positive/total chickens (%).
f,gSuperscripts within columns indicate significant difference at P < 0.05.*P < 0.001.

Table 3. 
Evaluation of intestinal viscosity, serum FITC-d, and bacterial liver translocation in chickens consuming a 
corn-based diet with or without the inclusion of 0.2% of humic acids following 24 hours of feed restriction (FR) in 
broiler chickensa.
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Additionally, a second study was carried out [57], to evaluate direct or indirect 
impacts of HA on intestinal integrity because of their physical and chemical features. 
Using a 24-hour feed restriction model, the aim was to investigate how HA affected 
intestinal viscosity, leaky gut, and ammonia excretion in broiler chicks. The experimen-
tal group was given 0.2% HA had increased intestinal viscosity and showed lower levels 
of FITC-d, bacterial liver translocation, and ammonia in the excreta. It was confirming 
its advantages, enhancing the viscosity and the integrity of the intestine (Table 3).

The previous researches were the first to address the effects of HA from vermi-
compost on bacterial challenges with SE both in vitro and in vivo in chicks; further-
more, the mechanism of action of HA on the maintenance of intestinal integrity in 
poultry was demonstrated for the first time. In line with this finding, Mudronová [58] 
reported that HS positively regulates MUC-2 gene expression.

In further research in broilers fed an extract of HS from vermicompost, increased 
carcass yield and lactic acid bacteria (LAB) and reduced coccidian oocysts excretion 
were observed; but increased Clostridium perfringens (CP) counts were also seen 
compared to broilers fed diets supplemented with GPA (Figure 6) [45].

In a recent report, broilers kept in floor pens from 1 to 42 days of age and fed 
increasing levels of HS from vermicompost, showed lower feed intake (FI) and 
overall mortality, besides, a better feed conversion rate (FCR) compared to nega-
tive control birds not supplemented with HS and positive control birds added with 
antibiotics (Table 4) [59]. The greatest benefits of adding HS were observed in the 
last period of the trial, from 29 to 42; these findings closely resemble the observations 
in previous research. For the authors, it is unknown whether improved FCR from 29 
to 42 days was dependent on, or independent of, the addition of HS from 1 to 14 and 
15–28 days. This topic deserves further clarification in future research.

Although, HS have been proven to have prospective benefits in chicken production 
as growth promoters, data on their antimicrobial properties are inconsistent. Using an 
in vitro chicken digestive system, it was essential to examine the effect of HA isolated 
from vermicompost on the recovery of Salmonella Enteritidis (SE), E. coli (EC), C. 
perfringens (CP), Bacillus subtilis (BS), and Lactobacillus salivarius (LS). In general, 

Figure 6. 
Counts of lactic acid bacteria (LAB) and Clostridium perfringens (CP), and the number of coccidian oocysts 
excreted in broilers fed with humic substances.
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the number of microorganisms counted increased in the final simulation, remarkably 
when the HA inclusion concentration increased (Tables 5 and 6).

HS may be utilized as substrates by bacteria since they are organic sources of 
carbon, nitrogen, phosphorus, and other nutrients. In this way, they can be used as 
prebiotics to enhance nutrient digestion.

As previously stated, HS have the potential to chelate minerals; when added to drink-
ing water at concentrations of 345.0, 322.5 and 347.8 g/L, improvements in bone mineral-
ization in broilers at 21 (Table 7) and 42d (Table 8) of age have been observed [46].

Subsequently, 28-year-old broilers were challenged to a radical change in diet, in 
addition to inducing immune stress when vaccinated against Newcastle, Infectious 
bronchitis and Salmonella, with the intention of causing damage to the intestinal 
mucosa. The results of this research [60] show that HS does not prevent intestinal 
mucosal atrophy but increase the number of goblet cells, and probably the mucus 
layer, compared to chickens that received the treatment without GPA.

On the other hand, when compared to a commercial zeolite, the adsorption capac-
ity of HA against AFB1 when added to the feed in a 1% concentration exhibited the 
maximum effectivity of capture (Figure 7).

Treatment Crop counts Proventriculus counts Intestine counts

SE EC CP SE EC CP SE EC CP

Control− 0.00a 0.00a 0.00a 0.00a 0.00a 0.00a 0.00a 0.00a 0.00a

Control+ 7.18b 7.18b 2.19b 2.30b 2.32b 1.12b 6.41b 6.43b 1.61b

HA (0.1%) 7.07b 7.54c 2.16b 2.30b 2.48b,c 1.18b 6.82c 6.82c 1.81b,c

HA (0.2%) 7.18b 7.52c 2.34b 2.59b 2.84c 1.18b 7.49d 7.24d 1.94c

HA (0.5%) 6.79c 7.72d 2.28b 3.73c 3.48d 1.12b 8.15e 7.68e 2.21d

HA (1%) 6.89c 7.88d 2.36b 4.72d 4.06d 1.16b 8.15e 8.40f 2.27d

SEM*** 0.069 0.104 0.126 0.303 0.189 0.072 0.136 0.112 0.076
*The initial inoculum of SE, EC and CP in the feed was 108 CFU/g.
**Data are expressed as log10 CFU.
***Standard error of the mean.
a–fValues in columns with different letters differ significantly (P ≤ 0.0001).

Table 5. 
Effect of humic acids on the counts of Salmonella Enteritidis, Escherichia coli and Clostridium perfringens* under 
an in vitro poultry digestive model**.

Level of humic substances (%)

Positive control 0 0.15 0.30 0.45 SEMa p-Value

FI (g/d) 127b 125b,c 122c,d 120d 121d 1.458 0.01

WG (g/d) 60.8 58.4 59.8 58.3 58.7 0.577 0.29

FCR 2.09b,c 2.15b 2.04c 2.05c 2.06c 0.019 0.01

Mortality (%) 7.1c,d 13.3c 5.4d 1.7d 3.78d 2.37 0.05
aSEM = estandard error of the mean.
b–dMeans with a different superscript in the same row differ significantly (P < 0.05).

Table 4. 
Growth performance of broilers from 1 to 42 days of age fed increasing levels of humic substances extracted from 
vermicompost.
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Treatment Crop counts Proventriculus counts Intestine counts

BS LS BS LS BS LS

Control- 0.00a 0.00a 0.00a 0.00a 0.00a 0.00a

Control+ 6.72b 4.64b 1.46b 2.51b 4.33b 2.51b

HA (0.1%) 6.69b,c 4.50b 1.67b 2.45b 4.30b 2.45b

HA (0.2%) 6.57c,d 5.13c 1.68b 2.52b 4.40b 2.52b

HA (0.5%) 6.52d 5.12c 1.70b,c 2.52b 5.00c 2.52b

HA (1%) 6.71b 5.49d 1.89c 2.49b 5.01c 2.49b

SEM*** 0.054 0.140 0.079 0.079 0.065 0.079
*The initial inoculum of BS and LS in the feed was 108 CFU/g.
**Data are expressed as log10 CFU.
***Standard error of the mean.
a−e Values in columns with different letters differ significantly (P ≤ 0.0001).

Table 6. 
Effect of humic acids on the counts of Bacillus subtilis and Lactobacillus salivarius* under an in vitro poultry 
digestive model**.

Humic substances, μg/L of water

0 161 322 483 654 SEMb

Dry matter (%) 35.24 36.15 35.77 35.87 36.48 0.522

Dry Weight (%) 2.10 1.99 2.07 2.05 2.13 0.060

Ashes (%) 38.11d 40.13e 39.32d,e 39.18d,e 39.57e 0.539

Ashes (mg) 802.0 797.0 814.8 804.8 845.3 28.075

Ca (%) 40.20f,g 36.94f 42.04g 42.20g 36.70f 1.648

Ca (mg) 320.3 298.5 342.3 339.4 307.9 18.551

P (%) 14.02 14.01d 14.10d,e 14.15e 14.14e 0.050

P (mg) 112.6 111.8 114.8 113.9 119.4 4.203
an = 12, using six tibias per replicate..
bSEM = standard error of the mean.
d,eMeans with a different superscript in the same row differ significantly (P < 0.05).
f,gMeans with a different superscript in the same row differ significantly (P < 0.01).

Table 7. 
Dry matter, ashes, calcium and phosphorus content of the tibia of 21 days old broiler chickens added with 
increasing levels of humic substances in the drinking watera.

Humic substances, μg/L of water

0 161 322 483 654 SEM b

Dry matter (%) 42.25d 43.06d,e 43.16d,e 43.35e 42.17d 0.440

Dry Weight (%) 7.79 8.32 8.26 8.39 8.21 0.218

Ashes (%) 35.84 35.64 35.11 36.34 35.34 0.596

Ashes (mg) 2785.5 2966.1 2894.4 3046.8 2891.0 73.941

Ca (%) 34.73d 33.17d,e 35.81d 35.98d 31.11e 1.242

Ca (mg) 969.0f,g 984.0f,g 1039.2f 1102.5f 891.9g 45.542
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Finally, the addition of HS extracted from vermicompost in piglet feed at weaning 
[61] improved the weight gain and feed efficiency during 1–42 days post-weaning. 
The final body weight at 42 days, weight gain and feed efficiency were higher with the 
inclusion level of 0.50% HS. Most of the productive responses showed an increasing 
linear pattern as the addition of HS increased.

5. Conclusions

Although, the antibacterial activity of HS/HA is unclear, they might be regarded 
as viable alternatives to replace or alternate the use of antibiotics in poultry. As was 
documented, HS extracted from vermicompost improve performance, increase intes-
tinal viscosity and intestinal integrity in poultry. These benefits have been attributed 
to the macro colloidal structure of HS, which ensures effective protection on gastric 
and intestinal mucous membranes, as well as the promotion of mucin synthesis in the 
gut. However, their applications depend on the source and the way they are extracted. 
HS stimulates the growth of microorganisms, suggesting that they can be used as 
prebiotics.

Humic substances, μg/L of water

0 161 322 483 654 SEM b

P (%) 14.02f,g 13.98f 14.04g 13.97f 13.97f 0.019

P (mg) 390.6d 414.5d,e 409.9d,e 425.9e 402.0d 10.187
an = 12, using six tibias per replicate.
b SEM = estandard error of the mean.
d,e Means with different superscript in the same row differ significantly (P < 0.05).
f,g Means with different superscript in the same row differ significantly (P < 0.01).

Table 8. 
Dry matter, ashes, calcium and phosphorus content of the tibia of 42 days old broiler chickens added with 
increasing levels of humic substances in the drinking watera.

Figure 7. 
Adsorption capability of humic acids (HA), humic acids purified (HAP) and zeolite (ZEO) against AFB1 using 
an in vitro poultry digestive model.
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In addition, multiple doses were investigated, which might have contributed to the 
differences in response variables among our investigations. It can also be argued that 
whether in a more challenging environment, the effects of HS may be better. Finally, 
our working team is focusing on elucidating the mechanism by which HS exert their 
effects on the intestinal mucosa and the intestinal microbiota.
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Abstract

The World Health Organization has designated P. aeruginosa as a priority one
pathogen due to the rise of multidrug-resistant (MDR) strains. It is a common oppor-
tunistic pathogen among humans. Nosocomial pneumonia, hospital-acquired urinary
tract infection, and surgical wound infections are all caused by it. P. aeruginosa causes
significant rates of disease and death in immunocompromised people such as those
who have had a bone marrow transplant, have cystic fibrosis, have had burns, or have
AIDS. P. aeruginosa’s ability to cause such a wide range of infections is owing to its
arsenal of virulence factors, which includes pyoverdine molecules, which are respon-
sible for MDR strains. Pyoverdines are nonribosomal short peptides that are essential
for bacterial pathogenicity because they serve as a signal molecule for the develop-
ment of other virulence factors and contribute to antibiotic resistance. Because they
are formed under iron-limiting conditions in the host environment, siderophores are
required for iron uptake in the host.

Keywords: pyoverdine, antibiotic resistance, Pseudomonas aeruginosa, virulent factor

1. Introduction

1.1 The genus P. aeruginosa and its medical importance

The taxonomy is as follows: Kingdom Monera, phylum Proteobacteria, class
gamma subdivision, order Pseudomonadaceae, genus Pseudomonas, and species P.
aeruginosa, and it was first described by Gessard in 1882 [1]. Pseudomonas is derived
from two Greek words: Pseudo, which means “false,” and monas, which means
“single unit,” while aeruginosa, which means “greenish-blue,” comes from the Latin
aerg, which means “rusted copper” [2]. It is a gram-negative, straight, or slightly
curved bacillus with a length of 1–5 m and a width of 0.5–1.0 m. The presence of a
polar flagellum, which is made up of a complex protein structure that allows for
mobility in liquid environments and reaction to chemical stimuli, makes P. aeruginosa
mobile. It can also bind to cell membranes thanks to this property. It has small
filaments called pili, which are located on the outside. These structures are used to
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move in semisolid media and, like the flagellum, adhere to surfaces. Its morphology is
heterogeneous, its colonies are generally large, flattened, smooth, or with serrated
edges and may show a metallic sheen.

In relation to its metabolism, it is aerobic although it can develop under anaerobic
conditions using nitrate as the terminal electron acceptor. It is a ubiquitous organism in
the environment and also, it can colonize multiple niches and utilize many environ-
mental compounds as energy sources. It is found mainly in water, soil, swamps, coastal
marine habitats, as well as in plant and animal tissues as well as in hospitals. P. aeruginosa
is characterized by producing a variety of pigments, such as pyocyanin (blue-green in
color), pyoverdine (PVD) (yellowish green fluorescent pigment), and pyorubin (red).
P. aeruginosa forms biofilms on moist surfaces such as rocks and soils [3–6].

This bacterium is an extremely important pathogen, since it is responsible for a
high percentage of nosocomial infections in patients confined in health centers. As an
opportunistic human pathogen, it is responsible for infection in immunocompromised
patients such as cystic fibrosis, diabetes, cancer, severely burn patients, advanced HIV
infections (acquired immunodeficiency syndrome, AIDS), bone marrow transplants,
surgical wound infections, and catheterized patients, and this is as a consequence of its
resistance to antibiotics and disinfectants that kill other environmental bacteria [7]. A
broad range of cell-associated and external factors influence multidrug resistance and
thus bacterial pathogenicity. In the colonization, survival, and invasion of tissues of
bacteria, virulence factors play a crucial pathogenic function. The pili are responsible
for adhesion to the epithelium. Exoenzyme S and other adhesins help epithelial cells
stick together. Tissue necrosis is caused by the exotoxin A. Phospholipase C is a
hemolysin that is thermolabile. Exoenzyme S’s pathogenic involvement is due to its
disruption of normal cytoskeletal organization, degradation of immunoglobulin G and
A, depolymerization of actin filaments, and contribution to macrophage resistance. At
least four proteases produced by P. aeruginosa cause bleeding and tissue necrosis.
Siderophores (pyoverdin and pyochelin), which allow bacteria to proliferate in the
absence of ferrous ions, are involved in chronic infection [4, 8]. The bacteria in strains
recovered from cystic fibrosis patients have an alginate pseudocapsule that protects
them against phagocytosis, dehydration, and antibiotics. It also enhances biofilm
formation by adhering to epithelial cells. Most of these virulence factors are controlled
by two different types of regulation systems: the two-component transcriptional
regulatory system and the quorum sensing system. These two pathways are required
for the microorganism’s survival and multiplication in the host (Figure 1).

Replace the entirety of this text with the introduction to your chapter. The intro-
duction section should provide a context for your manuscript and should be num-
bered as first heading. When preparing the introduction, please bear in mind that
some readers will not be experts in your field of research.

Prior to 1966, no comprehensive investigation of the aerobic pseudomonads tax-
onomy had been conducted. It is the work of Stanier and collaborators [10], in which
physiological and biochemical features were used to demonstrate the taxonomic basis
for the species identification. The genus was amended in 1984 by Palleroni, and five
groups were established based on the results of DNA–DNA hybridization and rRNA–
DNA hybridization. All five groups were later identified as belonging to the class
Proteobacteria, and members of the genus Pseudomonas “sensu stricto” were found to
belong to the subclass Gammaproteobacteria’s RNA–DNA group I. The rRNAI group
is also subdivided into fluorescent and nonfluorescent bacterium [11].

The genome size of P. aeruginosa, which ranges between 5.5 and 7 megabytes, is the
largest in bacteria and has the greatest environmental adaptability. The PAO1 strain is the
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key reference strain for genetic and functional investigations on P. aeruginosa. It was first
isolated from a wound of an Australian patient in the 1950s. The PAO1 genome is a
6.264-Mbp circular chromosome that encodes 5700 genes, including 5584 projected open
read frames (ORFs), and was fully sequenced in 2000. As a result, it has the highest
proportion of regulatory genes of any bacterial genome, as well as many genes involved
in catabolism, transport, and efflux of organic compounds, as well as four potential
chemotaxis systems. The size and complexity of the P. aeruginosa genome are thought to
be an evolutionary adaptation that allows it to thrive in a variety of habitats while also
resisting the effects of antimicrobial drugs. Knowledge of the complete genome sequence
and encoded processes provides a wealth of information for the discovery and exploita-
tion of new antibiotic targets, and the hope of developing more effective strategies to
treat life-threatening opportunistic infections caused by P. aeruginosa in humans [12].

Studies on the P. aeruginosa transcriptome became possible after the genome was
completed [13]. Understanding the lifestyle and pathogenicity of P. aeruginosa
requires gene expression profiling. Following the introduction of next-generation
sequencing systems, high-throughput sequencing of cDNA fragments became an
alternative to microarray hybridization. The widespread use of this method, dubbed
RNA-Seq or RNA-seq, resulted in an exponential rise in the number of whole
transcriptome investigations published in the literature [14]. The transcriptomes of P.
aeruginosaclone C were studied with this technology, and it was discovered that rRNA
molecules accounted for 50 to 90 percent of the sense RNAs, followed by mRNA
transcripts and noncoding RNA in comparable quantities. Uncharged tRNAs and 29
yet-undescribed antisense tRNAs were found in similar numbers and identified yet-
undescribed RNA molecules. The identification of sense-antisense pairs of transfer-
messenger RNA (tmRNA), tRNAs, and mRNAs using this RNA seq method implies a
new level of gene regulation in bacteria [15].

Although the 16S rRNA gene is the basic tool of the current bacterial classification
system, it is known that closely related bacterial species cannot be differentiated based
on this gene. Therefore, in the last 10 years, other gene sequences have been used as
phylogenetic molecular markers in taxonomic studies, such as atpD, gyrB, rpoB, recA,
and rpoD [16]. Mulet and collaborators have shown that analysis of the sequences of

Figure 1.
P. aeruginosa main virulent factors. Outer membrana(1), inner membrane (2), lipopolysaccharide (3),
outermembrane proteins, porins and lipoproteins (4), biofilm (5), flagellum (6), pili (7), secretion systems (8),
exotoxins (9), proteases, lipases, elastases, pyocianin (10), pyoverdine siderophore as an iron uptake system [9].
Created with BioRender.com.
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four housekeeping genes (16S rRNA, gyrB, rpoB, and rpoD) in all known species of
the genus clarified the phylogeny and greatly facilitated the identification of new
strains. Multilocus sequence typing (MLST) of the four housekeeping genes is reliable
for species delineation and strain identification in Pseudomonas [17]. MLST is
enhancing our understanding of the general genome organization of P. aeruginosa
strains and species, and it is the standard method used for epidemiological surveys on
P. aeruginosa outbreaks worldwide [18, 19].

2. Iron role in metabolism

Iron is a micronutrient found in almost all living organisms and is an essential
component of nearly all of them [20]. It can be present in both reduced (Fe2+) and
oxidized (Fe3+) forms in cells, making it simple to insert into an enzyme’s catalytic site
and serve as an electron carrier in many redox-sensing proteins. Iron forms part of a
larger cofactor such as Fe-S clusters and heme, the former is involved in diverse
biological processes, including metabolite biosynthesis, DNA replication, RNA modi-
fication, gene expression, photosynthesis, and respiration, and the latter is required
for cytochrome biogenesis and the transport and storage of oxygen in vertebrates.
Iron is associated with oxidative stress. In the presence of oxygen, the ferrous ion is
unstable, forming ferric ions and reactive oxygen species (ROS), which can damage
biological macromolecules and cause cell death. This process is illustrated by the
Fenton Reaction [21].

Fenton Reaction:

Fe2þ þH2O2����!Fe3þ þ OH: þ OH�

Even though iron is the fourth most prevalent element in the Earth’s crust, only its
ferrous form is soluble in water, whereas ferric iron has very low solubility and forms
insoluble precipitates hydroxides at neutral pH with solubilities of 10–9 to 10–10 M
(i.e. 56 ng/L) [22]. Because the concentration is too low to maintain life, all organisms
have evolved unique mechanisms to solubilize iron. After absorption of iron in the
ferrous form by the protein ferroportin in the duodenal mucosa, animals absorb it
from the meal. The iron is then transported to the glycoprotein transferrin, where it
becomes ferric, and is then stored in ferritin as a polymeric ferric complex. This is
utilized to feed iron to various apoproteins for them to produce various iron-
containing proteins as well as to provide the iron required for erythrocyte
development and hemoglobin synthesis [22, 23].

P. aeruginosa can acquire iron from different sources of its host organism, among
these sources are (Figure 2):

• Transferrin and the related protein lactoferrin:Milk and other extracellutlar fluids
contain it (saliva, tears, and nasal mucus). (Transferrin (Tf) is an iron carrier
glycoprotein (Fe 3+), synthesized and metabolized mainly in hepatocytes. It is
made up of a single polypeptide chain of 679 amino acids with a molar mass of
79,500 g/mol. Each transferrin molecule consists of two lobes with a similar
internal structure and is independent for Fe 3+ fixation; the N-terminal lobe
contains residues 1–336 and the C-terminal residues 336–679. Each lobe in turn is
folded, forming two domains. This conformation of the molecule allows the firm,
although reversible, union of Fe.
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• Ferritin: Ferritin is the intracellular protein responsible for the storage and release of
iron. Ferritin can store up to 4500 iron atoms as a ferrihydrite mineral in a protein
shell and releases these iron atoms when needed by the cell. The ferritin protein coat
consists of 24 protein subunits of 2 types, the H subunit and the L subunit.

• Fe-containing proteins such as heme proteins: In these proteins, iron is in its
ferrous form and, as such, can be used as an appropriate ligand in which O2 can
bind to be transported around the body as oxyhemoglobin.

Pathogens obtain iron from their hosts by three methods that are engaged when the
bacterium is in an iron-deficient environment that limits its growth and is not mutually
exclusive. First, bacteria get iron by breaking down hemoglobin, such as hemolytic
bacteria. FeII does not have enough time to oxidize to insoluble Fe III in this situation.
Second, using a particular binding protein, the pathogen can bind to transferrin or
lactoferrin. At the bacterial cell surface, the iron is then taken from the molecule. Third,
the bacteria create a chelating chemical termed siderophore, which has a stronger
affinity for iron than the host organism’s iron-containing molecules [22].

3. Microbial siderophores and P. aeruginosa siderophores

Bacteria possess specific pathogenicity mechanisms that they exhibit to overcome a
host’s defenses. A pathogenic microorganism could cause damage, at any level, in a
susceptible host organism. Virulence is a quantitative measure of pathogenicity and is
measured by the number of microorganisms required to cause disease, that is, it is the
degree of pathogenicity.

Throughout evolution, bacteria have acquired characteristics that allow them to
invade the host environment, express specialized surface receptors for adhesion,
remain in these sites through colonization processes, evade the immune system, and
finally cause tissue damage within order to gain access to sources of nutrients
necessary for their growth and reproduction [24, 25].

Therefore, the virulence factor or determinant is a microbial component that
favors growth or survival during infection; iron being a determining factor of intra-
cellular survival for the growth of most bacteria and especially pathogens, such as P.
aeruginosa, an opportunistic human pathogen [26, 27].

1.When a microorganism enters a host organism, either in a pathogenic or symbiotic
form, it finds a favorable environment with access to practically all the nutrients
necessary for its growth except for one, iron. Iron, unlike other elemental sources

Figure 2.
Outline of the principal iron sources that may be accessed by bacterial pathogens source [23].
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for nutrition, such as nitrogen, phosphorus, potassium, and other macro- and
micronutrients, is not freely available in host organisms, so it is an important
limiting factor for the growth of microorganisms. It is known that one of the
responses of host organisms to pathogen attack consists in the reduction of free
iron by sequestering this metal in ferritin molecules, structurally known as
siderophores. This iron uptake mechanism that operates in bacteria has also been
found in animals and plants. In the latter, there is a notable difference, and in the
former, the control of ferritin synthesis occurs molecularly at the translational
level, while in plants it occurs at the transcriptional level [4, 28–30],
Hydroxamates: Siderophores that use a hydroxamate group to bind iron. The most
representative siderophore is aerobactin, produced by bacteria of the Salmonella
genus and some strains of E. coli, which has a dissociation constant very similar to
transferrins, so it competes with other sources such as ferritin.

2.Cathecolates: Enterobactin is the most studied siderophore of this group,
produced by strains of E. coli and other enterobacteria.

3.α-Hydroxycarboxylic acids: they are siderophores with a group similar to that of
a hydroxamate, in which one of the radicals is replaced by a double bond with
oxygen and nitrogen of the skeleton by a carbon. An example is the siderophore
achromobactin produced by Erwinia chrysanthemi.

4.Mixed: those are in which two different binding groups are combined in the same
molecule.

An example is anguibactin which contains a catechol and a hydroxamate group.

The siderophores, despite the variety in their structures, have similarities between
them:

• They contain strongly electron donating atoms (often oxygen and, to a lesser
degree, nitrogen or sulfur).

• Their shape is thermodynamically stable.

• They contain high Fe3+ spin species.

• They have a redox potential between �0.33 V (triacetylfusarinine) and � 0.75 V
(enterobactin).

More than 500 siderophores, chemically characterized and classified, are currently
reported. In addition, some have been shown to have the ability to chelate (subtract) other
metals other than iron, such as aluminum, gallium, chromium, copper, zinc, lead, man-
ganese, cadmium, vanadium, indium, plutonium, and uranium. Due to the great variety
of siderophores, it is evident that several mechanisms of iron (III) transport exist [31, 32].

3.1 P. aeruginosa siderophores

P. aeruginosa synthesizes two types of siderophores, pyoverdine (PVD), and
piochelin (PCH). Pyoverdine is the major siderophore of fluorescent pseudomonads
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(Figure 3). Pyoverdines were discovered in 1892, and over the years, they have been
given various names: fluorescins, pseudobactins, and finally pyoverdins or
pyoverdines. In 1952, J. Totter and F. Moseley observed that the iron levels affected
the production of fluorescin by Pseudomonas aeruginosa. Today, more than 100
pyoverdines from different strains and species of Pseudomonas have been chemically
identified and characterized [33]. Pyoverdine are mixed hydroxamate-catecholate
siderophores, which are synthesized under iron-limited conditions. Pyoverdine has a
high binding affinity for ferric iron. P. aeruginosa strains produce four distinct
pyoverdines, called PVDI, PVDII, PVDIII, and PVDIV, and PCH as a secondary
siderophore [34]. Each is characterized by a different peptide chain and each has a
corresponding outer membrane receptor FpvAI, FpvAII, FpvAIII, and FpvAIV
[34, 35]. Each outer membrane transporter can recognize and capture back only the
ferric form of the produced pyoverdine or one that is structurally related (with a
similar peptide sequence) by recognizing the peptide moiety. The methods to identify
pyoverdines in different P. aeruginosa strain is referred to as siderotyping [36–40].

P. aeruginosa produces a second siderophore called pyochelin which has a lower
binding affinity for the ferric form of iron (Figure 4). Pyochelin is the condensation
product between salicydic acid and two cysteinyl residues. Pyochelin also chelates Zn
(II), Cu(II), Co(II), Mn(II), and Ni(II) [38].

Figure 3.
P. aeruginosa fluorescent pyoverdine growthing in an iron depleted media.

Figure 4.
Pyochelin of P. aeruginosa PAO1 [41].
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4. Pyoverdine structure

Pyoverdines are a class of fluorescent yellow-green siderophores produced and
secreted by many Pseudomonas species. In addition to pyoverdine, other siderophores
with lower affinity for ferric ions are also produced such as pyochelin, pseudomonin,
corrugatins, yersiniabactin, and thioquinolobactin [42]. Siderophores are small mole-
cules not only produced by many microorganisms but also by plants whose molecular
mass range from 200 to 2000 Da. These molecules are used to chelate iron with high
affinity and functions in iron acquisition and also as virulence factors in some bacterial.
The term siderophores from greek roots “sideros phoros” means iron carrier or trans-
porter. There are different types of siderophores classified according to the ligand used
to chelate iron. Catecholates are the more common functional group used to chelate iron
in bacterial siderophores (i.e. enterobactin). Hydroxymates (i.e. Ferrioxamine B) are
present in bacteria and Ferrichrome in fungi. Carboxylates (i.e. Rhizobactin) are pre-
sent as functional groups in some bacterial siderophores; however, siderophores such as
pyoverdine have a mix of functional groups that form hexadentate coordinates com-
plexes with ferric iron [42]. Plants siderophores are called phytosiderophores, and the
mugineic acid is the more common siderophore in plants. Pyoverdine siderophores
molecules consist of a hydroxyquinoline chromophore core, a small peptide chain
usually contain 6–14 amino acids and acyl side chain (Figure 5).

The chromophore is responsible for the color of the molecule and is linked to the
peptide chain and acyl group. Both hydroxyl group of the chromophore and side
chains oxygens in the peptide chain form interactions with iron. The peptide chain
may be partially or completely cyclized and has L and D configuration amino acids.
Unusual amino acids such as N5-formyl-N5-hydroxy ornithine, cyclo-N5-hydroxy
ornithine, allo-threonine, and others may be present in the peptide chain. The amino
acids compositions vary among Pseudomonas species and strains such as Pseudomonas
aeruginosa strains such as ATCC27853, PAO1, and Pa6 (Figure 6). More than 100
different pyoverdines have been identified in Pseudomonas species and strains. Each
pyoverdine has a peptide chain with a specific amino acid sequence and length
[34, 39].

Figure 5.
Pyoverdine structure from P. aeruginosa PAO1. Red, peptide chain partially cyclized. Green, dihydroxiquinoline
chromophore showing the iron hydroxyl interacting groups. Yellow, acyl group [41].
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5. Pyoverdines biosynthesis and transport

The siderophores biosynthesis is a complex enzymatic process that requires several
specific enzymes whose expression is regulated by iron and different transcriptional
factors. The enzymes involved in siderophores biosynthesis are organized into a
multi-enzymatic complex, called siderosomes, and are in close vicinity to each other
in the cytoplasmic face of the inner membrane. This organization may reduce the
diffusion of siderophores precursor. Most of the siderosome enzymes have modular
and each module incorporated specific amino acids into a growing peptide chain.
Enzymes involved in the biosynthesis of unusual amino acids present in siderophores
are also proposed to be part of the siderosome (Figure 7) [45].

Pseudomonas aeruginosa strains have four types of pyoverdines designated as
PVD1, PVDII, PVDIII, and PVDIV and the biosynthesis of pyoverdine I (PVDI) in
P. aeruginosa PAO1 involved the action of seven siderosome enzymes. The same
number of enzymes is required for pyochelin biosynthesis. A siderosome model for
P. fluorescens strain A506 has been included (Figure 7).

The initial step in pyoverdines biosynthesis takes place in the cytoplasm where
non-ribosomal peptide synthetases (NRPSs) catalyze the formation of the peptide

Figure 6.
Peptide chain composition of three pseudomonas strains. Amino acids in bold are D configurations. Cyclic structure
in the chain is in parenthesis. fOHOrn is N5-formyl-N5-hydroxyornithine. aThr correspond to Allo-threonine and
dab is L-2,4- diaminobutyrate. The acyl side chain (amide or dicarboxylic acid) is linked to the amino group of
the chromophore. The length and type of acyl side chain depend on strain and growth conditions and whose purpose
remains unclear [34, 39, 43, 44].

Figure 7.
Model of siderosome of P. aeruginosa PAOI. The modular enzymes such as PvdL, PvdI, PvdJ, and PvdD are shown
in blue, green, yellow, and red color, respectively. The modules in each enzyme are numbered. PvdH, (gray) PvdA
(brown), and PvdF (black) are non-modular siderosome enzymes involved in pyoverdine synthesis. OM, outer
membrane and IM, inner membrane [45]. Created with BioRender.com.
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precursor for pyoverdines called acylated precursor chain (Figure 8) [46, 47].
P. aeruginosa PAO1 has four non-ribosomal peptide synthesis (NRPS) enzymes: PvdL,
PvdI, PvdJ, and PvdD [48]. Three more enzymes are involved in the formation of
unusual amino acids of the peptide chain of PVDI. The unusual amino acids in PVDI
are L-2,4 diaminobutyrate (Dab) and L-N5-formyl-N5-hydroxyornithine (fOHOrn).
The PvdH enzyme is responsible for the synthesis of Dab, PvDA, and PvDF that
catalyze the synthesis of fOHorn through consecutive hydroxylation and formylation
reactions. Model of siderosome of P. fluorescens strain A506 includes three NRPS
enzymes (PvdG, PvdL, and PvdD) and the same P. aeruginosa enzymes that catalyze
the formation of unusual amino acids.

The NRPS enzymes are modular enzymes with 2–4 modules. PvdL and PVdI have
four modules and PvdJ and PvdD are bimodular. The first module (M1) of PvdL
catalyzes the incorporation of acyl group (myristic or myristoleic acid) instead of
amino acid. This acylation probably links the peptide to the membrane and prevents
diffusion during synthesis. The M2 of PvdL catalyzes the activation of L-Glu and its
condensation to the acyl group. PvdL, module three (M3), incorporates an L-Tyr that
is converted to D-Tyr by domain of this module. M4 adds Dab to generate an acylated
tripeptide (Glu-Tyr-Dab). PvdI modules are responsible for adding D-Ser, L-Arg,
D-Ser, and fOHOrn to previous acylated tripeptide. L-Lys and fOHorn and two L-Thr
are, respectively, added by the bimodular enzymes PvdJ and PvdD. The peptide
bound formation is catalyzed by a PCP domain present in the modules. Thioesterase
domain of the PvdD module is released by hydrolysis of the 11 amino acid chain from
the NRPS [42].

Figure 8.
Mechanism of multiple carrier thiotemplate [47].
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The released peptide is transported to the periplasmic space where it is modified.
The transport to the periplasmic space involved a class of ABC pumps codified by
pvdE gene. The modifications that take place in the periplasmic space includes the
deacetylation and the removal of myristic or myristoleic acid from the peptide chain
and the formation of pyoverdine precursor called ferribactin. The PvdQ enzyme is
responsible for this modification. The enzyme PvdP converts ferribactin into
dihydropyoverdine. The conversion of dihydropyoverdine to PVDI is catalyzed
by the enzyme PvdO.

Finally, the PVDI is secreted from the periplasmic space to the environment via
PvdRF-OpmQ ATP pump. The secreted PVDI binds to ferric iron to form PVDI-iron
complex (Ferripyoverdine). The Ferripyoverdine is imported via FpvA receptors
which interact with TonB-ExbBD complex and the help of transporter FpvB [49]. The
Fe+3 of the Ferripyoverdine in the periplasmic space is reduced to Fe+2 and released
from pyoverdine. Liberated Fe+2 is transported into the cytoplasm through ABC
transporter FpvDE.

6. Regulation of pyoverdine production

The transcriptional control of genes involved in the synthesis of pyoverdine is
induced by iron deficiency or depletion (Figure 9). The regulation of pyoverdine
production involves sensing cytoplasmic levels of iron ions by the regulator
protein Fur, which in turn represses regulatory genes involved in iron uptakes,
such as FpvR, FpvI, and PvdS [50–54]. PvdS is a sigma factor required for the
expression of pyoverdine biosynthesis genes and some virulence-related genes
[29, 55–58]. FpvI is a sigma factor required by the genes encoding the outer
membrane pyoverdine receptor/importer FpvA, and FpvR is an anti-sigma factor
that binds to and inactivates PvdS and FpvI [50, 59]. FpvR autoproteolytic cleaves
itself at a periplasmic domain without any further degradation unless it contacts
ferripyoverdine-bound FpvA. When FpvR/FpvA contact occurs, which involves the
activity of TonB (the transport-energizing inner membrane protein), the protease
RseP releases PvdS and FpvI allowing the activation of their regulated genes [50, 60].
The regulation of pyoverdine biosynthesis is more complex because it involves signals
other than iron starvation, such as the influence of the regulator protein CysB may
imply coordination with sulfur availability or biofilm formation and alginate
production [61, 62]. Phosphate starvation has been reported to trigger pyoverdine
production in host environments [63]. Additionally, the LexR-type transcriptional
regulator AmpR affects the expression of more than 500 genes related to
metabolism and virulence in P. aeruginosa and has been recently implicated in the
regulation of pyoverdine production [64]. Intracellular levels of bis-(30-50)-cyclic
dimeric guanosine monophosphate (c-di-GMP) may also modulate pyoverdine
production [65].

7. Pyoverdine as virulence factor in Pseudomonas aeruginosa

The World Health Organization classified P. aeruginosa as a priority one pathogen
due to the multidrug resistance mechanisms of this bacterium. As we mentioned,
P. aeruginosa produces diverse and overwhelming infections due to the wide variety
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of virulence factors that are responsible for multidrug resistance strains (MDRs) [67].
The pyoverdine siderophore is a key virulence factor that provides the bacterium with
iron during infection [68].

Regarding the virulence, it has been found that deficient pyoverdine mutants of P.
aeruginosa were not virulent in the Burn mouse model compared with the wild-type
strain PAO1. The mutant strain virulence was restored when pyoverdine purified
from the wild-type strain was added during infection. In a similar study, although
infected calf muscles of immunocompromised mice were injected with pyoverdine
and pyochelin mutants, no lethality was observed, concluding the role of pyoverdine
during infection. The pyoverdin-deficient mutant and the double mutant, on the
other hand, grew poorly in the lungs when compared to wild-type strain PAO1, and
the latter’s virulence was significantly reduced [69, 70].

In the model nematode Caenorhabditis elegans, pyoverdine is virulent, even in the
absence of the pathogen. A study found that when this siderophore is consumed by
C. elegans together with other chemicals in its aqueous environment, pyoverdine
gains access to and eliminates ferric iron through an unknown method once within the
host. The host mitochondria, which are iron-rich organelles, are a likely target for this

Figure 9.
The ferripyoverdine signaling pathway. The alternative sigma factors σFpvI and σPvdS direct expression of the fpvA
gene encoding the cell surface ferripyoverdine receptor protein FpvA, and pvd genes encoding enzymes required for
synthesis of pyoverdine. σFpvI and σPvdS are inhibited by the FpvR20 protein, which is degraded in the presence of
ferripyoverdine (Fe-Pvd). Expression of the fpvI and pvdS genes is repressed by the iron (Fe2+)-containing form of
the fur repressor [66]. Created with BioRender.com.
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abstraction. Mitochondrial function is disrupted, and mitochondria are targeted for
turnover when they are removed. In vitro experiments with pyoverdine-treated
murine macrophages revealed considerable toxicity, while no pyoverdine production
reduced pathogenicity. Furthermore, pyoverdine translocates into cells and impairs
host mitochondrial homeostasis, as previously observed in C. elegans [71–73].

Pyoverdine is a multifaceted role in P. aeruginosa pathogenesis; in addition, scav-
enging iron from host proteins also regulates the expression of several virulence
factors, including exotoxin A, an endoprotease PrpL, and pyoverdine biosynthesis
itself acting as a signaling molecule to control the production of secreted products
[74]. A recent study using a double mutation in genes involved in biofilm formation
showed that pyoverdine is essential for the development of virulent factors such as
exotoxin A and PrpL protease [4, 75].

Exotoxin A is one of P. aeruginosa’s most potent toxins, capable of inducing apo-
ptosis in host cells and killing model organisms [76]. Under iron-repleted growth
conditions, the transcription of exotoxin A was absent, indicating that it is negatively
regulated for iron. Interestingly, in the presence of iron ions, pyoverdine was found to
activate a signaling pathway for the upregulation of exotoxin A expression [77, 78].

The extracellular protease IV, PrpL, degrades surfactant proteins and interleukin-22
necessary for pulmonary mucosal immunity that made P. aeruginosa a major pathogen
of ventilator-associated pneumonia and causes considerable lung tissue damage [79].

The sigma factor PvdS is required for the expression of PrpL. The extracellular
protein profiles obtained, using PAO1 and a ΔpvdS::Gm mutant, showed that PrpL
((PvdS-regulated endoprotease, lysyl class) was expressed under the control of PvdS
under iron-deficient conditions. In this study, Rnase protection assays confirm that
the initiation of transcription is iron-dependent. A study shows that expression of
prpL was lower in the biosynthetic gene pvdF mutant than in wild-type bacteria, and
expression was increased to wild-type levels by the addition of pyoverdine [80].

The relationship between iron and antibiotic resistance in P. aeruginosa has been
reviewed [21]. It is required to determine whether iron fluctuations are a critical com-
ponent for antibiotic resistance in this bacterium, according to this review. A series of
studies concluded that increased concentration of iron in the growth medium decreased
the resistance of P. aeruginosa strains of various origins to antibiotics such as ampicillin,
norfloxacin, gentamicin, ofloxacin, and cefsulodin [21]. Conversely, another study
showed that increasing iron concentration increased resistance to two antibiotics,
tobramycin and tigecycline by using the wild-type strain PAO1 and isolated strains from
cystic fibrosis patients in a growth medium with an iron chelator, chelex, and FeCl3
(100 μM) [81]. Inversely, Singh and collaborators found that “decreasing” iron concen-
tration “decreased” resistance to tobramycin [82]. They used an iron chelator, the most
used being 2,2 dipyridyl (DIP) or deferoxamine (DFO), a siderophore used by P.
aeruginosa to the growth medium, to create conditions of iron limitation. These dis-
crepancies could be attributable to the variability of experimental methods, particularly
the iron concentration settings and in addition P. aeruginosa uptake iron by different
methods and those are important for antibiotic resistance mechanisms.

Therefore, pyoverdine plays an important role in antibiotic resistance, since it
mediates the uptake of iron in P. aeruginosa. Oglesby-Sherouse et al. [81] demon-
strated that pyoverdine increases the ability of P. aeruginosato resist tigecycline treat-
ment. A recent study with clinical isolates of P. aeruginosa showed the importance of
pyoverdine for the bacteria virulence, since most of them were MDR-expressing
resistance such as genes of the MexAB-OprM efflux pump system (mexABR) and
pyoverdine receptor genes (fpvA) which are induced by iron limitation conditions.
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Among the clinical isolates, 22 out 51 were ESBLs (extended-spectrum β-lactamases)
producers which represent an important subclass of enzymes that confer resistance to
oxyimino-cephalosporins [83]. A similar study related the pyoverdine production,
biofilm formation, ESBL, and other virulence genes (OprI, OprL, LasB, PlcH, ExoS,
and ToxA) with the antibiotic resistance of 54 clinical isolates, and among them 93%
were pyoverdine producers showing its role in antibiotic resistance [83]. A strong
relationship between EBSL isolates producers and virulence factor, including
pyoverdine, was also found in clinical isolates of P. aeruginosa [84]. Additionally,
multidrug resistance, presence of virulence-associated genes, and expression of cer-
tain virulence factors, most notably elastase, protease, siderophore, and DNase activ-
ity, were strongly related to pyoverdine production. A recent study with clinical
isolates of P. aeruginosa related its pathogenicity with pyoverdine production in
model’s organism in C. elegans and an acute murine pneumonia model [85].

8. Concluding remarks

The rise of resistant P. aeruginosa strains in hospitals has prompted researchers to
look for new therapeutic options. Attenuation of the pathogen’s virulence factors is
one of these strategies. The pathophysiology of the bacteria is restricted because it
does not need to be eliminated or killed. In many cases, attenuation of these products
that harm the host is unnecessary for growth or colonization, and their absence causes
the pathogen to adopt a commensal lifestyle. Pyoverdine is an important virulence
factor, and its role in iron transport as well as its position as a signaling molecule for
the synthesis of other virulence factors make it an attractive target for new therapeu-
tics that block its function. A potential therapeutic method involves tagging pyochelin
or pyoverdine with an antibiotic or a redox-inactive metal ion such as gallium, which
interferes with P. aeruginosa iron metabolism and its synthesis. Some P. aeruginosa
strains may utilize another iron-chelating pathway using nicotianamine in the absence
of siderophores, which may be investigated in the same way.
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Chapter 9

Machine Learning for 
Antimicrobial Resistance Research 
and Drug Development
Shamanth A. Shankarnarayan, Joshua D. Guthrie  
and Daniel A. Charlebois

Abstract

Machine learning is a subfield of artificial intelligence which combines sophisticated 
algorithms and data to develop predictive models with minimal human interference. 
This chapter focuses on research that trains machine learning models to study anti-
microbial resistance and to discover antimicrobial drugs. An emphasis is placed on 
applying machine learning models to detect drug resistance among bacterial and fungal 
pathogens. The role of machine learning in antibacterial and antifungal drug discovery 
and design is explored. Finally, the challenges and prospects of applying machine 
learning to advance basic research on and treatment of antimicrobial resistance are 
discussed. Overall, machine learning promises to advance antimicrobial resistance 
research and to facilitate the development of antibacterial and antifungal drugs.

Keywords: machine learning, antimicrobial resistance, fungi, bacteria, infection,  
drug discovery and design

1. Introduction

Antimicrobials are the agents used to prevent and treat the infection caused by 
bacteria, fungi, viruses, and parasites in plants, animals, and humans. Sir Alexander 
Fleming in his Nobel Prize lecture emphasized the importance of avoiding resistance 
to antibiotics [1]. Antimicrobial resistance (AMR) is a phenomenon that occurs when 
infectious microorganisms do not respond to antimicrobial agents, leading to treatment 
failure, the spread of the infectious disease, and severe illness and death [2]. Among 
microorganisms, bacteria and fungi are the most encountered pathogens with resis-
tance in clinical settings. Patients infected with resistant bacteria or fungi have worse 
clinical outcomes compared to patients with infections caused by the same bacteria or 
fungi without resistance [3]. It is estimated that by the end of year 2050, if unmitigated, 
AMR will result in 10 million lives lost per year and cumulative cost of 100 trillion USD 
[4]. The global burden associated with bacterial AMR alone, considering 204 countries 
and territories, 23 bacterial pathogens, and 88 drug-pathogen combinations, was 4.95 
million deaths during the year 2019 [5]. The majority of these patients succumbed 
to lower respiratory tract and blood stream infections associated with drug-resistant 
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bacteria, with highest mortality rate of 27.3 per 100,000 patients [5]. Among elderly 
patients in the USA, the treatment of methicillin resistant Staphylococcus aureus 
(MRSA) infection costs $22,293 more per patient compared to patients infected with 
non-resistant Staphylococcus aureus. Similarly, treating patients infected with resistant 
carbapenem-resistant Acinetobacter species costs $57,390 more per patient compared to 
patients infected with non-resistant Acinetobacter species. These extra costs are attrib-
uted to the increased length of hospital stays and health complications, which lead to 
more medical interventions and higher mortality rates [6].

The most common bacterial pathogens associated with hospital acquired infections 
and AMR are the ESKAPE pathogens. ESKAPE is an acronym for Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 
aeruginosa, and Enterobacter species [7]. The priority pathogens recognized by the 
World Health Organization are extended spectrum beta lactamases (ESBL) produc-
ing Escherichia coli, MRSA, ESBL-producing Klebsiella pneumoniae, Streptococcus 
pneumoniae, carbapenem-resistant Acinetobacter baumannii, and multidrug-resistant 
(MDR; organism resistant to at least one agent in three or more antimicrobial classes) 
P. aeruginosa and vancomycin-resistant Enterococcus fecalis [5, 8, 9]. Antimicrobial 
resistance among fungi is a serious issue because of the limited number of classes of 
antifungal agents available for treating invasive fungal infections, as compared to 
antibacterial agents (Table 1). Moreover, due to variety of socio-economic reasons it has 
been over a decade that no new class of antifungal drug has been developed [10]. Global 
warming and climate change is also predicted to increase the prevalence of fungal 
infections (as fungi adapt to higher temperatures, humans and animals may lose their 

Mechanism of action Antibacterial class

Inhibitor of cell wall 
synthesis

β-Lactams, Carbapenems, Cephalosporins, Monobactams, Penicillin, 
Glycopeptide

Cell membrane 
depolarizer

Lipopeptides

Inhibitor of protein 
synthesis

Aminoglycosides, Tetracyclines, Chloramphenicol, Lincosamides, Macrolides, 
Oxazolidinones, Streptogramins

Inhibitor of nucleic acid 
synthesis

Quinolones

Inhibitor of metabolic 
pathways

Sulfonamides, Trimethoprim

Mechanism of action Antifungal class

Inhibitors of ergosterol 
synthesis

Azoles

Aqueous pores in cell 
membrane

Polyenes

Inhibitor of glucan 
synthase

Echinocandins

Inhibitor of squalene 
epoxidase

Allylamines

Inhibitor of nucleic acid 5-Flurocytosine

Table 1. 
Different classes of antibacterial and antifungal drugs and their mechanism of action.
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thermal protection provided by their elevated body temperatures) [11]. The majority 
of the invasive fungal infections are caused by yeasts, especially Candida albicans, 
which can cause mild symptomatic infection to acute sepsis with a mortality rate over 
70% in immunocompromised patients [12]. Over the last decade, Candia auris has 
been reported on all continents and in more than 44 countries [13, 14]. The first known 
appearance of Candida auris dates back to 1996 in South Korea, when it was originally 
misidentified as Candida hemulonii (and then later correctly identified as Candida 
auris) [15]. This fungus displays intrinsic resistance and acquired resistant (Figure 1) to 
the major classes of antifungals and hospital disinfectants and has caused several out-
breaks [16–19]. The main reason that Candida auris attention across globe is due to high 
mortality rate (45%) among patients with bloodstream infections [20]. Interestingly, 
Candida auris has different resistance profiles based on the genomic sequences identi-
fied in different countries; presently, Candida auris is classified into four discrete clades, 
as well as a potential fifth clade [21, 22]. Candida auris is less virulent than C. albicans 
because of the ‘fitness cost’ associated with its MDR nature; as a consequence, Candida 
auris has not been observed to revert back to its susceptible form in the absence of 
antimicrobial pressure [23]. Recently in the United States the identification of pandrug-
resistant (resistant to all agents in all classes of antimicrobial agents) [24] Candida 
auris among skin colonizers has raised alarm [25]. Mycelial fungi, which consisting of 
network of fine filaments known as hyphae, such as Aspergillus species are ubiquitous 
in nature and commonly cause respiratory disorders. Aspergillus species resistant to the 
azole class of antifungals are a serious threat, as azoles are first line of therapy against 
Aspergillus infection [26]. Another mycelial fungi, Trichophyton indotinea, which causes 
skin infection is spreading across the globe [27, 28].

Figure 1. 
Depicting the difference between intrinsic and acquired resistance. Microorganisms that are intrinsically resistant 
can propagate from the moment that they are exposed to the antimicrobial agent. Microorganisms can also acquire 
resistance during exposure to an antimicrobial agent through genetic and nongenetic mechanisms. Adapted from 
‘Intrinsic and acquired drug resistance’, by BioRender.com (2022). Retrieved from https://app.biorender.com/
biorender-templates.
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The emergence of AMR in high-income countries is mainly associated with use, 
misuse, and overuse of antibiotics in hospitals, agriculture, and communities [29]. 
Whereas in low- and middle-income countries unhygienic practices, contaminated 
water supplies, civil conflicts, and an increased number of immunocompromised 
patients (especially among HIV infections) are the main contributors to AMR [30]. 
Increased infections, and in turn increased use of antimicrobial agents, has imposed 
selection pressures that result in the retention of resistant strains. Identifying infec-
tious agents early helps clinicians to promptly choose the appropriate antimicrobial 
agent to treat the infection based on the intrinsic resistance profiles and local epide-
miology data on resistance [31]. Resistance profiling methods, such as culture-based 
and molecular biology-based methods, currently take up to 72 h from the time of 
sample collection. During this time, patients often receive broad-spectrum antibiot-
ics, which may lead to acquired resistance (Figure 1). Several novel strategies have 
been developed for rapid detection of AMR. However, most of these methods are 
based on molecular biology, immunology, biochemistry, and rapid culture techniques 
[32]. Importantly, the cost and the expertise involved in establishing and maintaining 
these techniques and related devices is often too high for many hospitals and institu-
tions, especially those in remote and impoverished communities.

Machine learning (ML) has been around for decades, as optical character recogni-
tion gained popularity during 1990s with its application as spam filters. A seminal 
paper by Geoffery Hinton in 2006 on recognizing handwritten digits using ‘deep learn-
ing’ (a ML technique implemented in artificial neural networks) rekindled interest 
in ML. Recently, during the 14th Critical Assessment of Protein Structure Prediction 
(CASP14) competition [33], a neural network based model called AlphaFold predicted 
protein structures with high accuracy (i.e., comparable to the experimental struc-
tures), outperforming other protein structural deduction methods [34]. Furthermore, 
deep learning is increasingly being applied to solve complex multidimensional prob-
lems, such as speech recognition [35] and image classification [36].

Machine learning is the application of advanced algorithms that enable a computer 
to ‘learn’ and generate predictive mathematical models from data. Arthur Samuel 
in 1959 described ML as ‘the field of study that gives computers the ability to learn 
without being explicitly programmed’ [37]. Tom Mitchell in 1997 provided a more 
engineer-oriented definition, when he stated that a ‘computer program is said to learn 
from experience E with respect to some task T and some performance measure P, if 
its performance on T, as measured by P, improves with experience E’ [38]. Machine 
learning can be divided into supervised, unsupervised, and reinforcement learning. In 
supervised learning, the ML model is trained using labeled datasets, with the resulting 
model being a function that can take new data and predict an output. To determine the 
reliability of the trained model, a test set of complete input/output data which was not 
used during training is employed to determine an unbiased estimate of model per-
formance. Whereas, in unsupervised learning, the training data are supplied without 
labels. Unsupervised learning algorithms find the similarity among data points and 
cluster them together. Reinforcement learning (RL) uses algorithms that learn from 
the accumulation of ‘rewards’ that a computational agent receives through interactions 
with its environment. Reinforcement learning, which is often combined with other ML 
methods such as deep neural networks, has led to some of the most successful artificial 
intelligence systems ever developed. These range from systems that beat human profes-
sionals in the game of Go [39] to systems that help control nuclear fusion reactions [40].

Recent advances in digitizing medical records and data generated in experiments 
have paved the way for ML applications in the fields of biology and medicine. Many 
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clinical trials are leveraging ML processes to improve the efficiency and quality of 
clinical research and pre-clinical drug development [41]. Machine learning is also 
being applied to assess the risk of developing sepsis based on patients’ clinical records 
[42]. Machine learning has also found applications at the cellular level. For instance, 
convolutional neural networks (CNNs) can predict the interactions of transcription 
factors and histones within chromosome structures, which in turn aids in analyzing 
genome architecture as well as gene regulation [43]. Other examples include using 
neural networks to identify the role of non-coding DNA in humans in regulating 
gene expression [44] and applying recurrent neural networks (RNNs) to characterize 
chromatin folding in Drosophila melanogaster [45]. Furthermore, the availability of 
large-scale high-throughput genomic and epigenomic data has led to several studies 
that have highlighted the potential applications of ML in the field of genomics [46] as 
well as non-coding RNAs [47]. Machine learning has also been used to assist clinicians 
treating infectious diseases [48]. However, the use of ML in studying drug-resistant 
pathogens is less developed.

In this chapter, we first discuss the mechanisms of underlying bacterial and 
fungal AMR, followed by an overview of ML methods used to detect drug-resistant 
pathogens. We then highlight the application of ML in the discovery and design of 
antimicrobial drugs. Finally, we present the challenges and prospects of applying ML 
to AMR research and drug development.

2. Mechanisms of antibiotic resistance

The major burden of AMR in hospital settings is due to bacteria and fungi. 
Antimicrobial resistance can be classified into different types, including ‘intrinsic 
resistance’ and ‘acquired resistance’ (Figure 1) [49]. Intrinsic resistance occurs when 
bacteria or fungi are naturally resistant to an AMR drug or to a class of AMR drugs 
[50]. Bacteria and fungi which were previously susceptible to an antimicrobial drug 
can acquire resistance, for instance, by modifying the target site of the drug or by 
gaining a resistance mutation (Figure 1). In these scenarios, the microorganism 
develops resistance post-exposure to the drug. Whereas, if the microorganism does 
not have a target site for the drug or has a preexisting resistance mutation, then it 
is classified as intrinsically resistant. Other forms of AMR exist, such as ‘clinical 
resistance’, whereby a microorganism is susceptible to a drug in-vitro, but the drug is 
ineffective against the same microorganism in in-vivo. Clinical resistance can occur in 
a patient due to pharmacokinetic and pharmacodynamic factors.

Another aspect of AMR is ‘persistence’ and ‘tolerance’, which are phenomena that 
allow non-growing or slow growing bacterial and yeast pathogens to survive antimi-
crobial treatment [51, 52]. In the case of genetic resistance to a drug, all the progeny 
of the resistant microorganism stably inherit resistance to the drug (Figure 1). 
Whereas persistence occurs when a small fraction of a clonal bacterial population is 
resistant to an antibiotic, but the persistent cells do not harbor resistance mutations or 
genes. Rather, these persister cells are in a stationary or dormant phase, which reduces 
the effectiveness of antibiotics that target growth processes [53–55]. Antibiotic 
persistence is a heterogenous response of a bacterial population to an antibiotic and 
causes a delay in the clearance of the infection [56]. In contrast, tolerant cells require 
more time to be affected by an antimicrobial drug compared to susceptible cells [56]. 
Systemic infections due to persistent and tolerant organisms lead to higher mortality 
rates compared to infections caused by susceptible microorganisms [57]. Nongenetic 
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drug resistance is another form of AMR. Nongenetically drug-resistant phenotypes 
can be found in clonal cell populations [58] and results from genetically identical cells 
differentially expressing genes that confer resistance, along with various epigenetic 
mechanisms [59, 60].

Bacteria and fungi belong to different kingdoms, have differences in cellular 
components, and antibacterial and antifungal agents target different sites. Despite 
this, there are similarities between the AMR agents that are used to treat antifungal 
and antibacterial infections. For instance, cell wall inhibitors of bacteria target 
peptidoglycan, an important component of the bacterial cell wall, whereas some 
antifungal agents inhibit ergosterol, an important component of fungal cell mem-
brane. Antibacterial agents have diverse mechanisms of action, including inhibiting 
cell wall synthesis, depolarizing cell membranes, as well as inhibiting of protein 
synthesis, nucleic acid synthesis, and metabolic pathways (Table 1) [61]. However, 
in contrast to many antibacterial agents, antifungal analogues for protein inhibitors, 
topoisomerase inhibitors, and metabolic pathways inhibitors are not available. Only 
a limited number of antifungal agents are available that target ergosterol synthesis, 
cell membrane integrity, glucan synthase, nucleic acid synthesis, and the squalene 
epoxidase enzyme.

2.1 Antibacterial resistance mechanisms

The main mechanisms of antibiotic resistance among bacteria are (i) limiting 
uptake of a drug; (ii) modifying a drug target; (iii) inactivating a drug; and (iv) 
active drug efflux (Figure 2a). Limiting uptake due to natural permeability barriers 
imposed by the cell membrane, drug inactivation by antibiotic inactivating enzymes, 
and drug efflux resulting non-specific protein efflux pumps are mechanisms of 
intrinsic resistance. Whereas the transfer of genes between bacteria that encode drug 
efflux pumps or enzymes that inactivate antibiotics, as well as drug target modifica-
tions, are acquired resistance mechanisms. Antibiotic resistance mechanisms differ 
between gram-negative and gram-positive bacteria due to differences in their cell wall 
composition. Gram-negative bacteria employ all the drug resistance mechanisms, 
whereas gram-positive bacteria mainly limit the uptake of a drug [62]. Due to the 
hydrophobic nature of the cell wall, many of the hydrophilic antibiotic cannot bind 
to the cell wall and the high lipid content among mycobacteria restricts the entry of 
hydrophilic antibiotics [63]. However, porin channels found within the cell mem-
brane allow certain hydrophilic antibiotics to enter the cell. Modifications to these 
porin channels limits drug uptake [64]. Mutations in the gene responsible for porin 
proteins alter the selectivity of hydrophilic drugs [65]. Drug intake is also restricted 
by the thickening of cell wall [63]. Another widely observed phenomenon that 
restricts drug uptake is the formation of bacterial and fungal biofilms. The thick outer 
layer of a biofilm is composed of extracellular polymeric substances and is impen-
etrable to many antimicrobial drugs [66].

Antibiotics target multiple cellular components and bacteria can modify these 
targets leading to AMR. One of the major targets is the cell wall, which is commonly 
targeted by ß-lactam drugs, specifically among gram positive bacteria. Resistance to 
ß-lactam antibiotics results from modifications in the cell wall structures as well as 
a number of penicillin-binding-proteins [67]. Bacteria can alter the precursor of the 
target by mutating the gene responsible for these precursors, eventually leading to an 
altered target site. This results in the antibiotic failing to bind to the target site [68]. 
Ribosomes are also commonly targeted by antibiotics to inhibit protein synthesis. 
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Mutations in the ribosomal gene leading to the protection of the ribosomes and meth-
ylation of the ribosomal subunits lower the binding affinity of antibiotics, leading to 
resistance [69]. Similarly, modifications in the DNA gyrase or topoisomerase enzyme, 

Figure 2. 
Mechanisms of action of antimicrobial drugs in bacteria and fungi. (a) Effect of antibacterial drugs on bacterial 
cellular components and the corresponding resistance mechanism developed by bacteria. Created with Bio-Render.
com. (b) Effect of antifungal drugs on fungal cellular components and the resistant mechanisms developed by the 
fungi. Adapted from “Antimicrobial Therapy Strategies”, by BioRender.com (2022). Retrieved from https://app.
biorender.com/biorender-templates.
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nucleic acid synthesis inhibitors fail to bind to these enzymes [70]. Drugs that inhibit 
metabolic pathways inhibit important metabolic byproducts that are essential for 
bacterial survival. These antibiotics competitively bind to the active sites of enzymes 
responsible for the synthesis essential metabolites. Mutations in the gene responsible 
for these enzymes restricts antibiotics from binding [71]. Another mechanism of AMR 
is the inactivation of the drug by the pathogens. Degrading or transferring a chemical 
group to the antibiotics modifies its structure and affinity towards the target [72]. 
Efflux pumps remove toxic substances from the bacterial cell; some efflux pumps are 
constitutively expressed and others are induced or overexpressed in the presence of 
antibiotics. There are majorly five families of efflux pumps depending on the energy 
source they utilize and their structure [64]. Namely, the ATP-binding cassette (ABC) 
family, the multidrug and toxic compound extrusion family, the small multidrug resis-
tance family, the major facilitator superfamily (MFC), and the resistance-nodulation-
cell division family. The majority of the bacteria resistant to antibiotics overexpress 
efflux pumps from one of these families during antibiotics exposure [73].

2.2 Antifungal resistance mechanisms

Antifungal resistance mechanisms are not as extensively studied as antibacterial 
resistance mechanisms. Several factors including immunosuppressive treatments, 
indiscriminate use of broad-spectrum antibiotics, and immune suppressive diseases 
like HIV led to a surge in fungal infections during 1970s and 1980s [74]. Antifungal 
drugs including imidazoles and azoles were subsequently approved during late 1980s 
and 1990. Extensive use, misuse, and overuse of these antifungal drugs since then 
have led to the emergence of AMR in fungal pathogens. Determining if a fungal 
isolate is resistant is based on the minimum inhibitory concentration (MIC) of the 
antifungal drug. The MIC of a fungus isolated from a clinical sample informs the 
decision on the appropriate course of antifungal therapy.

Currently three major classes of anti-fungal drugs used for treating systemic fungal 
infections. Namely, azoles (itraconazole, voriconazole, posaconazole, and isavuco-
nazole), polyenes (amphotericin B) and echinocandins (caspofungin, micafungin, 
and anidulafungin) (Table 1). The limited number of classes of antifungal drugs and 
AMR in fungi restricts treatment options. The emergence of MDR fungal species 
further hinders treatment options. Azoles target ergosterol biosynthetic pathway, as 
ergosterol is necessary in the cell membrane to maintain the stability, permeability 
and the activity of membrane bound enzymes (Figure 2b) [75]. The substitution of an 
amino acid in the binding site of the enzyme is a common mechanism of azole resis-
tance among Candida species. Overexpression of ERG11 gene is also common among 
azole-resistant strains [76]. Furthermore, the overexpression of drug targets decreases 
the effectiveness of a drug, as more drug is required for inhibition [77]. Like bacterial 
efflux pumps, fungi have two main membrane associated efflux pumps superfamilies, 
the ABC superfamily and the MFC superfamily. Overexpression of Candida drug 
resistance (CDR) genes such as CDR1 and CDR2 of the ABC superfamily lead to the 
efflux of azoles and decreased drug accumulation [78, 79]. Gain-of-function muta-
tion in the gene responsible for a transcription factor UPC2 leads to upregulation 
of many ergosterol biosynthesis genes, conferring azole resistance [80]. Another 
transcription factor TAC1 regulates the activity of efflux pumps in Candida species. 
TAC1 is responsible for upregulation of CDR1 and CDR2 in the presence of azoles 
[81]. Chromosomal abnormalities and mitochondrial defects also contribute to azole 
resistance [82, 83]. Stress response pathways related to the heat shock protein Hsp90 
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provide critical strategies for the survival in the presence azoles leading to resistance 
[84]. Echinocandin resistance is mainly due to mutations in the FKS gene. FKS gene is 
responsible for the synthesis of glucan synthase enzyme involved in the synthesis of 
ß-glucan in the fungal cell wall [85, 86]. In certain cases, echinocandin induces chitin 
synthesis via protein kinase-C, high osmolarity glycerol, and calcineurin pathways 
[87] by activating two chitin synthases (Chs2 and Chs8) [88], leading to masked target 
sites. Polyene resistance in fungal pathogens is less understood because of its various 
mechanisms of action on the fungal cell. Polyenes act on the fungal cell membrane by 
interacting with ergosterol and impairs the membrane barrier function [89]. Polyene 
resistance is mainly attributed to the alterations in the sterol content of the cell mem-
brane, a defense mechanism developed against oxidative stress created by the drug and 
reorientation of ergosterol structures within the cell membrane [90]. Furthermore, 
Candida species harboring mutations in the ERG3 and ERG6 genes exhibited polyene 
resistance [91]. However, increased catalase activity by the fungal cell also reduces the 
oxidative stress imparted by the amphotericin leading to resistance [92]. Polyene and 
azole resistance in combination has been reported among Candida species as well as 
Cryptococcus neoformans, and has mostly been attributed to the reduction of ergosterol 
in the cell membrane and accumulation of its intermediates [93].

Current methods for detecting AMR among the infecting pathogens take up to 
72 h from the time of sample collection. All the isolated bacterial and fungal patho-
gens must undergo standard antimicrobial susceptibility testing (AST) as recom-
mended by the European Committee on Antimicrobial Susceptibility Testing and 
the Clinical Laboratory Standards Institute [94, 95]. Early detection of the infecting 
pathogen along with its drug resistance profile are critical for initiating prompt 
antimicrobial therapy. However, several challenges are faced during this process, 
such identifying the pathogen, differentiating between commensal and pathogenic 
microorganisms in a clinical sample [96]. After successful isolation of the pathogen, 
a round of subculture must be performed so that contamination can be excluded 
before commencing AST. Microbroth dilution and disk diffusion AST methods can 
get delayed due to contamination, leading to delays in initiating the appropriate 
antimicrobial therapy. Several new technologies and methods are being used for 
early and rapid detection of AMR. For example, technologies based on nucleic acid 
amplification, hybridization, microscopy, electrochemical, mass spectroscopy, and 
nanotechnology [97, 98]. However, these methods require sophisticated instruments, 
expertise, and expensive consumables restricts their deployment in low-income 
countries. Point-of-care tests (POCTs) used at patient bedsides are now being used to 
determine AMR; POCTs can be also used among outpatients. Some types of POCTs 
like microscopy stations, single molecule biosensors, and microfluidic platforms 
are being tested [99, 100]. The drawbacks of POCTs, including small sample size, 
lack of internal standards, and their inability to detect nongenetic forms of AMR 
resistance still need to be resolved. More advanced methods such as ML approaches 
to detect AMR could further reduce turn-around times and could be deployed across 
diagnostic laboratories. Machine learning methods can be also applied to detect 
certain features that are present in resistant bacteria and fungi, but absent in sensitive 
isolates, which the human eye or other diagnostic technologies may fail to recognize 
[101]. For instance, real-time high-throughput screening of modified proteins within 
the resistant isolates [102] has been less explored and is an ideal application for ML 
methods. The application of ML methods (Section 3) may lead to a deeper under-
standing of AMR mechanisms, which in turn could lead to rapidly detecting AMR 
pathogens in patients (Section 4) and to developing new drugs (Section 5).
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3. Machine learning basics

Machine learning enables us to investigate and draw conclusions from information 
contained in data that would otherwise be inaccessible to humans. Problems that benefit 
from the application of ML are endless, but they have a few defining features [103]. First, 
the problem may have a known solution, but converting it into a computer program is 
not feasible or requires extensive resources. For example, humans can easily identify 
a dog within a group of other four-legged animals but writing a computer program to 
explicitly describe all possible aspects of a dog and its differences to other similar animals 
would be error prone and practically infeasible. On the other hand, training a ML 
algorithm to identify a dog may only take a few lines of code, given modern ML software 
tools. Second, complex problems where traditional methods have failed to identify a 
solution may benefit from the use of ML algorithms (Figures 3 and 4), such as the use 
of deep learning systems to master the game of Go [104] or to make highly accurate 
predictions of protein structure [34]. Not only does this enable the use of the resulting 
ML model in practical applications, but it can also guide researchers towards a deeper 
understanding of the system they are studying. For instance, ML can guide mathemati-
cians by finding patterns and relations between mathematical objects that can lead to the 
formation of new conjectures and theorems [105].

Although the defining feature of all ML approaches is to learn from a given 
dataset, ML techniques can be separated into three broad categories based on the 
amount of human input: Supervised learning, unsupervised learning, and reinforce-
ment learning [103, 106–108]. Each of these approaches have their own concepts, 
techniques, and areas of applicability, with the differences between them not always 
clear. Nonetheless, these categories are useful to provide a means to determine the 
best approach for a particular problem at hand. Understanding the available tools is 

Figure 3. 
A selection of common machine learning methods. (A) Linear regression model using a prediction line to 
distinguish the test dataset. (B) Logistic regression model using a threshold to distinguish the test dataset into two 
groups. (C) Random forest model using a visually generated decision tree for datapoints to estimate each samples 
outcome by voting. (D) Multilayer perceptron architecture consisting of an input layer, multiple hidden layers, 
and an output layer.
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crucial for choosing the best ML technique to solve a particular problem. Although 
an extensive overview of each ML category is outside the scope of this chapter, we 
provide an overview of some of the common ML methods below.

3.1 Supervised learning

Supervised learning consists of algorithms that learn using a training set con-
sisting of labeled data [106]. The goal of supervised learning is to find a model for 
the relationship between the inputs (called ‘features’) and known outputs, which 
can then be used to predict outputs for future inputs, where the actual outputs are 
unknown. Supervised learning techniques can be separated into two categories, ‘clas-
sification’ and ‘regression’ [109, 110].

Classification problems generally aim to classify future inputs into predefined 
categories through training on examples, where the inputs are labeled with their cor-
responding category [107]. Given enough quality training data, models created with 
classification techniques can provide accurate classification of future data, without 
requiring the details of the input data to be explicitly programed [103, 106–108]. For 
instance, a researcher may desire to have a computer take a microscopy image of a 
cell and return the name of the species, without requiring a human to identify the 
species. Using a training set of microscopy images for a variety of different species 
labeled with the name of the species, a classification model can be trained to learn 
the relationships between the visual aspects of the species and their labels. The 
model produced can then be used on unlabeled microscopy images to determine 
the species, saving researchers time and effort, along with producing a model that 
can be shared in the scientific community. Classification learning algorithms are 
not restricted to images; any form of data that can be separated into predefined 
categories can be fed into a classification learning algorithm for training to produce a 
classifier model [107, 108].

Figure 4. 
The machine learning pipeline. This pipeline consists of data originating from different biological experiments, 
preprocessing steps for cleaning the data, along with the feature extraction process. Machine learning methods 
are then applied to the clean data by dividing this data into training, testing, and validation sets. ‘MALDI TOF’ 
stands for ‘matrix assisted laser desorption ionization time of flight’, ‘LR’ for ‘logistic regression, ‘CNN’ for 
‘convoluted neural network, ‘SVM’ for ‘support vector machine’, and ‘RF’ for ‘random forest’.
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While classification methods aim to predict discrete class labels for inputs, regres-
sion methods aim to predict continuous numerical values for given numerical inputs 
[107, 108]. Regression techniques also learn from training data containing inputs and 
outputs, but in this case the data consists of numerical inputs and their correspond-
ing numerical outputs, with the resulting model being a continuous mathematical 
relationship between inputs (independent variables) and outputs (dependent 
variables) [107]. The resulting model can then be provided with future inputs to 
make numerical predictions. For example, a researcher may be interested in finding a 
mathematical relationship between the inputs of an experiment (e.g., preset voltages) 
and the corresponding outputs they detect (e.g., electrical currents), for systems 
where theory is unable to make accurate predictions. By training a regression model 
on a large amount of set inputs and detected outputs, the researcher may be able to 
find a model that accurately predicts numerical outputs when given future inputs. 
Not only is this useful in a practical sense, but the resulting model can also be used 
to guide fundamental research by providing an accurate mathematical and physical 
relationships that can be further analyzed and understood in terms of theoretical 
ideas [105, 111].

Through extensive research on supervised learning, many different learning 
algorithms for classification and regression have been developed and programmed into 
readily available software packages. Linear regression, logistic regression [107, 108], 
support vector machines (SVMs) [112], decision trees and random forests [113] and 
most artificial neural networks [114] are some examples of supervised learning sys-
tems, each having their own advantages and disadvantages.

3.2 Unsupervised learning

Unsupervised learning methods, unlike supervised learning, attempt to learn 
from unlabeled data [115]. This often takes the form of data clustering, but other 
methods such as anomaly detection and dimensionality reduction also fall under this 
category [107, 108]. Clustering algorithms attempt to separate unlabeled data into 
groups with similar components, which can be useful for extracting information 
from high-dimensional data, which is often infeasible for a human to do. Anomaly 
detection involves finding anomalous outliers in large datasets by comparing data 
points to learned patterns, which can be helpful when working with noisy experi-
mental data [116, 117]. Dimensionality reduction methods attempt to simplify 
high-dimensional data without losing important information, making the analysis 
and use of such data easier [118, 119]. Unsupervised learning methods can also be 
combined with supervised learning, referred to as ‘semi-supervised’ learning, to 
learn from data that is partially labeled [120, 121]. This is useful when working with 
large amounts of data, where labeling every data point is infeasible. Some examples 
of unsupervised learning methods include k-means clustering [122, 123], hierarchi-
cal clustering [124, 125], DBSCAN [126], isolation forests [127], principal compo-
nent analysis [128], autoencoders [107, 108], locally linear embedding [129], and 
expectation-maximization algorithms [130].

3.3 Reinforcement learning

Reinforcement learning approaches rely on the idea of learning from ‘rewards’ 
obtained through interactions with an environment [131]. Reinforcement learning 
problems are formulated as a discrete-time stochastic control processes known as 
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‘Markov decision processes’, with the goal of training a computational system (or 
‘agent’) to determine the best strategy (or ‘policy’) for reaching a defined goal [132]. 
The environment is defined by ‘states’ that the agent can be in, while the agent is able 
to perform certain ‘actions’ to interact with the environment. As the agent interacts 
with its environment, numerical values called rewards that model performance are 
collected for performing certain actions [132]. The goal of the agent is then to maxi-
mize these rewards (using sophisticated statistical methods) by learning the best 
policy for making decisions in particular situations through repeated interactions 
with its environment [132]. For example, a reinforcement learning system may be 
programmed into a cleaning robot to maximize the amount of cleaning it can do while 
still being able to return to its charging station. In this case, a positive reward would 
be given for picking up trash, while a negative reward would be given for letting its 
battery die without reaching the charging station. Using reinforcement learning 
methods, the robot can learn to optimize its own behavior through repeated experi-
ence with its environment.

3.4 Validating machine learning models

To ensure the model created using ML is accurate it must be validated on data 
independent of the training set [103, 106–108, 133]. Applying the trained model 
directly to a certain problem is one method of testing, but this is often impractical 
for real-world applications where model performance matters. The usual method of 
validation is to split the initial dataset into training and testing sets, where the model 
is trained on the training set and its accuracy is determined by comparing its predic-
tions using the testing set inputs to the true outputs from the test set [107, 108]. This 
analysis provides the ‘generalization error’ estimate of the model, which is used to 
determine whether the model is accurate, and the errors associated with using the 
model on new data [107]. Many different metrics are used to determine the general-
ization error, such as the root mean square error or false-positive/false-negative rates 
[103, 107, 108], and the choice of method depends on the problem and the learning 
algorithm. Through iterative training and testing cycles, model performance is 
improved until a satisfactory accuracy is achieved.

A major issue when using ML is overfitting the model to the training set  
[103, 106–108, 133]. This corresponds to the case where the ‘training error’ (i.e., how 
well the model matches the training data) is low, but the generalization error (i.e., 
how well the model can predict outcome values for previously unseen data) is high 
[107, 108]. This is a common occurrence, especially when using models that are more 
complex than the actual relationships contained in the data. For example, if the actual 
relationship between inputs and outputs is linear but we attempt to fit a third-degree 
polynomial to the data, we may produce a model that passes through each of the 
training set data points exactly (low training error) but cannot generalize to data 
outside of the training set (high generalization error). Avoiding overfitting (as well 
as underfitting) requires the use of appropriate training and validation methods to 
determine model performance before deploying a trained ML model. The quantity 
of training data is also important. A lack of training data can lead to inaccurate or 
biased predictions. The amount of data required to create accurate models ultimately 
depends on the problem and ML method being used [103, 106–108, 133].

During the testing stage, it is important to tune the ‘hyperparameters’ of the 
model to improve training accuracy [103, 106–108, 133–135]. Hyperparameters refer 
to the parameters that are not being learned, such as gradient time steps or data batch 
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size. Many cross-validation techniques for hyperparameter tuning are available, such 
as k-fold cross validation [135], and can be implemented directly in ML software 
packages. It is also often necessary for datasets to be pre-processed before applying 
ML techniques [136]. Pre-processing is application/software dependent and involves 
converting the collected data into data structures that can be read by the ML algo-
rithm/software package being used.

3.5 Machine learning software

The extensive and increasing use of ML in industry and scientific research has led 
to the development of many tools for applying ML techniques quickly and accurately. 
With almost every well-established ML algorithm being implemented in free dedi-
cated software packages, deploying a ML solution has in some cases become as simple 
as writing a few lines of code. Although the researcher must determine whether their 
problem may benefit from the application of ML, the availability of extensively tested 
and optimized tools to apply ML has made doing so much easier once the relevant 
data has been collected and organized.

Python is currently the most used programming language for ML, as it contains 
well-developed and optimized ML libraries. However, other languages such as Julia 
are also becoming popular with ML researchers. Below is a list of some of the free 
software packages used for ML applications, along with the programming languages 
they can be used with.

• TensorFlow (https://www.tensorflow.org/) [137]. Developed by Google, 
TensorFlow can be used with a variety of programming languages, including 
Python, C++, Julia, and Java.

• Keras (https://keras.io/) [138]. Keras is a widely used, user-friendly Python 
interface for the TensorFlow library.

• Scikit-learn (https://scikit-learn.org/) [139]. Scikit-learn is a Python library that 
contains many ML algorithms, optimized for Python data structures. Wrappers 
to use Scikit-learn with other programming languages, such as Julia, are also 
available.

• PyTorch (https://pytorch.org/) [140]. Developed by Facebook, PyTorch is a ML 
framework primarily for Python, but it also has a C++ version.

4. Machine learning for detecting drug resistance

Over the last decade, an increase in AMR has occurred across the world. At the 
same time, ML methods have been successfully applied in numerous scientific fields. 
The availability of large datasets from whole genome sequencing (WGS), matrix 
assisted laser desorption ionization time of flight mass spectroscopy (MALDI TOF 
MS), transcriptional response to antibiotics and proteome profiles have facilitated 
the application of ML algorithms to detect AMR. Specifically, ML methods have been 
used to detect AMR in bacterial and fungal pathogens based on the data obtained 
from WGS and MALDI TOF MS (Figure 4) [102, 141–143]. Reduced genomic 
sequencing cost and high-throughput data from WGS has enabled application of 
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ML methods to sequence data. A few studies have utilized genome sequencing data 
to predict resistance phenotypes among bacterial pathogens using ML methods 
[144–149]. A ML method called ‘adaptive boosting’ was employed to detect car-
bapenem resistance in A. baumannii, MRSA, and beta-lactam and co-trimoxazole 
resistance in S. pneumoniae with accuracies ranging from 88 to 99% [145]. Similarly, 
another ML method called ‘gradient-boosting’ was able to detect MIC in K. pneu-
moniae against 20 antibiotics [146]. A software package called ‘Mykrobe predictor’ 
detected resistance in S. aureus and Mycobacterium tuberculosis against 12 antibiotics 
[147]. These models were able to classify the pathogens as either resistant or sensi-
tive, however, the features used by the algorithm to classify them are not known. In 
this regard, classification and regression trees (CART) and set covering machines 
(SCM) models were employed to detect resistance among 12 bacterial species against 
56 antibiotic combinations. Both CART and SET are rule-based learning algorithms, 
which helped to interpret the resistance mechanisms by identifying the presence or 
absence of ‘k-mers’ (all of a gene sequence’s subsequences of length k). These type of 
methods help to interpret the model’s results based on the features it has used, thus 
overcoming the ‘interpretability problem’ (i.e., non-availability of data or features 
used to reach the conclusion by the ML method) [150]. MALDI TOF MS is being 
extensively used for identifying bacteria and fungi in diagnostic laboratory across the 
world. The fluconazole resistance in C. albicans was detected using three ML meth-
ods (Random Forest, Logistic regression and Linear discriminant analysis (LDA)) 
using spectral data. Of these three models, authors found that LDA was most robust 
method in detecting AMR with the accuracy, sensitivity, and specificity of 85.7%, 
88.9%, and 83.3% respectively. Furthermore, another study employed the MALDI 
TOF spectral data from S. aureus, E. coli, and K. pneumoniae to predict the resistance 
phenotype. They used multilayer perceptron and gradient boost methods to get an 
area under receiver operator curve (AUROC) of 0.80, 0.74, and 0.74 [102]. AUROC is 
the metric used to measure the accuracy of the ML model in predicting the label (in 
this case, sensitive or resistant). A few studies have utilized patient data to predict if 
patients could develop resistant infections along with suitable therapies based on the 
local epidemiology of the pathogens. Microsoft’s Azure ML algorithm determined the 
appropriate therapy based on patient demographic data and the resistance profiles 
of previously isolated microorganisms [151]. Another study applied ML methods to 
patients’ medical records to predict antibiotic resistance against five antibiotics [152]. 
Patient demographic data and previous clinical and antibiotic history was used to 
predict AMR in pathogens isolated from urinary tract infection, such that the appro-
priate antibiotic could be prescribed [153].

5. Machine learning in drug design and drug discovery

The success rate of a potential therapeutic drug is extremely very low. Between 
2000 and 2015, the success rate of drug development in oncology alone was as low as 
3.4% [154]. Drug discovery involves various steps from target identification, optimi-
zation, validation, and hit discovery [155]. Machine learning is being implemented in 
the drug discovery process, from identifying the potential molecules or compounds 
against a particular disease to clinical trials [156]. A new drug, from its discovery 
through to clinical trials, involves huge cost (approximately 2.5 billion USD) and may 
take up to 10–15 years to come to market [157, 158]. The advent of high-throughput 
screening methods and the associated ‘omics’ data, along with the computer-assisted 
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drug design (CADD) technologies, encouraged pharmaceutical companies to focus on 
leveraging ML methods to identify potential drug targets as well as new drugs. These 
in-silico methods not only provide the molecular properties of the potential drug 
molecules, but they also have an impact on the attrition rate in the drug discovery 
pipeline, especially in pre-clinical experiments.

The first step in the drug discovery is to associate the target with the disease of 
interest. Here, it is hypothesized that inhibiting or modifying the target results in the 
alleviation of the disease. Machine learning has been applied to find the target using 
protein-protein, transcriptional, and metabolic interactions within cells and tissues. 
In this regard, semi-supervised learning models based on drug-protein interaction 
network information, chemical structures and genomic sequence data were able 
to predicted drug-protein interactions on enzyme, ion channel, GPCR (G protein 
coupled receptor), and nuclear receptor datasets [159]. A decision tree-based meta-
classifier was employed to predict genes based on the aforementioned interactions 
that are associated with morbidity and that can be used as targets [160]. Similarly, 
a SVM model was able to classify proteins as drug targets and non-drug targets, for 
breast, pancreatic, and ovarian cancers [156]. In this study, after predicting multiple 
targets, two of the predicted targets were validated using peptide inhibitors, which 
had antiproliferative activity on cell culture models. Other studies have utilized ML 
methods for identifying drug targets, including for Huntington’s disease [161]. The 
drug-protein interaction (DPI) databases consist of drugs that interact with therapeu-
tic protein targets. However, these drugs might interact with the non-target proteins 
in-vivo, leading to side-effects or toxicity. Furthermore, knowledge on the drug and 
non-target interaction is limited. To address this knowledge gap, a study used a pool 
of 35 ML methods to predict DPIs based on the similarities between drugs and protein 
targets [162].

Support vector machines have been extensively used in drug development. The 
SVM method has been applied to raw data to predict the radiation protection function 
and toxicity for radioprotectors targeting p53 [163]. A regression-SVM model was 
used to assess target-ligand interactions [164]. Support vector machines were also 
able to predict the ‘druggability’ based on the structure of target [165] and have been 
used for other applications such as identifying drug-target interaction [109], cancer 
cell properties, drug resistance [110], selection of therapeutic compounds from 
public database [166], predicting properties of organic compound [167], designing 
new ligands [168], and virtual screening [169]. Random forest algorithms have been 
used to improve scoring function performance in ligand-protein binding affinity 
[169]. Random forest approaches have also been used to select molecular descriptors 
to achieve better accuracy for the compounds designed for drugs used in immune 
network technology [170]. Multilayer perceptron (MLP) algorithm is another ML 
approach that has been mainly used to generate compounds automatically for de novo 
drug design [171]. Yavuz et al. used MLP approach to predict the secondary struc-
ture of the proteins, which are used in drug design [133]. Deep learning approaches 
such as deep neural networks (DNNs), CNNs, RNNs, and autoencoders have been 
exploited in the drug discovery process. Deep learning algorithms increase the 
prediction performance on quantitative structure-activity relationship by retrieving 
feature extractions and capabilities in chemical characters automatically. ‘DeepChem’ 
is a multi-task neural network platform that helps in performing drug development 
process [172]. Convolutional neural networks have been utilized to predict affinities 
in protein-ligand binding [114, 173, 174]. Additionally, RNNs have been employed 
to virtually screen of molecular libraries to find anti-cancer agents via molecular 
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fingerprints [175]. Finally, autoencoders have been used to generate molecules in de 
novo drug design [176, 177].

Machine learning approaches have been used to discover antibiotics. Stokes et al. 
discovered an antibiotic from the ‘Drug Repurposing Hub’ called halicin. This drug is 
effective against E. coli, Clostridioides difficile, and pan-resistant Acinetobacter bahuma-
nii [178]. Machine learning methods can mine large databases of genes and metabolites 
to identify molecule types that may include novel antibiotics [179, 180]. Machine 
learning methods are also being applied to the databases such as ‘ChEMBL’, which 
contains 1.9 million compounds with biological activity against 12,500 targets [181], 
‘BindingDB’, which consists of 805,000 compounds with their binding affinities and 
7500 protein targets [182], and ‘AnitbioticDB’, which consists of 1100 compounds that 
are in different stage of development for therapeutic use [183]. Antimicrobial peptides 
(AMPs) are found in all classes of life and are an important component of the innate 
immune response. Xiao et al. used fuzzy k-nearest neighbor algorithm to identify and 
define the functions of AMPs [184]. Another study used a semi-supervised density-
based clustering algorithm model on linear AMPs that are active against gram-negative 
strains. Wang et al., applied four ML methods to discover new agents against MRSA. In 
this study, the authors derived in-silico models from 5451 cell-based anti-MRSA assay 
data using Bayesian, SVM, recursive partitioning, and k-nearest neighbor methods. By 
applying a ML approach to the ‘Guangdong Small molecule Tangible Library’ (which 
contains over 7500 small molecules), 56 hits were found, of which 12 novel anti-MRSA 
compounds were reported [185]. Targeting components in bacteria that are absent in 
humans can lead to new treatments against infections. DNA gyrase present in bacteria 
was targeted by Li et al. to discover anti-DNA gyrase compound using a ML approach 
[186]. In the same study, the authors also used in-vitro models to verify the virtual hits 
to check the hit activities against E. coli, MRSA, and other bacteria. Machine learn-
ing approaches have also been applied to discover antifungal drugs. For instance, a 
ML approach was employed to generate genome-wide gene essentiality predictions 
for C. albicans using a functional genomics resource named ‘Gene Replacement and 
Conditional Expression’ to identify three primary targets out of 866 genes. These three 
genes were involved in kinetochore function, mitochondrial integrity, and translation; 
glutaminyl-tRNA synthetase Gln4 was then identified as the target of N-pyrimidinyl-
β-thiophenylacrylamide, which is an antifungal compound [187]. Temporal convo-
lutional networks (TCNs) have been developed and deployed for antifungal peptide 
(AFP) prediction using deep learning models [188]. Similarly, Mousavizadegan  
et al. used pseudo amino acid composition to predict AFPs using a SVM algorithm 
[138]. Three peptides with highest prediction score were subsequently used in in-vitro 
assays. Sharma et al. proposed ‘Deep-AFPpred’, a deep learning classifier that predicts 
AFPs from protein sequence data [189].

6. Challenges and prospects

Antimicrobial resistance is an emerging global health crisis. As infectious micro-
organisms are evolving resistance through genetic and nongenetic mechanisms, 
new methods are required to rapidly diagnose and treat drug-resistant infections. 
The recent discovery of novel forms of AMR, including tolerance, persistence, and 
nongenetic resistance highlights the ingenuity of pathogenic microorganisms as well 
as the multifaceted nature of this problem. Digitization of clinical records presents 
opportunities for leveraging ML methods for fast and accurate identification of resistant 
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microorganisms. However, applying ML methods to detect AMR is still in the nascent 
stage. Importantly, the quantity and quality of the data required to detect resistance 
among bacteria and fungi are still limited. Furthermore, ML models currently used 
elsewhere require optimization to successfully detect AMR. Advancement in the areas 
of laboratory diagnosis of infectious agents and sharing of data across different centers 
could pave the way forward for using ML methods identify and detecting drug-resistant 
microorganisms.

Machine learning has played an important role in the discovery of drugs by 
identifying novel drug targets and drug molecules. Several new drugs discovered 
using ML methods have been successful in clinical trials after spending comparatively 
less time in the drug discovery pipeline. Though ML methods are proving to useful in 
drug design and drug discovery, several challenges still exist. For instance, the absence 
of sufficient training data as well as biased, faulty, or noisy training data results in 
poor ML model predictions. To address this, methods to remove outliers, and filter 
out unwanted features are being developed to increase the predictive power of ML 
models.

Another issue is that ML algorithms employ a ‘black box’ approach to train ML 
models. Specifically, how the features are being interpreted during each stage of the 
training to come to an accurate prediction is largely still not understood. An area 
of research called explainable artificial intelligence (XAI) has emerged to address 
this issue. XAI consists of processes and methods that help the human users to 
comprehend the results generated by ML algorithms. Also, XAI helps to characterize 
the model accuracy, transparency, and outcomes [190]. Applying XAI in the field 
of AMR research may lead to the discovery of novel resistance mechanisms. Finally, 
the heterogeneity of many databases restricts the incorporation of ML algorithms to 
these databases. However, the data on disease, drug compounds, and AMR mecha-
nisms are growing day-by-day, leading to the continuous curation of ML models. 
Other challenges for deploying ML algorithms include cross-platform normaliza-
tion, statistical issues, and the division of testing datasets. Many of these issues may 
be resolved through sophisticated data preprocessing methods. Importantly, these 
data and interpretability issues will need to be resolved before ML methods are more 
widely adopted in scientific research and trusted in clinical settings.
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Chapter 10

Carriage of Beta-Lactamase 
and Antibiotic Resistance in 
Staphylococcus aureus
Eghe Izevbizua

Abstract

Studies have shown that Staphylococcus aureus is one of the leading causes of 
bacteria infections in human and it has developed different resistance patterns to 
different antibiotics, making it a bit difficult to eradicate completely. This study 
focuses on the resistance of S. aureus producing beta-lactamase.

Keywords: Staphylococcus aureus, beta-lactamase

1. Introduction

Staphylococcus aureus is an organism that causes various forms of diseases rang-
ing from simple diseases with little or no cause for alarm to severe life threatening 
diseases [1, 2]. Antibiotic resistant S. aureus have been involved in high death rates 
across the world [3]. For many years till now, antibiotics have been employed in the 
treatment of Staphylococcus infections but resistance to antibiotics commonly used 
against them has reduced the effectiveness of the antibiotics [4, 5]. Mec A gene which 
is located on the staphylococcal cassette chromosome enables the organism to develop 
resistance against antibiotics used against it [6–8]. An altered 75 kb penicillin binding 
protein 2A (PBP2a) is produced inside the mec A gene which also gives it its resistance 
properties to antibiotics especially the beta-lactam [9]. Beta lactam antibiotics are the 
most common antibiotics used in the treatment of S. aureus infections. They act on 
the synthesis of peptidoglycan during the cell wall formation and stops it by acting 
on transpeptidases and carboxypeptidases [10]. Beta-lactamase is also known as 
penicillinase. Beta-lactam antibiotics contain a beta lactam ring and they act by stop-
ping cell wall synthesis of the bacteria. Exampes of beta-lactam antibiotics include 
penicillin, cephalosporin, carbapenems and carbacephems. As at 2003, beta-lactam 
antibiotics were the world most used antibacterial drugs. These antibiotics stop the 
cell wall synthesis by inhibiting penicillin binding protein involved in the cross link-
ing of the  peptidoglycan which then causes the bacteria cell to succumb to osmotic 
 pressure [11].
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2. Beta-lactamases in S. aureus

Beta-lactamases are enzymes produced by S. aureus in order to breakdown the beta 
lactam ring of beta lactam antibiotics which causes resistance to beta lactam antibiot-
ics [12]. Beta-lactamase is an enzyme produced outside the cell of S.aureus after it is 
exposed to beta-lactam antibiotics [13]. Beta lactamase is constitutive or inductive 
plasmid mediated. The ability of beta-lactamase to resist antibiotics used against it is 
largely dependent on its chemical reaction, location and physiochemical conditions 
(see Figure 1) [14].

Beta lactamase is currently classified into two groups which are the molecular 
classification and Class B metalloenzymes [16]. The molecular classification classifies 
beta lactamase into Class A, C and D. Class A, C and D enzymes form acyl enzyme 
by making use of serine for the breakdown of beta-lactam bonds. Class B metalloen-
zymes makes use of divalent zinc ions for the breakdown of substrate [16].

2.1 Test for Beta-lactamase

After antibiotic susceptibility testing, the test for beta-lactamase is performed. 
There are different methods of testing for the presence of beta-lactamae which 
includes:

1. Nitrocefin disks: after acquiring nitrocefin commercial discs, stock them at 
−10 degree Celsius until the time of use. Soak the discs in a saline solution and 
use a sterilized wire loop to take some colonies from the plate and streak on the 
surface of the disc. Observe the disc within 60 minutes. When the color changes 
from yellow to pink, it indicates a positive reaction which shows the presence of 
beta-lactamase [17].

2. Clover leaf test (Hodge test): the presence of an irregular inhibition zone is 
considered as a positive result [18].

3. Polymerase Chain Reaction detection of blaZ gene: According to a study 
performed by Lynette et al. [19] to detect blaZ genes in S.aureus using real 
time PCR assay, after the colonies of S.aureus on Mueller hinton agar were 
tested with nitrocefin impregnated disc, presence of beta-lactamase was 
detected with a sharp cliff edge and negative with a tapered beach edge. 
Phenotypic tests were performed using two independent observers. Two to 
five loop-full of S.aureus were inoculated in 1 ml demineralized water and 
placed in a centrifuge for 2 mins. 8 micro liter of the supernatant solution 
was used with 12 microliter of real time PCR amplification mixes. The mixes 
contained buffer of PCR, 4 mM MgCl2, 0.2 mM deoxynucleoside triphos-
phates, 0.75 micro AmpliTaq Gold DNA polymerase, forward and reverse 
primer [19].

4. Filter paper iodometric method: 1 g of starch is dissolved in 100 ml of  
distilled water by boiling. 1 g of penicillin was added to the solution. Whatman 
filter paper cut into small pieces are soaked in the solution and later dried for 
about 2 hours. The filter papers are inoculated with a loopful of freshly iso-
lated Staphylococcus aureus. The filter papers are then covered with a petri dish 
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and incubated for 30mins at 30 degree Celsius. Iodine solution is poured over 
the filter paper. Beta-lactamase is positive when the site of inoculation turns 
colorless within 10mins and negative when it retains the blue-black color of the 
iodine solution [20].

5. Acidometric test:s Mueller hinton agar is prepared at a pH of 7.4, a small colony 
of S. aureus is inoculated on the plate. 5 μg methicillin disc is added on the 
surface of the prepared agar and incubate. After incubation, the plate is opened 
and dried for some time 1.5 ml of 0.25% stock solution of PNCB (k &k labora-
tories, Inc., Plainview, N.Y.) in N,N-dimethyl formamide (Fischer Scientific Co., 
Pittsburgh, Pa) is flooded on the closest area to the zone of inhibition. 6% NaOH 
is added and air dried for 45 mins. 1.5 ml of 10% aqueous benzyl-penicillinase is 
flooded on the 6 area with the PNCB indicators. Hydrolysis of benzyl penicillin 
to penicilloic acid shows the presence of penicillinase. Absence of penicillinase 
occurs when benzyl penicillin is not changed and when there is no color change 
in the indicator used.

6. Chromogenic cephalosporin detection methods: Beta-lactamase producers 
produce a color change with cephalosporin. The color change can be measured 
by measuring the absorption changes that takes place in the 380 to 500 nm 
region.

Figure 1. 
Resistance mechanism of S .aureus to beta-lactam antibiotics. Source: [15]. Keys: MSSA, Sethicillin susceptible 
S.aureus; MRSA, methicillin Resistant S. aureus.
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3. Conclusion

This study shows that S. aureus is increasing in its resistance to the beta-lactam 
antibiotics. S. aureus has developed resistance patterns to beta-lactam antibiotics such 
as the production of beta-lactamase and production of an altered penicillin binding 
protein 2A. Different tests have been used to detect the presence of beta-lacatmases in 
S. aureus. Examples of such tests include nitrocefin disks, clover leaf tests, polymerase 
chain reaction detection of blaZ gene, chromogenic cephalosporin tests, acidometric 
tests and filter paper iodometric tests. The iodometric filter paper method is simple, 
rapid and can be performed in any bacteriological laboratory and the materials can be 
stocked and kept under optimal conditions.
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Abstract

Antimicrobial resistance is a serious global threat requiring a widespread response. 
Both veterinarians and medical doctors should restrict antibiotic usage to therapeutic 
use only, after determining the sensitivity of the causal organism. However, the addi-
tion of antibiotics to semen extenders for animal artificial insemination represents 
a hidden, non-therapeutic use of antimicrobial substances. Artificial insemination 
for livestock breeding is a huge global enterprise with hundreds of million sperm 
doses prepared annually. However, reporting of antimicrobial resistance in semen is 
increasing. This review discusses the consequences of bacteria in semen samples, as 
well as the effect of antimicrobial substances in semen extenders on bacteria in the 
environment and even on personnel. Alternatives to antibiotics have been reported in 
the scientific literature and are reviewed here. The most promising of these, removal 
of the majority of bacteria by colloid centrifugation, is considered in detail, especially 
results from an artificial insemination study in pigs. In conclusion, colloid centrifuga-
tion is a practical method of physically removing bacteria from semen, which does 
not induce antibiotic resistance. Sperm quality in stored semen samples may be 
improved at the same time.

Keywords: antimicrobial resistance, assisted reproduction technologies, semen 
preservation, environmental bacteria, food of animal origin, livestock production

1. Introduction

Increasing use of antimicrobials is driving antimicrobial resistance (AMR), 
which is amongst this era’s defining global health challenges [1]. By 2030, global 
antimicrobial use in both humans and food producing animals is projected to increase 
to 236,757 tons annually [2]. Since the production of milk, meat and eggs requires 
healthy animals, the ability to treat bacterial infections effectively is of paramount 
importance to the human population, and therefore the spectre of AMR is an increas-
ing threat in animal husbandry [3]. The latter authors report that a dramatic increase 



The Global Antimicrobial Resistance Epidemic - Innovative Approaches and Cutting-Edge Solutions

182

in antimicrobial use in animal production is primarily a consequence of intensive ani-
mal production systems introduced to meet growing global food demand [3]. Thus, 
the situation is complex, involving the interaction between humans, animals and the 
environment, i.e. One Health [4]. Therefore, an integrated approach to tackling AMR 
is required, coordinating efforts by the World Health Organisation (WHO), the Food 
and Agriculture Organisation (FAO) and the World Organisation for Animal Health 
(OIE) [5].

One area where significant quantities of antibiotics are used is in artificial insemi-
nation (AI), which is the method of choice for breeding food-producing animals in 
most parts of the world. The technique was developed originally to reduce disease 
transmission since it allows animals to be bred without coming into contact with 
each other or being transported to different farms for mating [6]. Additional benefits 
include safety and allowing access to more males, thus permitting more rapid genetic 
improvement than is possible with natural mating [7]. Success with the technique 
is dependent on a number of factors, especially a readily available supply of good 
quality semen. However, regulations stipulate that antibiotics should be added to 
semen doses for international trade, which contradict current recommendations on 
prudent use of antimicrobial substances. The latter state that antibiotics should be 
used only for therapeutic purposes, and only after determining the susceptibility of 
the causative agent to the relevant antibiotic [8]. Therefore, surprisingly, the subject 
of widespread use of antibiotics in semen extenders for all animal species has received 
little attention [9].

The questions surrounding this issue that are relevant to animal breeding 
are: do we need antibiotics in semen extenders? Is this use of antibiotics in line 
with recommendations for prudency? Are their alternatives to antibiotics for 
semen extenders? The purpose of this review is to provide some clarity for these 
questions.

2. Addition of antibiotics to semen extenders

2.1 Origin of bacteria in semen samples

Almost all semen samples contain some bacteria. The mucosa of the reproductive 
tract becomes colonised with microbes from the environment and from the animal 
itself [10]; these bacteria are transferred to semen during ejaculation [11]. The cleanli-
ness of the environment in which the animals are kept plays an important role in the 
extent of the contamination. Thus, in stables where the bedding was changed every 
day, there was less microbial contamination of stallion semen than where the bedding 
was changed less frequently [10].

Post-collection contamination of semen by bacteria from the environment or 
from personnel can occur during processing; therefore, strict attention to hygiene 
is required during the whole process. Exposure of sterile semen extender to the air 
in a semen processing laboratory for a short period followed by culture resulted in 
the growth of 2000 colony forming units/mL (cfu/mL) Escherichia coli, compared 
to 30,000 cfu/mL of the same bacterium in extended stallion semen samples [12]. 
Therefore, it is vital that the laboratory should be kept clean and semen processing 
should preferably be done in a laminar airflow bench to prevent post-collection 
contamination. In addition, seminal plasma may contain aminopeptidases 
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that promote bacterial proliferation [13], thus compounding the problem of 
contamination.

2.2 Effect of bacterial contamination

Bacteria not only compete with spermatozoa for nutrients; they could produce 
metabolic byproducts and toxins, thus reducing the “shelf-life” of semen doses [9]. 
Therefore, sperm quality may decline in the presence of bacteria. Indeed, bacteria in 
semen were shown to be negatively associated with sperm quality and fertility [14]. 
Bacteria may even cause infection and infertility in the female after insemination, or 
result in the spread of infection [15].

Since the semen extender used to maintain sperm viability also acts as a nutri-
ent medium for bacteria, the contaminating bacteria are in a favourable environ-
ment for multiplication. Although bacterial growth is temperature-dependent, 
some bacteria continue to grow to some extent during cooling. Most commensal 
bacteria are mesophiles, with an optimum temperature range between 20 and 
40°C. They stop growing at temperatures below 15°C, although some can continue 
to multiply to some extent at lower temperatures [16]. Therefore, one method for 
inhibiting bacterial growth in semen is to reduce the temperature. However, sper-
matozoa are sensitive to cooling below 20°C, with species-specific differences in 
their susceptibility to “cold shock” [17]. Although protocols have been developed 
to maintain bull sperm survival during cryopreservation with good results, efforts 
to achieve a successful outcome for other species have met with more variable 
success. Thus, although it is possible to freeze semen from at least some boars, 
pregnancy rate and litter size are lower than with liquid semen, providing little 
incentive for pig breeders to use frozen semen [11]. Post-thaw sperm motility and 
fertility is acceptable in some stallion ejaculates, whereas others have very poor 
post-thaw motility and fertilising capacity. On the other hand, artificial insemina-
tion with cooled stallion semen the day after semen collection results in a per cycle 
pregnancy rate of approximately 65% [18]. Therefore, the majority of artificial 
inseminations in horses currently use cooled semen rather than cryopreserved 
semen.

It should be noted that bacteria can survive to some extent in frozen semen 
samples, resuming growth after thawing. Therefore, the time between thawing semen 
and insemination should be kept to a minimum and strict hygiene measures observed 
at all times.

To avoid these negative effects of bacterial contamination, regulations governing 
international trade in semen for artificial insemination specify that antibiotics must 
be added to extended semen, e.g. in Appendix C of the Council of Europe [19]. These 
regulations state “Where antibiotics or a mixture of antibiotics are added, their bacte-
ricidal activity must be at least equivalent to that of the following mixtures in each ml 
of semen: gentamicin (250 μg), tylosin (50 μg), lincomycin-spectinomycin (150/300 
μg); penicillin (500 IU), streptomycin (500 μg), or amikacin (75 μg), divekacin (25 
μg)”. Therefore, all semen doses for international trade should contain antibiotics. 
National regulations governing insemination doses destined for the domestic market 
may be less rigid; thus, antibiotics might not be added to semen that is to be used 
for AI on the same premises soon after collection (e.g. 30 minutes). However, it is 
customary to add antibiotics to all semen doses that are to be cooled and transported 
to other premises for AI.
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2.3 Resistance to antibiotics in semen extenders

Bacteria have been cultured from bull [20, 21] and boar semen [22, 23] despite 
the presence of antibiotics. Gentamicin, tylosin, spectinomycin and lincomycin did 
not inhibit the growth of bacteria in bull semen [24] although no growth occurred 
in semen samples containing ceftiofur/tylosin or ofloxacin. There are anecdotal 
reports that additional antibiotics are added to boar semen extenders if resistance 
is suspected, leading to even faster development of antibiotic resistance. Growth of 
bacteria was reported from stallion semen frozen in extender containing amikacin in 
a Portugese study [25]. Hernández-Avilés et al. [26] observed that several antibiotics 
were effective against low levels of P. aeruginosa or K. pneumoniae inoculated into 
semen, although they were ineffective against high numbers of these bacteria. All 
bacteria (n = 55) present in bull ejaculates in a study in Brazil were reported to be 
resistant to penicillin, and most of them (n = 54) were also resistant to tylosin and 
lincomycin [27].

Resistant bacteria have been isolated from the reproductive tract of mares in 
several studies over the last 20 years (reviewed by Malaluang et al. [28]), although 
semen extenders may not be the only source of antibiotics in the reproductive tract 
if the mares had been treated for fertility problems or other diseases. A change in 
the AMR patterns of vaginal bacteria after exposure to antibiotic in semen extenders 
was reported in horses [29]. Apart from exposure of the vaginal flora to antibiot-
ics, bacteria in the environment are also exposed since the bulk of the inseminated 
fluid (semen extender and seminal plasma) is expelled from the reproductive tract 
via backflow. It is not known how much exposure to antibiotics is needed for AMR 
to develop: some authors consider that even a small exposure to antibiotics is suf-
ficient to induce AMR [30] whereas others are of the opinion that only therapeutic 
concentrations are needed. However, the duration and length of exposure are likely to 
contribute to the resistance-inducing potential of the substance. Since environmental 
pollution events, such as incorrect disposal of antimicrobials, can result in AMR [31], 
it is essential that any antibiotic-containing substances are destroyed correctly, i.e. 
by boiling or incineration [32]. Thus, it is particularly important that unused semen 
extender and semen doses are not poured down the drain, since they could affect 
environmental bacteria and thereafter be transferred to humans or animals.

2.4 Potential spread of antimicrobial resistance to personnel

Resistance to antimicrobial substances is passed between bacteria, regardless 
of where these bacteria are present. Therefore, resistance genes can be transmitted 
between bacteria in different host species, such as between animals and people, with 
or without involvement of environmental bacteria [33]. If AMR develops in bacteria 
in the host animal, these resistant bacteria can be spread in the environment and to 
the human population. Some of the organisms that WHO is most concerned about 
in the human population i.e. Staphylococcus aureus, K. pneumoniae and non-typhoidal 
Salmonella [1], are commonly associated with horses, and Mycobacterium tuberculosis 
[34] can be transmitted from infected cattle.

Transmission of diseases (and AMR) from animals to humans occurs through a vari-
ety of routes, although the food-borne route is probably the most important for enteric 
organisms, such as Salmonella and Campylobacter coli/jejuni [35, 36], and Yersinia 
enterocolitica [35]. Contaminated water may also be a source of Campylobacter spp. 
[37, 38]. However, resistance genes may be transferred from livestock to environmental 
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bacteria and thence to people. Furthermore, animal-associated methicillin-resistant  
S. aureus (MRSA), can be transmitted to, and cause infections in, humans [39].

This transfer of AMR is not only from animals to humans: tourists were thought to 
be the origin of antibiotic-resistant bacteria in the faeces of reptiles on the Galapagos 
Islands [40]. A recent review on MRSA concluded that continued resistance in farm 
animals was likely to be due to contact with human carriers [39]. Therefore, it is 
advisable to try to restrict the development of AMR in livestock and horses, to protect 
both animal and human populations.

3. Prudent use of antimicrobial substances

As previously mentioned, the addition of antibiotics to semen extenders does not fit 
with the current recommendations for prudent use of antimicrobial substances, in the 
light of increasing incidence of AMR [41]. Although some of the bacteria isolated from 
semen have also been isolated from some cases of endometritis, they are not present 
in all cases. Therefore, there is no clear evidence of a therapeutic need for the inclusion 
of antibiotics in semen extenders, if the semen is collected and processed with strict 
attention to hygiene protocols. However, to comply with “Prudent use”, the addition of 
antimicrobial substances to semen extenders should be avoided, but are there credible 
alternatives? Possible options to antibiotics are considered in the next section.

4. Alternative to antibiotics in semen extenders

4.1 Reducing the temperature

Low temperature extenders, although recently available for boar semen  
(e.g. [42, 43]), have not proved popular with the pig breeding industry. Cooling of 
the semen has to take place over several hours to avoid cold shock, thus interfering 
with established routines at the semen collection station. It will take time to replace 
the infrastructure currently in place to support storage at 16–18°C with refrigerators 
for storage at 4–6°C, and to replace room temperature transport with refrigerated 
transport. However, even if bacteria do not multiply during refrigeration, some of 
them will continue to grow and produce toxic substances during the period before 
refrigeration temperature is reached, as well as after removing the insemination dose 
from the refrigerator while preparing it for insemination [44]. Thus, the bacteria still 
have the potential to affect sperm quality and the health of the inseminated sow [15].

4.2 Unconventional antimicrobial substances

Other methods to inhibit bacteria in semen are based on the addition of unconven-
tional antimicrobial substances, such as plant extracts [45, 46] or antimicrobial pep-
tides [47]. However, addition of these novel antimicrobial agents does not preclude 
the emergence of bacterial resistance, as bacteria adopt new survival mechanisms to 
evade their effect.

4.2.1 Plant extracts

The effects of extracts from 45 plant species added to semen extenders are 
reported in the scientific literature, as reviewed by Ros-Santaella et al. [46]. Most of 
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the beneficial effects were due to antioxidant activity but a few extracts also had anti-
bacterial activity. Thus, rosmarinic acid was reported to have an antibacterial effect in 
boar semen [45, 46, 48, 49] but, according to another report, lacked such an effect in 
bull semen [50]. Whether these contrasting results reflect the species of animal, type 
of bacteria present or the source of the rosmarinic acid, or could be attributable to the 
development of resistance, is not known. Moringa had an antibacterial effect in bull 
and ram semen [51, 52]. Furthermore, it removed all bacterial contamination from 
banana shrimp spermatophores [53]; ginger had a similar effect. Tea tree oil exerted 
an antibacterial effect in boar semen [45, 54]. Omaji was reported to be effective 
against Gram positive bacteria in bull semen [55], although the minimum inhibitory 
concentration values shown were for cultured bacterial strains rather than on bacteria 
in semen.

Antimicrobial peptides are substances produced by the immune system of some 
mammals and are active against a range of microorganisms [56]. They have a cationic 
charge, exerting a selective action on negatively charged lipids in bacterial mem-
branes [57]. A cationic peptide derived from human semenogelin was found to have 
antimicrobial activity [58], although the mechanism of action was not described. 
Another peptide, GL13K, was found to be active against Pseudomonas aeruginosa in 
biofilms [59], which are notoriously difficult to inhibit. The peptides act by destabi-
lisation of the bacterial membrane. A cyclic hexapeptide was proposed as a potential 
antimicrobial agent for boar semen, as it apparently did not affect pregnancy rates 
in AI when used in combination with a low dose of gentamicin, in contrast to other 
peptides that negatively affected sperm membrane integrity [47]. Recently, two 
studies investigated a combination of antibiotics and antimicrobial peptides in a 
low temperature extender for boar semen [60, 61]; the former used semen to which 
cultures of bacteria were added while the latter used conventional boar semen. Their 
theory was that bacteria will be exposed to a low concentration of antibiotics together 
with the antimicrobial peptides while being cooled over several hours for low temper-
ature storage of several days. The authors considered that the antimicrobial activity 
of the treated samples was similar to the controls with the usual levels of antibiotics. 
However, since bacteria are still present and viable, there is no guarantee that the low 
concentration of antibiotics would not be conducive to the development of antimicro-
bial resistance [62].

4.2.2 Nanoparticles

Nanoparticles were reported to have antimicrobial activity against certain bacteria 
[63]. The addition of iron oxide (Fe3O4) nanoparticles during boar semen processing 
was reported to produce a slight antibiotic effect with no adverse effects on sperm 
characteristics [64]. In contrast, although iron oxide nanoparticles were not toxic to 
ram spermatozoa, they did not have the desired antibacterial effect [65]. A combina-
tion of silver and iron oxide nanoparticles produced a greater antibacterial effect than 
iron oxide but showed higher spermatotoxicity. Therefore, more research is needed 
before these nanoparticles can be a contender to inhibit the presence of bacteria in 
semen. Interestingly, selenium nanoparticles [66] and zinc nanoparticles [67] were 
thought to improve membrane integrity of bull spermatozoa; although no micro-
biological analysis of the samples was reported, it is conceivable that the improved 
membrane integrity observed could have been due to an antimicrobial effect. A 
reduction in microbial activity would theoretically result in a reduction in the produc-
tion of reactive oxygen species and hence a decrease in sperm membrane damage [9].
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Other nanoparticles that have been investigated for their potential antibacterial 
effect in semen extenders include chitosan, a glycosaminoglycans that interacts with 
bacterial cell membranes causing lysis, together with ethylene diaminetetraacetic acid 
(EDTA), which increases the permeability of the cell wall of gram negative bacteria, 
and bestatin [68]. The combination was considered to have a bacteriostatic effect 
without causing a decrease in sperm quality.

4.3 Colloid centrifugation

Apart from potentially inducing AMR, one of the problems with antibiotics is that 
the killed bacteria remain in the sperm suspension after death. Therefore, intracel-
lular substances and reactive oxygen species, or endotoxins from the lipopolysaccha-
rides of the outer membrane of the cell wall of Gram-negative bacteria, are released 
into the extender and can have a negative effect on sperm quality. Intuitively, it might 
be better to remove the bacteria from the sperm sample rather than inhibiting their 
growth or killing them and leaving them in situ. One such method for separating 
spermatozoa from bacteria is colloid centrifugation [12, 69, 70]. The method used in 
these latter studies was a modified density gradient in which only one layer of col-
loid was used, hence its name “Single Layer Centrifugation” (SLC). This simplified 
method enables large volumes of semen to be processed easily [71]; even voluminous 
ejaculates can be processed, provided that the centrifuge rotor can accommodate large 
tubes. A detailed description of the methodology for 50 mL tubes can be found in 
Morrell and Nunes [72] and for 500 mL tubes in Morrell et al. [71].

4.3.1 Single layer centrifugation

Initially, SLC was shown to be effective in separating aliquots of boar sperm 
samples from bacteria in 12 ml tubes [69]. A scaled-up version of this technique 
was used with stallion semen samples that had been inoculated with various bacte-
rial suspensions [12]. In this case, the usual SLC was modified by inclusion of an 
inner tube - a 5 mL plastic semen straw or similar tubing - inserted through a hole in 
the cap before loading the semen on the colloid, to facilitate retrieval of the sperm 
pellet after centrifugation. The sperm sample, inoculated with known amounts of 
E.coli, was added through another small hole near the edge of the cap. The resulting 
sperm suspensions were not entirely free of bacteria; removal varied from 68–100% 
and appeared to depend on the bacterial load. Similarly, Varela et al. [73] reported 
removal of 93% of the microbial load from stallion semen samples using the original 
SLC method.

In the study by Al-Kass et al. [70, 74], split ejaculates were used, with antibiotic 
added to half of each ejaculate. This protocol enabled comparisons to be made of con-
trol samples with and without antibiotics, as well as SLC samples with and without 
antibiotics. Although there were clear differences in sperm quality between the SLC 
and corresponding control samples, in favour of SLC, there were few obvious differ-
ences between the samples with and without antibiotics within a treatment. In other 
words, the presence of antibiotics had little effect on sperm quality. The only excep-
tion was for the DNA fragmentation index, where the control samples with antibiotics 
showed more chromatin damage than control samples without antibiotics. Whether 
this increased damage was due to the effects of the antibiotics per se or whether it was 
due to release of intracellular contents or LPS following the death of the bacteria, 
which subsequently damaged the sperm chromatin, is unknown. Since increased 
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levels of chromatin fragmentation are often associated with decreased fertility [75], it 
would be advisable to avoid semen handling protocols that promote DNA damage.

The experiments by Al-Kass et al. [70, 74] show several important points. The 
first is that it is possible to remove most of the bacteria from stallion semen relatively 
easily using SLC. Second, any bacteria remaining in the sperm samples did not have 
an adverse effect on sperm quality during cooled storage for 96 h. Third, the addition 
of antibiotics did not enhance sperm quality during storage and, in the case of sperm 
DNA fragmentation, actually increased DNA damage in the control samples by 96 h. 
Thus, from the point of view of sperm quality, there is no justification for adding 
antibiotics to sperm samples if the semen could be processed by SLC instead. Since 
the number of bacteria in the SLC sample is considerably reduced compared to the 
raw ejaculate, the uterine immune response should be able to deal with any remaining 
environmental bacteria. However, since no inseminations were carried out with the 
processed samples, this supposition is still speculative for equine AI.

Experiments with boar semen have progressed further. The economics of pig 
production are such that the cost of the high-density colloid used for sperm selection 
would be prohibitive for the industry. Thus, instead of using a high-density colloid 
to select robust spermatozoa from the rest of the ejaculate, a low-density colloid was 
tested to determine if the majority of the spermatozoa could be separated from the 
seminal plasma and its bacterial load [76]. Since the price of the colloid formulations 
is determined by the cost of the silane-coated silica base, using a formulation with a 
lower content of this material will be cheaper to manufacture than formulations with 
a higher density. Preparing the semen using the low-density colloid formulation for 
boar spermatozoa, Porcicoll, it was possible to remove most of the bacteria from boar 
semen, and sperm quality did not decline during subsequent storage of the processed 
samples [76]. In a small AI trial, pregnancy rates and litter sizes were not adversely 
affected by the low-density SLC-preparation of the sperm samples, and there were 
fewer mummified piglets in the litters derived from SLC sperm samples than in the 
controls (Table 1; [77]). At current prices (i.e. not adjusting for economies of scale) 
the cost of processing the whole ejaculate by low-density colloid would add approxi-
mately $2 to the price of each insemination dose. Economies of scale in the manufac-
ture of the colloid could further reduce its cost. These results are very encouraging 
and a larger breeding trial in pigs is planned; the possibility of using this method with 
stallion semen should be investigated.

4.3.2 Advantages and disadvantages of single layer centrifugation

At this point, it is worth considering both a risk–benefit analysis of the use of 
antibiotics in semen extenders (Table 2; [44]) and a cost–benefit analysis of SLC.

A cost–benefit analysis of performing SLC will include the advantages and 
disadvantages of not using antibiotics, as summarised in Table 2, but will also include 
the cost of purchasing a centrifuge (unless one is already available), extra time spent 
by personnel in processing semen, and the cost of the colloid. In many cases, the 
stud will already possess a centrifuge, for example, if semen is being frozen on the 
premises or removal of some seminal plasma by sperm washing is done routinely 
in the preparation of cooled stallion semen samples [78]. The centrifugation time is 
longer for SLC than for sperm washing (20 minutes versus 10 minutes), but personnel 
are able to perform other duties while the centrifugation is operating. At present, the 
cost of Equicoll would add approximately $10–$15 to the cost of the semen dose for 
equine AI, which is insignificant compared to the price of most stallion semen doses. 
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However, if it were possible to use the low-density colloid instead of the usual colloid 
formulation for stallion semen, as discussed previously for pig semen, the cost of the 
colloid would be approximately halved. Perhaps the question should be re-phrased: 
can we afford not to use SLC instead of antibiotics?

It should be noted that the efficiency of the technique will be affected by increas-
ing bacterial load. Therefore, SLC should not be a substitute for attention to hygiene 
in animal husbandry, or in semen collection and processing protocols. Strict attention 
to hygiene should occur at all times when dealing with breeding animals and semen 
handling [79].

5. Conclusion

Bacteria appear in ejaculates during semen collection and processing. Some types 
of bacteria have a detrimental effect on sperm quality during storage and some may 
cause disease in inseminated females. The addition of antibiotics to semen extenders 
reduces the bacterial load in semen doses for artificial insemination but can facili-
tate the development of antimicrobial resistance. Furthermore, this application is 
non-therapeutic and does not fit with current guidance on the prudent use of these 
substances. Bacterial growth is reduced or prevented by cooling semen below 15°C 
but resumes when the temperature rises again in preparation for artificial insemina-
tion. Alternatives to antibiotics, such as plant-based extracts and nanoparticles, are 
available but may not be effective in all situations or may be spermatotoxic, which is 
counter-productive. It remains to be seen whether bacteria can develop resistance to 

Risk Benefit

No 
antibiotics

Bacteria compete with sperm for nutrients, 
produce toxic byproducts and LPS that cause 
decreased sperm quality; can cause disease in 
inseminated females.

No antibiotic toxicity to spermatozoa; 
no risk of spreading antibiotic 
resistance.

Antibiotics Can be toxic to spermatozoa; sperm quality may 
be affected by dead bacteria; bacteria in semen 
may become resistant; contamination of the 
environment with antibiotics from inseminated 
mares; can contribute to the spread of antibiotic 
resistance in animals and personnel.

Kill most contaminating bacteria 
before they have a chance to grow; no 
competition for nutrients in semen 
extender; bacteria are not transferred 
to the female via AI unless resistant.

Table 2. 
Risk–benefit analysis of antimicrobial substances in semen extenders (modified from [44]).

No. of 
sows

No. 
Farrowing

Total born/
litter

Live born/
litter

Born dead/
litter

Mummified/
litter

Control 
(17)

13 14.5 ± 5.1 13.6 ± 5.1 0.9 ± 1.0 1.1 ± 1.8*

SLC (12) 9 16.0 ± 3.4 15.3 ± 2.9 0.8 ± 0.9 0.7 ± 0.71*

*p < 0.022.

Table 1. 
Reproductive efficiency following insemination with spermatozoa after centrifugation through low-density 
Porcicoll [77].
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such plant-based extracts. Colloid centrifugation of semen separates spermatozoa 
from most bacteria, thus avoiding the possibilities of AMR development. Since the 
process is purely physical, bacteria cannot mutate as an avoidance mechanism. The 
technique can be used to prepare whole stallion and boar ejaculates at the semen col-
lection center and is cost-effective compared to the price of AMR. It could be used in 
conjunction with reducing the temperature of the semen. However, strict attention to 
hygiene should still occur at all stages of semen collection and processing, and in the 
routine husbandry of breeding males.
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Abstract

Quorum sensing is the cell to cell communication mechanism in microorganism 
through signalling molecules. Regulation of virulence factor, sporulation, proteolytic 
enzymes production, biofilm formation, auto-inducers, cell population density 
are key physiological process mediated through quorum-sensing (QS) signalling. 
Elevation of innate immune system and antibiotic tolerance of pathogens is highly 
increased with perspective of quorum-sensing (QS) activity. Development of novel 
drugs is highly attractive scenario against cell-cell communication of microbes. 
Design of synthetic drugs and natural compounds against QS signal molecules is 
vital combat system to attenuate microbial pathogenicity. Quorum sensing inhibitors 
(QSIs), quorum quenchers (QQs), efflux pump inhibitors (EPIs) act against multi-
drug resistance strains (MDR) and other pathogenic microbes through regulation 
of auto-inducers and signal molecule with perceptive to growth arrest both in-vitro 
and in-vivo. QQs, QSIs and EPIs compounds has been validated with various animal 
models for high selection pressure on therapeutics arsenal against microbe’s growth 
inhibition. Promising QSI are phytochemicals and secondary metabolites includes 
polyacetylenes, alkaloids, polyphenols, terpenoids, quinones.

Keywords: quorum sensing, quorum sensing inhibitors, antimicrobial resistance,  
QSI drugs, bioactive metabolites

1. Introduction

UK government has calculated approximately 10 million deaths every year and 
loss of $100 trillion to the global economy by 2050 due to AMR strains (anti-microbial 
resistance) infection given by commission’s report [1]. Quorum sensing (QS) are 
responsible for persistent infection on humans causing urinary tract infection, otitis 
media, cystic fibrosis, endocarditis, periodontitis, and implantable device infections 
[2]. 60% of clinical infection are caused by biofilm formation reported by National 
Institutes of Health (NIH) [2]. In general scenario of QS system based on the syn-
thesis of signal molecule in the bacteria act as ligand and docked with the bacterial 
receptor for signal transduction. Five types of QS signalling molecules belongs 
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to N-acylhomoserine lactones (AHLs), oligopeptides, autoinducer (AI), MTAN 
(5′-methylthioadenosine/S-adenosylhomocysteine nucleosidase), PQS (Pseudomonas 
quinolone signal) for gene regulation and sense threshold level bacterial population 
within QS system (Figure 1) [3].

N-Acylhomoserine lactones (AHLs), an autoinducer system with distinct 
pathways and signalling mechanisms in Gram-negative, rather than oligopeptides-
pheromone mediated quorum signalling molecule in Gram-positive bacteria using 
two component signal transduction system [4, 5]. In Gram-negative species, AHLs 
synthesised under LuxI/R circuitry system present in the cytoplasm as autoinducer 
receptor protein LuxR and autoinducer synthase LuxI. In cytoplasm, AHLs synthe-
sised by LuxI catalyses amide bond formation between acylated acyl carrier protein 
(ACP) and S-adenosylmethionine (SAM). AHLs diffuse bacterial cell envelope freely 
and reached threshold level favours binding with LuxR-type receptor protein in 
cytosol and regulate gene expression [5]. In Vibrio harveyi, detection of AHL accu-
mulation with LuxN, membrane bound sensor kinases followed by series of signalling 
cascade activation [5]. There are four main types of autoinducer are AI-1, AI-2, AI-3, 
AIP (autoinducing peptide). AI-1, AI-3, AIP used for intraspecies signalling and AI-2 
for cross-species, interspecies signalling [5]. AI-2 is absent in many species of bacteria 
and product of LuxS enzymes [5]. LuxS is metalloenzyme synthase convert substrate 
S-adenosylhomocysteine to 4,5-dihydroxy-2,3-pentanedione. This 4,5-dihydroxy-
2,3-pentanedione, an unstable compounds undergoes immediate rearrangement in 
the solution state into multiple interconvertible cyclic furanone called as AI-2 [5]. In 
V. harveyi, LuxLM synthesis AI-1 and form complex with LuxN, worked as hybrid 
system with AI-2 for luciferase production. In V. harveyi, BAI-2 (furanosyl borate 
diester) a different form of AI-2 was detected under LuxP/Q cascade. AI-2 binds 
with LuxP (autoinducer-specific binding protein) in the periplasm initiates signal-
ling cascade by phosphorylation of LuxQ (sensor kinase) in the cytoplasm. Then 
phosphorylates LuxU (integrator protein) at histidine residue and bind with LuxO 
(regulator protein). Then phosphorylates LuxO transcribed luxCDABE operon for 

Figure 1. 
Quorum sensing circuit involved in host-physiology interaction and host-microbiome interaction.
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luciferase production and luminescence [5]. ComABCDE operon for quorum-sensing 
system in Streptococcus mutans, S. gordonii, S. pneumoniae, in which ComC encode for 
autoinducer peptides. ComA and ComB export ComC to the extracellular space. Then 
ComD, membrane-bound receptor kinase get phosphorylated through autoinducer 
peptide. ComD activates ComE, a regulator for genes transcription for biofilm forma-
tion and competence [6].

Biotic and abiotic factors which interfere the degradation of microbial cell signal-
ling called quorum quenching [7]. QS-blocking approaches are meant to block bacte-
rial virulence factor synthesis, instead of bactericidal activity and not like antibiotic 
medication, with perceptive to least selective pressures on AMR mutant development 
[8]. Four type of QS inhibition mechanism as follows (i) conventional antibiotics 
action on QS molecule, (ii) prevention of QS signal detection, (iii) abortion of QS 
signal biosynthesis and (iv) QS signals inactivation and degradation [3]. QS inhibi-
tors act on broad range of Gram-positive and Gram-negative bacteria causes growth 
inhibition have been thoroughly studied for many years. Various studies have been 
discovered QS inhibitors of small molecule with high potent ability to defence against 
microbial growth phase were validated in animal model and other in-vivo & in-vitro 
experiments [1, 9]. Scenario of QS inhibitors meant for target screening of QS signal 
molecule and signalling pathways, such as bacterial biosensors. Screening of QS 
inhibitors in Gram negative bacteria, for example bioengineered strains of Escherichia 
coli, Agrobacterium tumefaciens, Pseudomonas spp., Chromobacterium violaceum [5]. 
Signalling molecules involved in biofilm production controlled by QS system, small 
RNA (sRNA), two-component systems (TCS), cyclic diguanylate (c-di-GMP) [10]. 
Core of QS system called TCS (Two-component system) involved in drug resistance, 
pathogenicity, nutrient metabolism, host recognition, virulence factor expression 
[11]. Regulatory protein (RR) present in the cytosol and histidine protein kinase 
(HPK) present in the inner cell membrane are two components of TCS. Signalling 
mechanism triggers HPK to phosphorylate RR at conserved aspartic acid residue by 
addition of phosphate group. RR bind to DNA promoter region and upregulated gene 
expression [11].

2.  Multicellular interaction of horizontal and vertical mediated  
quorum-sensing in microbes

Bacteria communication to each other for the reasons of conjugation, sporulation, 
competence, symbiosis, motility, antibiotic production, virulence, biofilm forma-
tion. In the late 1960s, quorum sensing based research started on N-acyl-homoserine 
lactones (AHL). In bacterial growth media, inhibitors of luminescence was com-
pletely wiped out with Vibrio fischeri, a marine bioiluminescence bacteria clusters in 
high bacterial density [12]. Luminescence was reported in conditioned growth media 
by removal of inhibitors due to the increased accumulation of autoinducer [13]. First 
autoinducer was N-(3-oxohexanoyl)-homoserine lactone (3-oxo-C6-HSL) isolated 
from V. fischeri enable to sense their surrounding and cell density [14]. Carbapenem 
antibiotics synthesis was aborted in one of the Erwinia carotovora mutants and 
defective in antibiotic biosynthetic pathway. This paradigm shift was revealed at gene 
level comparative from other class mutants. Novel methodology of quorum sensing 
system was identified from cross-fed with new mutants, which triggered first mutant 
by sending signalling molecule stimulates the antibiotic production and reporter gene 
was expressed light emission of bioluminescent bacteria [15, 16].
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Spontaneous gene mutations in horizontal gene transfer (HGT) can developed 
antibiotic resistance to bacteria [17]. Scenario of spatial biology differential complex 
communication signals in microbial quorum sensing system within spatial vicinity 
[18]. The long-range communication of signal molecule diffuse within bacterial 
local community using conjugative transfer for regulate traits. However in short 
range communication (least micron distance) stimulates horizontal gene transfer 
within close vicinity of extracellular fraction such as mobile genetic elements, 
conjugative transposon to the susceptible host cells [18]. Signal decay length scale 
also known as exponential decline in quorum sensing signal concentration, in which 
bacterial cluster of signal producers signals reduces to one order of magnitude 
within spatial and temporal distance [18]. Detection of quorum sensing signals 
degradation or attenuation into two types absorbing design and non-absorbing 
design [18]. Absorbing design called as irreversibly uptake of quorum sensing signal 
molecule immediately without sensing and preventing for spatial propagation, for 
example Gram-positive bacteria RNPP superfamily of peptides (PlcR, PrgX, NprR, 
Rap) for signal sequestering [18]. Non-absorbing design called as continuously quo-
rum sensing molecule propagate after sensed from membrane-bound receptors and 
intracellularly and without action of signal sequestering, for example Gram-positive 
bacteria and Vibrio species [18]. Several non-absorbing systems in recent years has 
been revealed at both natural and synthetic means of quorum-sensing system, but 
still communication range and pathways remains unanswered to compared with 
signal-absorbing design [18].

Saliva mucins MUC5B and MUC7 from oral cavity, mucus barriers protect teeth 
and soft tissue of mouth to abolish infection of S. mutans from binding and aggluti-
nin activity [19]. MUC5B involved in downregulation of sigX-inducing peptide and 
competence stimulating peptide with perceptive to quorum-sensing mediated gene 
transfer. MUC5B complex with O-linked glycans forms mucin O-glycans helps in 
preventing bacterial gene transfer mechanism and antimicrobial resistance acquisi-
tion through QS [19]. C4-HSL is one of the key virulence factor of QS involved in the 
regulation of haemolysin, rhamnolipid [20]. Various AHL-based autoinducers of QS 
were reported in distinct bacteria such as 3-oxo-C8-HSL detected in Agrobacterium 
tumefaciens; C8-HSL in Burkholderia cepacia; C6-HSL in C. violaceum; 3-hydroxy-7-
cis-C14-HSL in Rhizobium leguminosarum; 7-cis-C14-HSL in Rhodobacter sphaeroides; 
3-oxo-C10-HSL in Vibrio anguillarum; 3-hydroxy-C4-HSL in Xenorhabdus nematophi-
lus; N-(3-oxohexanoyl)-homoserine lactone (HSL) & 3-OH-C10-HSL in Lysobacter 
brunescens [21–28]. In Pseudomonas aeruginosa, discovered a novel AHL virulence 
factor called 3-oxo-C12-HSL involved in elastase production and regulation [29].

3. Immune system regulation on quorum-sensing

Quorum sensing enhances bacterial biofilm formation to increase tolerance 
against animal host immune system and antibiotics [2]. The molecular mechanism 
of multi-factorial microbial tolerance with perceptive of gene regulation, cell-
population density fluctuation, antibiotics resistance gene expression, heterogeneous 
metabolic activity, restricted penetration [2]. P. aeruginosa autoinducer called N-(3-
oxo-dodecanoyl) homoserine lactone expressed under LasI-LasR circuitry, which 
promotes lymphocytes cell death. N-(3-oxo-dodecanoyl) penetrates host cell mem-
brane and lipid domains dissolution of binding tumour necrosis factor receptor 1 and 
blockage of caspase 3-caspase 8-mediated apoptosis [30]. Non-enzymatic method 
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of QS signals sequestration using monoclonal antibody AP4-24 H11 degrade the 
(AIP)-4 produced from Staphylococcus aureus RN4850 [31]. Phage therapy resurgence 
were used to treat multidrug resistance bacterial infection, however quorum sensing 
increases CRISPR-cas immune system and virulence genes against phage infection 
[32]. Synthetic quorum sensing inhibitors speculate a new finding to prevent CRISPR 
immunity evolution during phage therapy (DMS3vir) in the population dynamics of 
P. aeruginosa.

In case of chemical inhibition downregulated Type IV pilus reduces phage adsorp-
tion leads to favours CRISPR immunity evolution and slow lysis of bacteria in the 
culture medium [32]. In mouse acute lung infection model, P. aeruginosa lasR mutant 
cause death, bacteremia and pneumonia [33]. lasR mutant responsible for interleu-
kin-8 (IL-8) production in epithelial cells mouse infection model with perceptive to 
increased cells adherence of P. aeruginosa [33]. 2-Alkyl-4-quinolones (AQs) family of 
QS known as 2-heptyl-3-hydroxy-4(1H)-quinolone (Pseudomonas quinolone signal 
[PQS]) synthesis from pqsABCDE operon in P. aeruginosa [34]. PQS involved in host 
immune modulatory response (interleukin-12, dendritic cells, T cell proliferation), 
cytotoxicity, iron acquisition, biogenesis of outer-membrane vesicle. Signalling 
mechanism of PQS regulates LecA lectin, pyocyanin, and elastase production [34]. 
PQS downregulate interleukin-12 production in E. coli. Acute urinary tract P. aerugi-
nosa infection mouse model validated with pqsA and pqsH mutants has revealed that 
decreased pathological markers, lesser tissue damage, bacterial count reduction [34].

4. Bioactive secondary metabolites controls the quorum-sensing signals

Various bioactive metabolites derived from microbes of endophytic origin with 
help of solvents affinity, polarity, non-polar groups and semi-polar groups. Solvents 
are methanol, ethyl acetate and chloroform deployed for metabolite extraction [5]. 
Extraction techniques of metabolites are ultrasound-assisted extraction, microwave-
assisted extraction, supercritical fluid extraction, accelerated (or pressurised) solvent 
extraction [5]. Antimicrobial metabolites includes aliphatic compounds, proteins, 
peptides, phenols, flavonoids, terpenoids, steroids, quinones, alkaloids [35]. Bioactive 
secondary metabolites synthesis from endophytic microorganisms of plant origin 
includes azadirachtin, camptothecin, hypericin, podophyllotoxin, paclitaxel, deoxy-
podophyllotoxin for quorum quenching, antibacterial, antifungal, anticancer [36].

Ajoene (4,5,9-trithiadodeca-1,6,11-triene-9-oxide), sulphur-rich therapeutic 
secondary metabolite extracted from garlic act on P. aeruginosa to controls virulence 
factor and quorum sensing [4]. Ajoene structure used for broad-spectrum quorum 
sensing inhibitor act on Gram-positive and Gram-negative bacteria. AHL degrad-
ing enzymes are two major types called acylases and lactonases ability to produce 
homoserine lactone and acyl homoserines through enzymatic action of cleaving AHL 
amide bond and HSL ring of AHL can be results of QS signal degradation [37, 38]. 
Human lactonases called paraoxanase, family of enzymes which act on cleaving low 
density lipoproteins and organophosphate involved in the host-defence modulation 
[39]. In 1990s started treatment for QS mediated anti-microbial resistance infection 
reported that Delisea pulchra, a macro-algae synthesis brominated furanone. This 
furanone act as QS blocking agent in wide range of bacterial species to competitive 
against AHL-controlled phenotype [40]. Halogenated furanones were experi-
mented in mice infection model to understand QS-blocking mediated bacteriostatic 
action against P. aeruginosa in the lungs [41]. Fragin compund, a diazeniumdiolate 
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derivative show potential against anti-tumour activity and anti-microbial activ-
ity by regulating AHL dependent QS systems [42]. Erythromycin, ciprofloxacin, 
ceftazidime, azithromycin treatment target quorum sensing and signal molecule. 
P. aeruginosa virulence factor such as Phospholipase C, DNase, elastase, leucocidin, 
proteases, exotoxin A with perceptive to QS showing reduced expression and growth 
after antibiotics treatment [5].

In P. aeruginosa, AHL production level decreases after erythromycin treatment 
[5]. Zosteric acid, a phenolic derivatives of sub-lethal dose act against Candida 
albicans. Ursolic acid, derived from Diospyros dendo plant suppress biofilm formation 
of V. harveyi, P. aeruginosa and E. coli [5]. Endophytic bacteria, fungi, algae, acti-
nomycetes, oomycetes are ubiquitous in nature in higher plants ability to synthesis 
bioactive metabolites to control biofilm formation [5]. QQs activity has been inves-
tigated in endophytic bacteria from Cannabis sativa L. plant such as Brevibacillus 
borstelensis strain B8, Bacillus sp. strain B3, Bacillus sp. strain B11, Bacillus megaterium 
strain B4 [36]. QS signals was distorted in C. violaceum (DSM 30191), Gram-negative 
bacteria by Bacillus sp. of endophytic origin [5]. Bacillus amyloliquefaciens bacteria 
exhibits aiiA gene encodes lactonase AiiA protein, which act as quorum quenching 
agent against Botryosphaeria dothidea fungus for canker disease [5]. Microbacterium 
testaceum BAC1065 and BAC1093 strains of endophytic bacterial origin belongs to 
Phaseolus vulgaris plant was determined for quorum quenching activity and fluctua-
tion on AHL compound (bioluminescence and violacein) concentration in E. coli 
pSB403 and C. violaceum CV026 was detected [43]. Curcumin and gingerol act as QS 
inhibitors against LasR, PhzR, RhlR dependent pathways with perceptive for EPS 
production, biofilm formation, pyocyanin in P. aeruginosa [44].

5. Small RNAs coupled with quorum sensing system

Small regulatory RNAs (sRNA) employs for quorum sensing inhibition of P. aeru-
ginosa and S. aureus often seen in polymicrobial chronic infection. Ajoene compound 
were lowered the expression of hemolysins and proteases virulence factors mediated 
through sRNAs [4]. In P. aeruginosa, RsmZ and RsmY are two sRNAs act on RsmA, 
global regulator protein of quorum sensing responsible for motility, polysaccharides 
and key virulence factor [45, 46]. In Staphylococcus aureus, RNAIII sRNAs necessitates 
the expression of protease, lipases, α-hemolysin usually peak in the onset of station-
ary phase cell density [47]. Ajoene repressed the expression of RsmZ, RsmY and 
RNAIII by indirectly act on transcript level of various regulator or either directly act 
on target sRNAs-mRNA interaction [48–50]. RyhB, a small non-coding RNA involved 
in iron-dependent gene modulation and quorum-sensing in

Vibrio vulnificus achieved by LuxS mRNA transcription and biosynthesis of 
autoinducer-2 (AI-2). Master regulator of QS as SmcR and Fur-iron complex bind to 
upstream region of RyhB and supress gene expression [51].

E1 Tor belongs to Vibrio cholera species controls small regulatory RNAs (sRNAs) 
of 21 nucleotides length are Qrr1, Qrr2, Qrr3, Qrr4 involved in QS [52]. Transcribed 
sRNAs complex with HapR mRNA (transcriptional regulator) complexed with Hfq 
(RNA chaperone) and hamper translation initiation. DNA uptake, protease synthesis, 
biofilm production and other virulence factor regulated by HapR transcriptional 
regulator. HapR-GFP translational fusion was constructed in E. coli and repressed 
by Orr sRNAs expression [52]. Early growth phase of bacteria and cell count was 
impaired based on CRISPRi mediated gene silencing at transcription level may leads 
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to higher restriction of endogenous metabolic pathways [53]. Eventually repressive 
sRNA regulation systems of genetically engineered plasmid, not like CRISPRi medi-
ated gene silencing. Its only target QS multiple genes and not disturbing endogenous 
metabolic pathways responsive genes and cell growth [53]. Combinatorial dynamic 
repression strategy elucidates Plux promoter control of small RNA transcription 
complex with overexpression Hfq chaperone and LuxRI58N transcription factor in 
plasmid involved in quorum-sensing system with increased 3-oxohexanoyl-homo-
serine lactone (AHL) concentrations [53]. The optimising metabolic networks as well 
simultaneously control of multiple genes using sRNA from the massive genome in a 
cell-density-dependent manner without affecting cellular conditions [53].

6.  Efflux pump-inhibition and anti-microbial activity  
with perceptive of quorum sensing system

Antibiotic resistance determinants encoded in core MDR bacterial genomes and 
associated mobile genetic elements (plasmids) constitutes mainly of efflux pumps 
category. Major function of efflux pumps extrudes cell signalling molecules, water 
metabolites, toxins, dyes, detergent and antibiotics. Efflux pumps belongs to five 
superfamilies categories are complex with MDR strains (i) RND (resistance-nodu-
lation-division), ABC (ATP-binding cassette), MFS (major facilitator superfamily), 
SMR (small multidrug resistance) and MATE (multidrug and toxin extrusion). 
Proton/sodium motive force and ATP hydrolysis (ABC superfamily) are energy 
driven force utilised by efflux pumps mediated function within cells [54]. AcrD 
of Salmonella enterica, AdeFGH of Acinetobacter baumannii, MexAB-OprM of P. 
aeruginosa, AcrAB-TolC of E. coli, are example of efflux pumps involved in biofilm 
production [54]. Compound of efflux pump inhibitors (EPI’s) and efflux pump gene 
mutagenesis, which involved in efflux pumps modulation and inhibition strategy.

Combinatorial use of antibiotics with anti-QS strategies for development of QS 
inhibitors for medical treatment effective against drug efflux pump and stimulate 
antimicrobial resistance [5]. In mice infection model, combination of tobramycin, 
ajoene, iberin derivatives of horseradish extracts, furanone C-30 was evaluated in 
P. aeruginosa QS inhibition [5]. Synergistic QS inhibitors activity in animal infec-
tious model treated with combination of tobramycin, cinnamaldehyde, hamame-
litannin, baicalin hydrate prevents bacterial growth of P. aeruginosa, S. aureus, B. 
cepacia and viable cell count in 2-log reduction [5]. In S. aureus, bactericidal activity 
reported from combinatorial treatments with vancomycin, hamamelitannin and 
AIPs analog [5]. Infant mouse infection model developed for cholera treatment 
from engineered probiotic E. coli Nissle strain were heterologously expressed CAI-1 
synthase gene, cqsA by targeting V. cholera QS signal [55, 56]. Protected skin lesion 
from treatment of S. aureus lethal doses by disrupting agr quorum sensing system 
in mice model administered with antiAI-4 MAb AP4-24H11 [31]. In P. aeruginosa, 
MexCD-OprJ for multidrug efflux pump overexpression were downregulated QS 
response through extruction of kynurenine (an alkyl-quinolone signal precursor) and 
4-hydroxy-2-heptylquinoline (Pseudomonas quinolone precursor) [57]. P. aeruginosa 
epidemiological studies reported that CCCP, a proton motive force (PMF) inhibitor 
decreases biofilm production. Synergistic function of biofilm inhibition reported on 
wild-type strains of uropathogenic E. coli strain 83,972, Klebsiella pneumoniae strain 
i222-86 and E. coli strain F18 with corresponding EPIs (Efflux pumps inhibitors) are 
PABN, thioridazine and 1-(1-napthylmethyl) piperazine (NMP) [54]. 2,2-Dipyridyl, 
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acetohydroxamic acid are iron chelators act against P. aeruginosa biofilm production 
and particularly 2.5-fold downregulation in the biofilm biomass were treated with 
EDTA [58]. Synergistic action was reported in Enterococcus faecalis and S. aureus anti-
biofilm activity from a potent EPIs called 4′,5′-O-dicaffeoylquinic acid were extracted 
from the Artemisia absinthium plant [58].

7.  Quorum-sensing control, inhibition and quenching quorum  
sensing system

QS inhibitors concept was derived from attenuation of human and plant pathogen 
virulence in early discovery of QS mutant history for therapeutic development [59]. 
Quorum-sensing signal can be degrade by the chemical action of enzymes and pH 
secreted from the microbial surrounding [7]. Quorum quenching (QQ ) activities 
against AHLs was evaluated in P. segetis strain P6, a phytopathogenic bacteria act as 
potential biocontrol agent [60]. Acylase was identified as potent QQ enzyme detected 
from evolutionary clade analysis and HPLC-MRM data [60]. Acylase enzyme act on 
broad range of AHLs belongs to Pectobacterium carotovorum, P. atrosepticum, Dickeya 
solani known for soft rot symptoms in carrot and potato [60]. AHL degradation 
activity was elucidated from Klebsiella (Se14), Burkholderia (GG4), Acinetobacter 
(GG2) genera of endophytic origin derived from Pterocarpus santalinus plant [5]. 
Quorum quenching activity of ginger plant rhizospheric extracted Acinetobacter 
and Burkholderia produce lactonase breaks 3-oxoAHLs autoinducer, lactone ring to 
3-hydroxy compounds [61]. Principle of QS signal detection inhibition by down-
stream changes in signal transduction pathways by competitively blocking signal-
receptor complexes [3]. Structurally modified AHL analogs, which is synthetic and 
non-natural exhibits a broad range of function in term of synergistic agonism, pure 
antagonism, pure agonism and even no activity [3]. From crystal structure of LasR, a 
transcriptional activator of P. aeruginosa involved in QS.

Developed a structure-based derivatization of antagonist probes were designed 
and termed as Іtc-11 and Іtc-12 (isothiocyanate), which covalent binds to LasR at 
ligand binding pocket of cysteine residue for inhibition of P. aeruginosa QS activity 
[62]. In E. coli, LsrK an autoinducer-2 kinase can phosphorylate AI-2 which inhibits 
QS activity of both Salmonella typhimurium (Interspecies) or E. coli (Intraspecies) 
[3]. A fungal metabolite called ambuic acid, which inhibits gelatinase production 
via. Cyclic peptide biosynthesis of QS in Gram-positive bacteria and Enterococcus 
faecalis [63]. AHL production suppression was detected in synthase enzyme inactiva-
tion, obstructing the acyl-ACP generation and hindering SAM biosynthesis [3]. FabІ 
(NADH-dependent enoyl-ACP reductase), a member of short-chain alcohol dehy-
drogenase family involved in acyl-ACP biosynthesis with perceptive to AHL produc-
tion. Catalysing of Acyl-ACP biosynthesis in the final step process was inhibited by 
triclosan and diazobroines, found to be inhibitor of N-butanoyl-l-homoserine lactone 
(C4-HSL) [3].

Two types of MTAN inhibitor are immucillin A (ImmA) and DADMe-ImmA, 
which mimic early and late dissociative transition state [64]. In P. aeruginosa, methyl 
anthranilate (anthranilate analogs) inhibited PQS production [65]. Quorum quench-
ing compound were screened from crude extracts (20 mg/mL) belongs to 8 phyl-
losphere strains of bacteria (mainly JB 17B, JB 3B, JB 20B, JB 17B isolates) act against 
biofilm formation in V. harveyi, C. violaceum, Streptococcus agalactiae, Aeromonas 
hydrophila of fish pathogen origin [66]. In rat models, Dyer Ex Eichler extract (DSE) 
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from Dioon spinulosum plant, inhibits biofilm formation (mainly exopolysaccharide 
production) against P. aeruginosa clinical isolates. DES inhibiting activity on P. aerugi-
nosa biofilm development has performed in scanning electron microscopes [67]. ndvB 
gene responsible for biofilm and lasI, lasR, rhlI, rhlR gene responsible for quorum 
sensing were downregulated in the relative gene expression level and IC50 value shows 
cytotoxic activity 4.36 ± 0.52 μg/ml level against human shin fibroblast cell lines 
treated with DSE [67]. DSE extracts was reported in C. violaceum (ATCC 12,472) with 
it reduced violacein production [67] In P. aeruginosa, low levels of intracellular second 
messenger called c-di-GMP, a small nucleotide which causes reduction of biofilm 
formation. Moreover, higher intracellular concentration of c-di-GMP leads to EPS 
production and cell adhesion factors for bacterial adherence to biomaterial surface 
and biofilm formation [10].

8.  Novel methodology, high-throughput screening and discovery  
of quorum-sensing inhibitors

Extraction and purification of desired metabolite of bacterial endophytic origin 
for screening quorum-sensing inhibitors. Choice of chromatographic techniques, 
semi-preparative and preparative HPLC such as low-pressure liquid chromatography 
(LPLC), medium-pressure liquid chromatography (MPLC), flash chromatography 
(FC), vacuum liquid chromatography (VLC) [5]. Identification of extracted metabo-
lites using various spectroscopic methods such as Fourier transform infrared spec-
troscopy (FTIR), nuclear magnetic resonance (NMR), mass spectrometry (MS), near 
infrared spectroscopy (NIR). Chemical identification techniques at beginning stage 
using liquid chromatography-nuclear magnetic resonance (LC-NMR), liquid chro-
matography-mass spectrometry (LC-MS), gas chromatography-mass spectrometry 
(GC-MS), liquid chromatography-photodiode array (LC-PDA) [5]. Matrix-assisted 
laser desorption ionisation imaging were coupled with high-resolution mass spec-
trometry (MALDI-imaging-HRMS) for QS molecules quantification in C. violaceum. 
High-performance liquid chromatography were coupled with high-resolution mass 
spectrometry (HPLC-ESI-HRMS) has been used for QS compound quantitative 
analysis [36].

Methodology of screening QSIs as follow (i) QSIs identification, (ii) in-vitro 
characterisation of QSI compounds, (iii) QSIs compound validation in the animal 
model. Streptococcus ATP-binding cassette transporter called ComA, involved 
in QS signal transduction harbours peptidase domain (PEP) belongs to cysteine 
protease family, whereas other transmembrane and C-terminal nucleotide-binding 
domain are not involved. Inhibition of PEP activity detected from high-throughput 
screening of 164,514 fluorescence-labelled compound, from which six compound 
were identified as potent inhibitors belongs to quinuclidine derivatives and oth-
ers. Enzymes kinetics revealed potent inhibitors act on allosteric binding site with 
hydrophobic core undergo PEP structural modification. Action of inhibitors form 
competence and attenuation against S. mutans growth and biofilm formation [6]. 
Juvenile hormone (JH) specifically synthesised in insects at larval stage, hence JH 
signalling mechanism is a major target of insecticides for development of JH signal-
ling inhibitors (JHSIs) in agricultural field [68]. JH signalling activators (JHSAs) 
are fenoxycarb and pyriproxyfen, which impairs the metamorphosis such as aphids 
insects; whereas JHSIs provoke precocious metamorphosis and reduced feeding to 
consecutive generation [68].
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High-throughput screening (HTS) system has developed for large-scale screen-
ing of novel JHSIs from Bombyx mori cell line (BmN_ JF & AR cells) for targeting 
JH signalling pathway. JH ligand bind to methoprene-tolerant protein (Met) and 
form complex with steroid receptor coactivator protein (SRC), belongs to basic 
helix-loop-helix Per-ARNT-Sim (bHLH-PAS) transcription factors. JH/Met/SRC 
heterodimer complex targets Krüppel homologue 1 gene (Kr-h1), C2H2 zinc-finger 
type transcription factor responsible for JH-ligand receptor activation. Four-step 
HTS system have been developed for screening chemical libraries and 69 candidates 
compounds identified for JHSIs targeted Krüppel homologue 1 gene (Kr-h1) [68]. 
The Kr-h1 prevent ecdysone-induced protein 93F (E93) and broad-complex (BR-C) gene 
expression responsible for blocking precocious larva adults development [68]. From 
metagenomics analysis revealed that 3-oxoC12-homoserine lactone (3OC12HSL), an 
AHL is degraded by NADH-dependent oxidoreductase enzyme (BpiB09) [69]. Acyl-
homoserine lactones production was disturbed with intensity of blue light modulates 
QS activity in Acinetobacter baumannii. In blue light condition, BlsA (photorecep-
tor) does not bind with AbaR (transcriptional regulator) and reducing abaI (AHL 
synthase) expression, but promotes the aidA lactonase expression mediated quorum 
quenching activity [70]. Probiotic Lactobacillus brevis strain 3M004 was investigated 
for QQs function using transcriptomics for screening AHL (OC12-HSL) inhibition 
[71]. Lactobacillus brevis strain inhibits pyocyanin production and biofilm formation 
in P. aeruginosa strain PA002. L. brevis cells/lysate treated with dosage level of 1 & 
2 mg/mL with inhibition rate of biofilm formation (polysaccharides biosynthesis) 
were 16.92% & 33.0%. In P. aeruginosa, LasA and LasB gene was showing down-regu-
lation responsible for QS system. PhzAB genes was down-regulated and inhibited the 
biosynthesis of pyocyanin to prevent irreversible action from chorismite to pyocyanin 
[71]. Advance development in computational biology to screen 9500 phytochemicals 
from 1700 medicinal plants of Indian origin that hits with QS-antagonist activ-
ity against P. aeruginosa registered in IMPPAT database (Indian Medicinal Plants, 
Phytochemistry and Therapeutics) [72]. The advanced computational principle of 
screening and validation of phytochemicals are (i) high throughput virtual screening 
(HVTS), (ii) ligand mapping by E-pharmacophore, (iii) extra precision (XP) dock-
ing, (iv) free energy calculation by MM-GBSA and (v) molecular dynamics (MD) 
simulations for computationally validated of top phytochemicals [72].

9. Conclusion for global challenges

Lack of suitable animal models on drug discovery with perceptive on mode of 
drug action, target delivery, level of host cytotoxicity, drug stability is a matter 
of great concern. Successful of human gut infection and other clinical illness are 
increasing rapidly in the western world, due to rare phenomenal development of 
QS control behaviours among diverse community of microbes at the natural eco-
system, remains a key challenge for the future. For controlling microbial biofilm 
formation through bioprospecting of quenching quorum sensing compounds. It’s 
vital to understand complete chemical and kinetic mechanism of QQs would be 
major interface for immunological studies and drug targets. To understand various 
polymicrobial communities, signal calling distance, spatial conformation among 
microbes with perceptive of quorum quenching and therapy is still remains chal-
lenging. Scenario of understanding microbial ecological behaviour and pan-genome 
evolutionary sharing within species in a specified shape is important for quorum 
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signalling. High-throughput screening of quorum quenching compounds to defence 
against pathogenesis of microbes and virulent anti-biofilm activity is still remain 
unclear. There are certain limitation in use of QQ metabolites coupled with large-
scale commercial production in food packaging industry for effective against broad 
spectrum activity of Gram-positive and Gram-negative bacteria. Therefore, it is vital 
to understand endophytic origin of microbial metabolites for optimum production 
under In-vitro fermentation process. Biggest question of evolutionary biologist, 
how quorum sensing can be regulated in the natural selection within bacterial 
community under restrictive condition with perceptive to altruism of selfish local 
group and uncooperative individuals gained cost fitness. Bacterial QS activity with 
dynamics of adaptation to surrounding environment and complexity of microbial 
communities will be critical factor for understanding, how to interfere with clinical 
infection. Human microbiome studies continues to expand rapidly to future needs for 
fundamental development in QS system communication and sociality. Better to know 
about, how ability of eukaryotic quorum quenching enzymes involved in provid-
ing fitness cost, symbiosis, competition to host microbiome through modulation of 
defence function. This will be crucial way to discover signal molecule-dependent 
interaction between microbes-host cells. Current research face challenge with per-
ceptive to the fundamental discovery of LuxI-type QS signal synthases and small 
molecule inhibitors against signal transduction of AHL signals degradation. Several 
researchers have face obstacles in designing structure-based derivatization of non-
AHL pharmacophores against LuxR-type proteins and pathways. Computer-aided 
screens, system biology and high throughput omics platform can modifying inhibi-
tors at structure level for broad range of target QS specificities and enhance inhibitory 
activity.
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Abstract

By exhibiting resistance to most known antibiotics or quickly acquiring resistance 
to antimicrobials it was once susceptible to, Acinetobacter baumannii has attracted 
increasing attention worldwide since the last decades of the previous century. The 
resistance abilities of the bacterium were soon shown to be so advanced that it was 
even able to resist antibiotics that had only just been discovered and used for first 
time. Utilizing complex mechanisms of resistance, combining different modali-
ties, and achieving new resistant traits established A. baumannii as one of the most 
clinically important and challenging pathogens of the new century, being categorized 
by the World Health Organization as a critical priority bacterium for which new 
antibiotics are urgently needed. After even last-resort, broad-spectrum antibiotics 
were rendered useless, the fight against this superbug began to be led by the reintro-
duction of once abandoned antimicrobials, new combination therapies and novel 
modalities of treatment. In this chapter, we will look at the history and background 
of Acinetobacter species and then specifically focus on A. baumannii, explaining 
its clinical importance in detail, reviewing the most recent findings regarding its 
mechanisms of resistance, latest modalities of treatment and newest areas of research 
towards opening new frontiers in the management of infections caused by multi-
resistant strains of this bacterium.

Keywords: Acinetobacter baumannii, antimicrobial resistance, carbapenem resistance, 
ESKAPE bacteria, health-associated infections

1. Introduction

The story of the Acinetobacter genus dates back to the early 20th century when in 
1911, Dutch microbiologist Martinus Willem Beijerinck named a newly discovered 
organism isolated from soil using minimal media enriched with calcium acetate: 
Micrococcus calco-aceticus [1]. Since he did not describe the microorganism but only 
named it, his report was greatly overlooked [2]. Hence, in the meantime, the same 
microorganism was described under various names over several decades, including: 
Diplococcus mucosus, Micrococcus calcoaceticus, Alcaligenes haemolysans, Mima poly-
morpha, Bacterium anitratum, Herellea vaginicola, Moraxella lwoffi, Achromobacter 
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anitratus, Moraxellalwoffi var. glucidolytica, Achromobacter mucosus, and Neisseria 
winogradskyi [1]. Due to this, the original strain has been lost and the name proposed 
by Beijernik was used by few authors [2].

In 1954 Brisou and Prévot coined the name Acinetobacter from the Greek 
“ακινɛτοσ” [akinetos], meaning non-motile, to separate non-motile from motile 
microorganisms within the genus Achromobacter [3]. Years later in 1968 Paul 
Baumann, through a comprehensive survey, suggested that all of the above-listed spe-
cies belonged to a single genus and could not be further sub-classified into different 
species based on the phenotypical characteristics, for which the name Acinetobacter 
was proposed [4]. In 1971, based on the results of Baumann’s publication subcommit-
tee on nomenclature of Moraxella and allied bacteria, the genus Acinetobacter was 
officially acknowledged [5]. In 1974 the genus Acinetobacter was listed in Bergey’s 
manual of systematic bacteriology, described as a single species named Acinetobacter 
calcoaceticus [1]. Despite that, in the “Approved List of Bacterial Names” of 1980, 
based on the observation that some Acinetobacter species were able to acidify glucose, 
the species were listed as A. calcoaceticus (which was further subdivided into the two 
biovars A. calcoaceticus bv. anitratus and A. calcoaceticus bv. lwoffii) and Acinetobacter 
lwoffii [6]. These nomenclatures, however, were never approved by taxonomists [1].

Acinetobacter are defined as gram negative (however, since Acinetobacter species 
are often difficult to de-stain through the process of Gram staining, they are often 
incorrectly identified as gram positive), strictly aerobic, catalase-positive, oxidase-
negative, non-motile, non-fermenting, non-fastidious bacteria with a DNA G + C 
content of 39–47% [7]. Acinetobacter has been classified in the family Moraxellaceae, 
within the order Pseudomonadales, and the class Gammaproteobacteria since 1991 [8].

By 2015 only 33 species of Acinetobacter had been identified. Rapid technologi-
cal advances in recent years have caused faster and more precise identification of 
novel strains. Continued reports of such novel strains have doubled the number of 
described species in the last 6 years. Within the 4 years from 2017 to 2020 alone, 22 
new Acinetobacter species were identified [9]. By May 2021 67 Acinetobacter spe-
cies had already been validly named, and 20 additional species were under tentative 
species designation. Most identified species, however, are non-pathogenic, environ-
mental microorganisms [9].

A. baumannii is a ubiquitous opportunistic coccobacillus, widely distributed in the 
environment, having reservoirs in nearly all environmental niches [8]. Despite isola-
tion of A. baumannii from soil, water, crude oil, sewage, solid surfaces, human skin, 
raw meat, milk, milk products, vegetables, livestock, fish, shrimp, plants, and so on, 
natural habitats of this bacterium are still poorly understood as it is almost exclusively 
isolated from close contact communities and hospital environments [8].

Smith et al., performed and published the first whole genome sequencing of  
A. baumannii (strain ATCC 17978) in 2007 [10]. However, identification of A. bau-
mannii in routine diagnostic laboratories has been found to be quite complicated 
due to bacterium’s phylogenetical closeness to several other Acinetobacter species, 
collectively called A. calcoaceticus-A. baumannii (Acb) complex [8].

Traditionally four species of Acinetobacter A. calcoaceticus (formerly known as 
genomic species 1), A. baumannii, Acinetobacter pittii (formerly known as genomic 
species 3), and Acinetobacter nosocomialis (formerly known as genomic species 
13TU), were members of Acb complex [11]. In recent years, other genomic species 
have been proposed for inclusion, including: Acinetobacter seifertii (formerly known 
as Acinetobacter genomic species “close to 13TU”), A. lactucae (formerly known as 
Acinetobacter NB14 and synonym of A. dijkshoorniae), and the Acinetobacter genomic 
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species “between 1 and 3” [12]. As mentioned earlier, all species of the complex are 
phenotypically indistinguishable and genetically are closely related to the extent that 
molecular methods are required for their identification [12]. Acb complex members 
(except for A. calcoaceticus) are most frequently associated with human pathogenicity 
and health association infections (HAI). While the pathogenicity of A. calcoaceticus 
is still unknown, other members of the complex are frequently identified as major 
human pathogens, with A. baumannii being the most prominent one, having the 
highest associated HAI, followed by A. pittii and A. nosocomialis [12].

Although until 1975 A. baumannii was still treated by antibiotic monotherapy with 
relatively good susceptibility, the rate of antibiotic resistance (ABR) of the bacterium has 
been rising ever since [13]. In the early years of the 21st century, the Infectious Disease 
Society of America highlighted a group of bacteria including Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii, Pseudomonas aeruginosa, 
and Enterobacter spp. as “the ESKAPE pathogens” for their ability to “escape” antibiotics 
and resist antibiotic treatment, mutually representing a new paradigm in pathogenesis, 
resistance, and transmission [14]. Multidrug resistance (MDR) species of A. baumannii 
with resistance to almost all known antibiotics (including last-resort broad-spectrum 
antibiotics like carbapenems) are being isolated from hospital environments worldwide, 
posing a great burden on the health care system [13]. Resistance to carbapenem (a broad-
spectrum β-lactam antibiotic) is considered to be a marker of extensive antimicrobial 
resistance since it involves a large range of co-resistance to other unrelated antibiotic 
classes [8]. In 2017, the World Health Organization (WHO) listed carbapenem-resistant 
(CR) A. baumannii as a critical priority bacterium for which new antibiotics are urgently 
needed [8]. The rate of clinical outbreaks of CR A. baumannii in Europe ranges between 
1% to over 30%, being most intensive in eastern and southeastern Europe [8].

The range of A. baumannii clinical isolates among all gram-negative aerobes 
differs from 0.7% in North America to 4.6% in the Middle East [8]. Historically the 
Middle East is one of the regions most known for MDR outbreaks of A. baumannii, 
giving it the memorable “Iraqibacter” title [15]. Several MDR outbreaks of the bac-
terium were reported among US military hospitals in Iraq, Afghanistan, and Kuwait 
during the Iraq war [15, 16], making A. baumannii a global concern. Several research 
studies have been conducted ever since to understand the antibiotic resistance mecha-
nism of the bacterium. However, so far, our understanding of the pathology, epide-
miology, and MDR mechanism of A. baumannii is limited. Worrisomely, restricted 
options exist for the treatment of MDR A. baumannii infections, where reportedly, 
Colistin is the only antibiotic still having therapeutic effects on such strains, mak-
ing the bacterium extremely difficult to treat [8]. Isolation of colistin-resistant A. 
baumannii reports have been rising in recent years [17–19], emphasizing the emergent 
need for new antimicrobials, treatment strategies, stricter control, and better man-
agement of colonization of patients by a rational antibiotic stewardship programme.

In this chapter, we describe the latest findings regarding the pathogenicity and 
mechanisms of antibiotic resistance of A. baumannii, then review the available 
routine and novel treatment strategies for this new-age superbug.

2. Clinical relevance and mechanisms of the pathogenicity of A. baumannii

The survival of A. baumannii on solid surfaces for extended periods of time is 
linked with the ability of the bacterium to cause nosocomial outbreaks. A majority of 
isolates of the bacterium are collected from the hospital environment and are closely 
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connected with HAI, specifically in patients hospitalized in intensive care units (ICU) 
or in immunocompromised patients [8]. The bacterium can colonize curtains, linen 
fomites, bed rails, sinks, tables, medical equipment, etc., and hence can be transmit-
ted through the vicinity of infected or colonized patients [20]. Contamination of 
respiratory support devices or intravenous access devices such as central venous 
catheters (CVC) is a major source of infections in critically ill patients [20].

The most important and common manifestations of A. baumannii include ven-
tilator-associated pneumonia (VAP); CVC-associated bloodstream infections (BSI) 
(both VAP and BSI having the highest mortality rate); urinary tract infections (UTI) 
(although not very frequent, it causes up to 1.6% of urinary tract-related infections in 
ICU patients associated with prolonged catheter-related complications); and central 
nervous system infections such as meningitis, skin, soft tissue, and wound infections 
[21]. Infections caused by A. baumannii are associated with extended hospitalization, 
older age, and male gender [21].

A. baumannii has also gained the ability to infect the general population (however, 
to a lesser extent in comparison to HAI), causing community-acquired pneumonia 
(some reports stating that community-acquired pneumonia of A. baumannii is more 
fulminant than nosocomial pneumonia caused by the same bacterium, causing death 
within 8 days on average from diagnosis [22]), bacteraemia, skin and soft tissue 
infections, endocarditis, secondary meningitis, and ocular infections connected to 
contact lens use [11, 23, 24]. These infections are associated more with male gender 
and are more common in patients with comorbidities such as diabetes melitus, 
chronic obstructive pulmonary disease (COPD), renal disfunctions, and unhealthy 
lifestyle, including alcoholism or heavy smoking [21]. Origin of infection in 20–70% 
of patients infected with A. baumannii remains unknown [1].

The mortality rate of A. baumannii largely varies depending on strain type, type of 
infection, degree of immunosuppression and comorbidities of infected patients. The 
mortality rate of the bacterium can vary from 26% in a general hospital setting up to 
43% in ICUs [25]. A. baumannii is the principal agent of VAP, accounting for 15% of 
HAI, which accounts for approximately 50% of total use of antibiotics and the highest 
mortality rate in ICUs [13].

A. Baumannii also remains an important threat to neurosurgery patients, causing 
up to 4% of all meningitis and shunt-related infections, with a mortality rate as high 
as 70% [26].

The virulence of A. baumannii, as mentioned earlier, is strain dependant and 
involves complicated mechanisms including adhesion, cell invasion, cytotoxicity, and 
serum persistence [8].

Adhesion and invasion: Outer membrane proteins (OMPs) are by far the most 
well studied structures of the bacterium, contributing to cell adhesion, invasion, and 
cytotoxicity [27]. OmpA (also known as Omp38), a conserved, abundant porin with a 
molecular weight of 38 kDa, is one of the adhesins which plays an essential role in the 
bacterium’s adhesion and cell invasion [27]. After attachment of A. baumannii to epi-
thelial cells (especially with high affinity for epithelial cells of the respiratory tract), 
the bacterium secretes OmpA into the cell, leading to bacterial uptake through actin 
rearrangement and membrane reorganization of the attacked cell, a process known 
as the zipper-like mechanism [27]. After uptake, internalized bacteria are located in 
membrane-bound vacuoles [27]. Following that, internalized OmpA adhesins are 
translocated to the nucleus and mitochondria of the invaded cell, causing the release 
of a group of proapoptotic molecules, promoting cell apoptosis and hence acting as 
cytotoxins [28]. OmpA plays an important role in the enhancement of biofilms on 



221

Acinetobacter baumannii: Emergence of a Superbug, Past, Present, and Future
DOI: http://dx.doi.org/10.5772/intechopen.104124

plastic and is a crucial component in its formation [27]. Omp33–36 (also known as 
Omp34) is another adhesin which contributes to cell adhesion and cytotoxicity [8]. 
Studies show that mutation in the Omp33 gene results in significant reduction in the 
bacterium’s ability in adhesion, invasion, and apoptosis [29]. Besides enabling the 
bacteria to attach to host cells, Omp33 induces cell apoptosis by activating caspase and 
modulating autophagy, leading to the accumulation of sequestosome 1 and LC3B-11 
autophagosome [29]. Some of the other cell surface proteins contributing to the bac-
teria’s cell adhesion and consequently to its virulence include: Biofilm-associated pro-
tein (Bap), by increasing the membrane hydrophobicity [30], Acinetobacter trimeric 
autotransporter (Ata), by mediating adherence through binding to type IV collagen 
in the extracellular matrix of attacked cells [31], and the FhaB/FhaC, CdiA/CdiB type 
Vb secretion system [32]. Ata has been shown to cause secretion of pro-inflammatory 
cytokines (such as interleukin (IL) 6, IL8), leading to caspase-dependent cellular 
apoptosis [33]. Hydrophobic abilities allow the bacterium to attach to foreign materi-
als, the same characteristic that helps bacteria to attach to materials such as plastics 
used in intravascular access devices. It is has been shown that surface hydrophobicity 
is highly expressed in bacteria isolated from patients in comparison to the normal 
flora of the skin [7]. Bap is directly involved in the formation of a mature biofilm in 
medically relevant surfaces such as titanium, polystyrene, and polypropylene [7].

Recently, the response regulator BfmR and the sensor kinase BfmS, in the two-
component regulatory system BfmRS, have been shown to play a role, as non-OMP 
adhesins, in cell attachment of the bacterium [34]. The two-component regulatory 
system BfmRS can sense extracellular signals important in the formation of biofilm, 
causing expressions of the chaperone-usher assembly system accountable for the for-
mation of pili (the needed component for biofilm formation on polystyrene surfaces). 
It has been suggested that pili may be relevantly attributed to bacterial attachment 
in biotic and abiotic surfaces [8]. Some of those indicators include the ability of A. 
baumannii to produce different adhesins and pili in response to different environmen-
tal conditions (B1sA mediated light-regulated type 1 pilus assembly system PrpABCD 
[35]), and the association between twitching motility caused by type IV pili and cell 
adhesion [36]. An association between motility and adhesion of A. baumannii was 
shown as well, in bacteria with disrupted expression of a homolog of the histone-like 
nucleoid structuring protein (H-NS) known as a global transcriptional repressor [37].

Phospholipase enzymes play a significant role in the bacteria’s invasion ability [8]. 
Both phospholipase C (PLC) and phospholipase D (PLD) inactivation lead to impaired 
cell invasion [38]. Phospholipases are essential enzymes necessary for the metabolism 
of phosphatidylcholine and the release of phosphorylated head groups and polar 
head groups from PLD trough PLC cleavage, imposing change in the constancy of 
the membrane of host cells [38] and so facilitating invasion. OMPs containing phos-
phorylcholine contribute to A. baumannii cell adhesion and invasion by binding to the 
platelet-activating factor receptor on human lung epithelial cells, causing an activa-
tion signaling cascade involving G protein, clathrin, β-arrestins, vacuolar movement 
proteins and intercellular calcium, leading to the invasion of cells [39].

To date, our understanding of host cell receptors’ contribution in bacteria’s adhe-
sion and invasion is still very limited.

2.1 Cytotoxins

Other than the already-mentioned cytotoxic abilities of OmpA, Omp33 and Ata, 
the lipopolysaccharide (LPS) envelope of A. Baumannii is another main contributor to 
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the bacterium’s cytotoxicity and immunogenicity towards the host cell [40]. LPS, as the 
major component of the outer leaflet of the outer membrane of the bacterium, consist-
ing of an O-antigen and a lipid A moiety (acting as a chemotactic agent), stimulates 
the secretion of tumor necrotic factors (TNFs) and IL-8 from macrophages [41]. 
Absence or disturbance in the production of any of the first three enzymes in the lipid 
A biosynthetic pathway (namely acyltransferase (LpxA), deacetylase (LpxC), and 
N-acyltransferase (LpxD)) reduces serum survival of the bacterium and lead to less 
lethal infections, highlighting the immunogenicity of LPS [42].

γ-glutamyl transferase enzyme (GGT), a secretion from the type II secretion 
system, is another protein that contributes to the bacteria’s cytotoxicity via caspase 
activation leading to ATP depletion followed by cell-cycle arrest and apoptosis [43]. It 
has been shown that strains of A. baumannii with higher levels of extracellular GGT 
activity cause more severe tissue damage, through increased inflammation and oxida-
tive activities with elevated phenoloxidase, lysozyme, lactate dehydrogenase, and 
lipid peroxidation [43]. Higher levels of GGT in serum was also associated with oxida-
tive stress and exacerbation of COPD [44]. The type IV secretion system, based on its 
identification within pathogenicity islands after whole genome sequencing, as well 
as the type VI secretion system, by killing competing bacteria, have been suggested 
to contribute to the pathogenicity of the bacteria; however, the complete mechanism 
and molecular interactions of these systems are not yet fully understood [8, 10, 45].

2.2 Serum persistence

In addition to the mentioned mechanisms, serum persistence indirectly affects 
the pathogenicity of the bacterium [8]. Capsular exopolysaccharide (CPS) is an 
important component mediating in persistence and hence, better survival of many 
invasive bacteria under unfavorable and harsh conditions, protecting them from 
phagocytosis of humoral immune attacks and inhibiting activation of alternative 
complement pathway [46] (an ability reported from OmpA proteins as well [47]). 
Although many isolates of A. baumannii from patients express the K locus gene 
cluster, which is needed for biosynthesis and export of CPS [46], having CPS alone 
should not be considered as a pathogenic determinant as many non-pathogenic 
microorganisms possess this envelope component as well [8]. Protective character-
istics of CPS have been suggested through a series of studies, showing that mutation 
in its associated genes significantly decreases or in some cases impairs the survival of 
the bacterium in tissue. For example, two capsule-associated genes (namely ptk and 
epsA), believed to encode a putative protein tyrosine kinase and putative polysac-
charide export OMP mutation, caused a significant decrease in survival of the 
bacterium in soft tissue [48].

The ability of the bacterium to degrade H2O2, utilized by catalases KatE and KatG, 
which could decrease production of reactive oxygen species by the innate immune 
system, is another mechanism used by A. baumannii to increase its serum resistance 
[8]. Universal stress protein A also showed the capacity to protect the bacterium from 
low PH, H2O2, and 2,4-DNP [49].

Mutation of LpsB glycosyltransferase involved in LPS synthesis caused a reduction 
in the resistance of A. baumannii to human serum, suggesting the role of LPS in the 
bacteria’s persistence [50].

Finally, metal acquisition systems, the BfmRS system through biofilm formation, 
phospholipases, and the novel plasminogen protein CipA all were shown to have an 
effect on the bacteria’s ability to survive longer in vivo [49, 51]. CipA links to the active 
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form of plasmin and plasminogen, leading to a breakdown of fibrinogen, facilitating 
the spread of bacteria [49]. A. baumannii utilizes a complex set of metal acquisition 
systems, including iron (BasD, BauA, NfuA), zinc (ZnuABC, ZigA), and manganese 
(MumC, MumT) acquisition systems [8]. As an example, an iron acquisition system 
consisting of three siderophores (namely baumannoferrin, fimsbactin, and acineto-
bactin as highly converged iron chelators) is used by the bacteria to thrive under 
iron-reduced circumstances [52].

3. Mechanisms of resistance

Currently there are reports of isolates of A. baumannii which are resistant to all 
known antibiotics [7]. Misuse and overuse of antibiotics, lack of a proper antibiotic 
stewardship programme and the innate capability of the bacterium to adapt to new 
environmental challenges and acquire new resistant capacities are all part of the 
bigger picture which has made A. baumannii into the superbug it is today, for which 
we barely have any proper treatment. The genetic setup of the bacterium is capable of 
rapid developments towards antimicrobial resistance, making A. baumannii a natural 
transformant [7]. This ability is most likely due to the bacteria’s lack of mismatch 
repair system gene (called mutS), causing increased mutation rates. It is unknown if 
the bacterium is naturally capable of transformation or if this change in pathogenic-
ity and antibiotic resistance is due to environmental conditions [53]. Until the 1970s, 
ampicillin, gentamycin, and nalidixic acid were still used in A. baumannii treatment, 
as single or combination therapy. By 1975, high rates of resistance to mentioned 
antibiotics had already been reported [7]. To date, antibiotics such as penicillins, 
cephalosporins, tetracyclines, chloramphenicol, and most aminoglycosides have lost 
their efficacy against the bacterium [54].

A. baumannii uses a complex set of mechanisms for its antibiotic resistance [54]. 
Enzymatic hydrolysis of antibiotics, genetic modifications, and efflux pumps are 
adopted mechanisms used by the bacterium to escape the effect of antimicrobials.

3.1 Resistance to beta-lactams

In A. baumannii, resistance to beta-lactam antibiotics is achieved by the utilization 
of beta-lactamases, causing degradation of the antibiotic, modification in penicillin-
binding proteins, and decreased permeability to antibiotics through change in outer 
membrane porins or expulsion of the antibiotic from the cell with the help of efflux 
pumps [55].

3.1.1 Beta-lactamases

Beta-lactamases are generally classified by two main schemes; the first one is the 
widely accepted Ambler Molecular classification scheme, which classifies enzymes 
based on their amino acid sequence, and the second one is the Bush-Jacoby clas-
sification scheme, which is based on biochemical characteristics of the enzymes 
[56, 57]. Ambler classification classifies beta-lactams into four major sub-classes A, 
B, C, and D based on their distinguishing amino acid motifs. Class A, C, and D are 
serin carbapenemases, achieving their effect through hydrolysing their substrate by 
the active site, forming acyl groups for which they need serin as a cofactor. Class B 
are collectively called bacterial metallo beta-lactamases (MBLs), using at least one 
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zinc ion in their active site to hydrolyse beta-lactam antibiotics. MBLs are further 
subdivided into the three subclasses of B1, B2, and B3 [57]. Bush-Jacoby classification 
classifies these enzymes into the three subgroups of 1 (cephalosporinases, equivalent 
of class C), group 2 (serin beta-lactamases, equivalent of class A and D), and group 3 
(MBLs, equivalent of class B) [56].

AmpC cephalosporinase, from the molecular class C beta lactamase, is the most 
prevalent enzyme utilized by A. baumannii against beta-lactam antibiotics [53]. 
This enzyme is encoded by the bla gene, making the bacteria achieve resistance 
against penicillins as well as narrow- and extended-spectrum cephalosporins. 
Moreover, ampC enzymes can also cause resistance to a combination of these 
antibiotics along with beta-lactam inhibitors [53]. Other than ampC, A. baumannii 
strains may contain a wide range of different classes of beta lactamases, namely 
PER-1, VEb-1, CTX-M, TEM, and SHV from class A, MBLs; IMP, SIM, VIM from 
class B and OXA from class D [58]. Having OXA-type carbapenemases is the 
mainstay for resistance against these last-resort antibiotics [58]. Class D carbapen-
emases are capable of hydrolysing isoxazolyl penicillin drugs such as oxacillin. 
Although more than 574 variants of the enzyme have been identified so far, few of 
them have carbapenemase activity. Therefore, class D beta lactamases are subdi-
vided into 12 main Oxacillinase groups, taking OXA abbreviation. Among them, 
OXA23, OXA24, and OXA58 are plasmids encoding carbapenemases and are the 
main variants used by the bacterium for carbapenem degradation. OXA25, OXA26 
and OXA40 are other enzymes utilized by A. baumannii from class D, which are 
chromosome mediated, unlike the first three mentioned enzymes. Coexistence of 
OXA23 and a class B MBL NDM-1 has been reported in a pan-resistant isolate from 
India [59].

3.1.2 Target alteration of the antibiotics and modification in membrane permeability

Reduced expression of OMPs and alteration in penicillin-binding proteins (PBPs) 
are two mechanisms used by A. baumannii to decrease uptake and permeability to 
beta-lactam antibiotics. Since hydrophilic antibiotics can cross the bacterial outer 
cell membrane only through OMPs, a decrease in their expression can decrease the 
permeability of antibiotics. OprD a 43 kDa protein and CarO a 29 kDa protein are 
among the most studied OMPs the bacterium uses to downregulate permeability 
[60]. Loss of CarO, secondary to the porin’s gene disruption by a distinct insertion 
element, was shown to be associated with imipenem and meropenem resistance [61]. 
Since no specific imipenem binding site was found in CarO, it is believed that this 
porin forms nonspecific channels [62]. Heat-modifiable protein HMP-AB (homolo-
gous to OmpA of Enterobacteriaceae and OmpF of P. aeruginosa) and OmpW are 
some of the other notable OMPs identified to have an effect on the beta-lactam resis-
tance [63, 64]. Proteomic studies showed difference in CarO expression and struc-
tural changes in isoforms of OmpW in multidrug-resistant strains of A. baumannii in 
comparison to control strains; interestingly, there was no difference in expression of 
OprD porins among the two strains [65].

PBPs play a crucial role in the synthesis of peptidoglycan used in the bacterial cell 
wall. They also catalyze transglycosylation and the cross-linking by transpeptidation 
of peptidoglycan. A. baumannii can develop beta-lactam resistance by decreasing the 
affinity of PBPs to beta-lactams, overproducing a critical PBP, or by producing new or 
altered PBPs [66].
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3.1.3 Increased efflux pumps

So far, six families of efflux pumps have been identified: the resistance nodulation 
cell division family, the small multidrug resistance superfamily, the ATP-binding 
cassette (ABC) family, the major facilitator superfamily, the multidrug toxic com-
pound extrusion family, and the recently identified proteobacterial antimicrobial 
compound efflux family [67]. The presence of efflux pumps provides resistance to 
multiple classes of antibiotics. The AdeABC efflux pump, a member of the resistance 
nodulation cell division family, is one of most studied and well-defined pumps in 
A. baumannii, conferring resistance to a group of multiclass antibiotics including 
aminoglycosides, fluoroquinolones, chloramphenicol, erythromycin, cefotaxime, 
tetracyclines, trimethoprim and ethidium bromide [68]. Once this efflux pump 
is overexpressed, it can confer resistance to carbapenems as well [68]. AdeABC 
contains a three-component structure: AdeB forms the transmembrane component, 
AdeA forms the inner membrane fusion protein, and AdeC forms the OMP [1, 68]. 
This efflux pump is encoded chromosomally and is regulated by a two-component 
system: a sensor kinase (AdeS) and its associated response regulator (AdeR) [69]. 
Point mutation within this regulatory system is associated with pump overexpression 
and hence, carbapenem resistance. However, mutation is not the only mechanism 
necessary for its overexpression [69]. Several other efflux pumps identified in A. 
baumannii so far include: AbeS, from a small multidrug resistance efflux pump 
group, AdeABC, AdeIJK, and AdeFGH of the ABC group, as well as CraA, AmvA/
AedF, and Tet(B) [7].

3.2 Resistance to aminoglycosides

Most frequently, A. baumannii modifies amino or hydroxyl group by means of 
aminoglycoside-modifying enzymes, namely: adenylases, acetylases, methyltransfer-
ases, and phosphotransferases, to confer resistance to aminoglycosides [53]. Presence 
of genes coding for aminoglycoside-modifying enzymes within class 1 integrins is 
commonly seen in antibiotic-resistant strains of A. baumannii [70].

The bacterium uses alteration of the target ribosomal protein as the other mecha-
nism for resistance against this class of antibiotics [71]. 16S rRNA methylation has 
been described for A. baumannii (armA) strains impairing aminoglycoside binding 
to its target site, causing high levels of resistance to all clinically important aminogly-
cosides, including amikacin, gentamycin, and tobramycin [72, 73]. armA is a plasmid 
born gene within a transposon (Tn1548) which has very similar characteristics to 
several genes across gram-negative organisms [73]. Besides the mentioned mecha-
nisms, A. baumannii utilizes the AdeABC efflux pump and the AbeM pump (member 
of the multidrug and toxic compound extrusion (MATE) family) to increase the 
efflux of aminoglycosides from the cell [74]. AdeABC pumps, however, are somewhat 
less effective against amikacin and kanamycin due to their more hydrophilic charac-
teristics [74].

3.3 Resistance to quinolones

Mutations in the gyrA and parC genes, resulting in phenotypic changes in DNA 
gyrase and topoisomerase IV causing reduced drug affinity by interference with target 
site binding, are the main mechanisms used by A. baumannii to resist quinolones [75]. 



The Global Antimicrobial Resistance Epidemic - Innovative Approaches and Cutting-Edge Solutions

226

Decreased permeability by reduced expression of OMPs and increased efflux through 
efflux pumps such as AdeABC and MATE pump AdeM (as mentioned for other classes 
of antibiotics) is used here as well, for resistance against quinolones [76]. Inhibition of 
binding of DNA gyrase and/or topoisomerase by protection of DNA through plasmid-
encoded quinolone-resistant determinants gnrA, gnrB, and gnrS is another notable 
mechanism utilized by the bacterium to resist these antibiotics [77].

3.4 Resistance to colistin

Chromosomal DNA genes of the bacterium encode resistance to colistin via two 
mechanisms, target modification and remodeling of the outer membrane. The first 
mechanism is due to mutation in lipid A encoding genes (namely lpxA, lpxC, and 
lpxD) resulting in loss of LPS, which is an initial target for colistin [78]. The two-
component system pmrAB (a response regulator and sensor kinase), in response to 
environmental conditions such as change in pH, Mg2+, and Fe3+, regulates the expres-
sion of genes causing synthesis of lipid A. Point mutation (as the second mechanism) 
in pmrA and pmrB causes upregulation of their gene expression and hence, remodel-
ing of the outer membrane [79].

3.5 Resistance to Tetracyclines

Efflux and ribosomal protection are two mechanisms used for resistance against 
tetracyclines by A. baumannii. Tetracycline-specific efflux pumps encoded by the 
tet(A) and tet(B) determinants have been identified in the bacterium [80]. Tet(A) 
genes are located within a transposon similar to Tn1721, in association with an IS 
element [80]. Apart from these class-specific efflux pumps, tetracyclines are sus-
ceptible to the effect of multi-efflux systems such as AdeABC as well [81]. The effect 
on microsomal protection is conferred by tet(O) and tet(M) determinants, the later 
being described rarely for A. baumannii [82].

3.6 Resistance to trimethoprim-sulfamethoxazole and chloramphenicol

Resistant gene-containing integrons are very commonly seen among multidrug-
resistant strains of the bacterium. The 3′-conserved region of an integron containing 
a qac gene fused to a sul gene has been shown to provide resistance to sulphonamides 
[83]. Similarly, the trimethoprim-resistant gene (dhfr) and chloramphenicol resistant 
gene (cat) are located on integron structures [70]. Efflux pumps also contribute to 
conferring resistance to these antibiotics [53].

4.  Antibiotic treatment options for multi-resistant strains of A. baumannii 
and new non-antibiotic modalities under development

4.1 Antibiotic treatment

4.1.1 Carbapenems

For years carbapenems were a mainstay of antimicrobial therapy against  
A. baumannii. Since 1990 these antibiotics have been used as last-resort, broad-spec-
trum antimicrobials for treatment of complicated life-threatening infections caused 
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by this bacterium. Interestingly, Acinetobacter’s first resistance to carbapenems was 
reported in 1985, the year imipenem was discovered, indicating that the resistance 
mechanism had existed even before the antibiotic’s first use [13]. Rate of resistance to 
carbapenems is highly geographical and is connected to regional distribution of strain 
types and percentage of antibiotic prescription and misuse. Currently on average, the 
general percentage of resistance of A. baumannii to carbapenems is 74–92% globally 
[84]. The percentage of resistance rises from 15% in Europe and North America to 
40% in Latin America and up to 85–100% in south and east Asia [85–87]. This high 
resistance level renders use of carbapenems and consequently other beta-lactams 
ineffective in multi-resistant A. baumannii strains. Therefore, choosing treatment 
with carbapenems is rational in areas with lower resistance to this antibiotic.

4.1.2 Polymyxins Colistin (polymyxin E)

Polymyxins are bactericidal antibiotics that function through cell membrane 
disruption. Polymyxins’ positively charged cationic region bind to the negatively 
charged hydrophilic part of LPS, causing loss of integrity of the cell membrane [88]. 
The emergence of pan-resistant strains of A. baumannii led to the reintroduction 
of these historically discarded antibiotics (due to colistin’s cell toxicity, especially 
nephrotoxicity ranging between 11% up to 76% in different reports, use of colistin 
was discontinued shortly after its introduction in the 1950s). Colistin nephrotoxic-
ity is suggested to be due to accumulation of the drug in proximal renal tubules 
causing oxidative damage [89]. Other than nephrotoxicity, colistin may induce 
neurotoxicity (although infrequently) when administered via the respiratory tract, 
causing bronchoconstriction and cough, and may result in chemical meningitis 
[90]. Several other medication side effects, such as ataxia, apnoea, delirium, visual 
disturbances, seizures, etc., have been reported in connection to use of this antibiotic 
[91]. Monotherapy of colistin raises two distinct complications resulting in resistance 
against it: on the one hand, due to administration of colistin as a pro-drug in the form 
of colistin methane sulfonate, achievement of therapeutic serum concentration is 
mostly complicated and suboptimal, causing emergence of regrowth. On the other 
hand, selective resistance of bacterial subpopulation, called heteroresistance, renders 
the antibiotic ineffective [92]. Thus, combination therapy with other active agents 
to achieve synergy has been proposed. Although there are still debates regarding the 
advantages of monotherapy vs. combination therapy, extensive review of literature 
has suggested combination therapy as a superior option both in terms of microbiolog-
ical clearance and clinical cure [93, 94]. The combination of colistin with carbapenem 
or colistin with rifampicin are the most studied and well-established choices [95]. 
Several other combinations including colistin and aminoglycosides, daptomycin, 
co-trimoxazole, fosfomycin, sulbactam, etc. exist in literature [96]. Despite all of 
this, resistance to this last-resort antibiotic has been reported (the first report of A. 
baumannii being resistant to colistin was published in Czechia in 1999) and is rising 
worldwide [97]. Resistance to colistin in the US and Europe is documented at around 
11%, with the highest resistance so far reported from India with 53%, Iran 48% and 
Spain 40% [13, 98].

4.1.3 Tetracyclines minocycline: tigecycline

Tetracyclines function by entering the outer membrane of gram-negative bacteria 
via protein channels, causing conformational changes in the RNA of the bacteria 
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by binding to its 30S ribosomal unit [99], blocking entry of aminoacyl transferase 
RNA into the site A of the ribosome and consequently stopping protein production 
[99]. Since minocycline is a more lipophilic type (along with doxycycline) among 
tetracyclines, this antibiotic has better tissue penetration and antimicrobial activity 
[99]. As mentioned in the mechanisms of resistance section of this chapter, the main 
mechanism of resistance against tetracyclines is efflux of the drug by A. baumannii’s 
efflux pumps, namely tet(A) and tet(B). It has been shown (in vitro) that tet(A) 
pumps are not effective against minocycline and strains lacking tet(B) pumps are 
susceptible to this antibiotic [100]. Although tigecycline was synthetically designed to 
overcome the effect of efflux pumps (commonly seen in other tetracyclines), devel-
opment of other resistance mechanisms (such as overexpression of various efflux 
pumps, including AdeABC), has made this once promising antibiotic far less effective 
[101]. Interestingly, so far, the effect of overexpression of RND pumps and increase of 
resistance has not been reported on minocycline and therefore, tigecycline-resistant 
A. baumannii can still display susceptibility to this antibiotic [99]. Due to the men-
tioned properties, minocycline has attracted a lot of attention during the last decade 
or so and has become more clinically used. Still, superiority in use of this antibiotic as 
monotherapy or combination therapy is not clear and more large clinical studies are 
needed to provide a better understanding of the efficacy of this drug. To date, pub-
lished case reports (with small cohorts of patients) have shown good relative efficacy 
and tolerance of this antibiotic in clinical practice [102–104].

4.2 Bacteriophages

In 2010 the first report of isolation and characterization of phage against A. 
baumannii was published, showing lytic behavior of AB1 and AB2 phages against the 
bacterium [105]. Since then, many lytic phages have been identified; however, the 
first use of phage in a human in Western countries was reported no sooner than 2017. 
Being a successful attempt, this experiment paved the way for the initiation of a phage 
therapy programme just a year later at the University of California. They recently 
published a case report of the first 10 patients being treated by this modality [106]. 
Currently, only five clinical case reports exist on phage therapy against A. bauman-
nii [107]. All these reports share a similar trend, using phage cocktails combined 
with antibiotics in more than one dose, administered intravenously or in the case of 
respiratory infection, nebulized. Although general positive impact was seen in all of 
these reports, phage therapy was not always correlated with complete recovery in all 
cases [107].

4.3 Monoclonal antibodies

Neutralizing virulence factors of the bacterium by the binding of monoclonal 
antibodies is the mainstay mechanism of action of these molecules against A. bau-
mannii. Many studies in recent years have been dedicated to the development and 
safety of monoclonal antibodies in laboratory animals. So far, MAb-based treat-
ment (a monoclonal antibody) is one modality showing promising effectivity in the 
management of infection in animals without driving resistance to antibiotics [108]. 
Historically, the clinical efficacy of MAbs and other passive immunization therapies 
was based on enhancing microbial clearance induced by opsonophagocytosis and 
activating complement system [108]. However, it has been suggested that MAbs 
may confer their effect not only through microbial clearance but also by altering the 
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inflammatory settings of the host regardless of microbial count [108]. This hypothesis 
has been further supported by a recent publication which demonstrated that despite a 
decrease of bacterial burden through the effect of antibodies, the antibacterial effect 
of MAbs was insufficient to mediate clinical improvement, as measured by survival 
of the host [108]. It was suggested that efficacy of MAb therapy depends more on 
“normalizing the inflammatory response to infection than on reducing bacterial 
burden” [108]. Due to their complicated mechanism of action, safety concerns, and 
very expensive price in terms of mass production, so far, monoclonal antibodies are 
still only in animal research stages, but are providing a promising modality for the 
future of antimicrobial treatment.

4.4 Antimicrobial peptides

Antimicrobial peptides (AMPs) are products of eukaryotic and prokaryotic 
organisms as part of their innate host immune response [13]. Since they have bac-
tericidal capacities and are broad spectrum, with low immunogenicity and low 
resistance, interest in them has been increasingly rising in recent years as alternatives 
to antibiotic treatment. As an example, efficacy of a hybrid of cecropin A and melit-
tin has been reported in management of peritoneal sepsis caused by pan-resistant 
A. baumannii in an animal model [109]. Several reports have already been published 
showing the antimicrobial effect of Brevinin 2, alyteserin 2, catonic α-helical peptide, 
A3-APO, and D-RR4 against multidrug-resistant strains of the bacterium in animals 
[109, 110]. However, cytotoxicity, enzymatic degradation, and high production costs 
still need to be evaluated before we may expect to see them in clinical use for humans.

4.5 Vaccination

Since A. baumannii has an intracellular lifestyle, vaccine development strategies 
against it should include the induction of acquired cellular immunity with long-term 
memory, and be targeted for a population cohort of patients prone to be infected with 
the bacterium [13]. The first attempts to produce a vaccine against A. baumannii were 
initiated during the last decade, testing almost all modalities of vaccines, including 
whole-cell vaccines using attenuated or killed bacteria in mice, subunit vaccines 
using OmpA, Ata, and Omp 33–36, conjugate vaccines, multicomponent vaccines, 
and nucleic acid vaccines [13]. However, none of them have entered clinical trials so 
far, indicating our lack of knowledge in understanding the complex bacterium-host 
relationship. To date, most of the vaccine candidates developed against A. baumannii 
have been focusing on protein-based technologies (including the mentioned opso-
nophagocytic antibody-mediated killing and/or antibody-mediated toxin inhibition) 
[13]. Since it has been shown that polarized (T helper) Th2 will not be sufficient for 
long-term protection, new efforts have been shifted to achieve a mixed Th1/Th2 or 
Th1/Th17 response. Thanks to the technology acceleration associated with the COVID 
vaccine, the horizon has been expanded on nucleic acid vaccines against A. bauman-
nii and other pathogens, and interesting developments in this area in the future are 
expected.

4.6 Other modalities

Some of the other modalities that have been explored in the clamor caused by the 
urgent need for a new treatment against multi-resistant A. baumannii include the use 



The Global Antimicrobial Resistance Epidemic - Innovative Approaches and Cutting-Edge Solutions

230

Author details

Yashar Jalali*, Monika Jalali and Juraj Payer
Faculty of Medicine, Comenius University in Bratislava, 5th Department of Internal 
Medicine, University Hospital Bratislava, Ružinov, Slovakia

*Address all correspondence to: jalali_yashar@yahoo.com

of clustered, regularly intercepted short palindromic repeat (Cas) systems to elimi-
nate the resistant gene, producing susceptible species; utilization of metal chelators, 
essential in the expression of bacterial virulence factors, as targets for designing new 
antimicrobials; and toxin-carrying liposomes [111, 112].

5. Conclusion

A. baumannii is one of the most complicated and challenging to treat pathogens 
of the modern era of medicine. The bacterium’s complex mechanisms of resistance, 
its genetic set-up, and its ability to survive on different surfaces and tolerate harsh 
environmental conditions make A. baumannii an advanced nosocomial pathogen 
causing clinical outbreaks all around the world. Since most antibiotics are ineffective 
against it, there is an urgent need for new antibiotics or other modalities of treatment 
(phage therapy, vaccination, etc.) in the near future. Meanwhile, available options 
for the management of A. baumannii include a rational antimicrobial stewardship 
programme to minimize selective pressure in support of growth of multi-resistant 
strains, decreased misuse of antibiotics, early diagnosis and proper isolation of 
infected and colonized patients, and proper choice in antibiotic therapy (carbapen-
ems, minocycline or tigecycline in case of susceptibility to these antimicrobials or 
combination therapy with colistin + another antibiotic agent (i.e. carbapenems) in 
case of resistance) once infection with such strains has been established.
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Chapter 14

Efflux Pumps among Urinary  
E. coli and K. pneumoniae Local 
Isolates in Hilla City, Iraq
Hussein Al-Dahmoshi, Sahar A. Ali and Noor Al-Khafaji

Abstract

Urinary tract infections (UTI) are the most common bacterial infections affect-
ing humans. Escherichia coli and Klebsiella pneumoniae were common enterobac-
teria engaged with community-acquired UTIs. Efflux pumps were vital resistance 
mechanisms for antibiotics, especially among enterobacteria. Overexpression of an 
efflux system, which results in a decrease in antibiotic accumulation, is an effective 
mechanism for drug resistance. The ATP-binding cassette (ABC) transporters, small 
multidrug resistance (SMR), and multidrug and toxic compound extrusion (MATE) 
families, the major facilitator superfamily (MFS), and the resistance-nodulation- cell 
division (RND) family are the five superfamilies of efflux systems linked to drug 
resistance. This chapter highlights the results of studying the prevalence of efflux 
pump genes among local isolates of E. coli and K. pneumoniae in Hilla City, Iraq. class 
RND AcrAB-TolC, AcrAD-TolC, and AcrFE-TolC genes detected by conventional 
PCR of E. coli and K. pneumoniae respectively. The result revealed approximately all 
studied efflux transporter were found in both E. coli and K. pneumoniae in different 
percentages. Biofilm formation were observed in 50(100%) of K. pneumoniae and 
49(98%) of E. coli isolates were biofilm former and follow: 30(60%), 20(40%) were 
weak, 12(24%), 22(44%) were moderate and 7(14%) and 8(16%) were Strong biofilm 
former for E. coli and K. pneumoniae, respectively.

Keywords: UTIs, AcrAB-TolC, AcrAD-TolC, AcrFE-TolC, EmrAB-TolC, EmrD, MdfA, 
EmrE, YnfA, MacAB-TolC, MdlAB-TolCTehA

1. Introduction

Urinary tract infections (UTI) are the most common bacterial infections 
affecting humans (Zhanel et al. [1]). They may be simple or complicated urinary 
tract infections (cUTIs), with the latter occurring in patients with urinary tract 
anatomic or functional abnormalities or major comorbidities [2]. UTIs may be 
categorized as either population- or hospital-acquired. In community-acquired 
UTIs, Escherichia coli, Klebsiella pneumoniae, and Staphylococcus saprophyticus are the 
most common bacteria, while in hospital-acquired UTIs, bacteria like Staphylococcus 
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aureus, Enterococcus spp., Proteus spp., Pseudomonas aeruginosa, Acinetobacter spp., 
and Candida spp. are more common [1, 3], UTIs are disproportionately prevalent 
in women, approximately half of them experiencing a UTI during their lifetimes. 
Although UTIs are prevalent in all age groups, they tend to be more common in 
postmenopausal and elderly women, because it is more susceptible to infection 
under this situation [4]. Three-quarters of all UTIs in outpatients are caused by E. 
coli [5]. However, some E. coli lineages are more likely to induce UTI than others [6]. 
Antibiotic resistance is more common in uropathogenic E. coli than in commensal 
E. coli, and one uropathogenic lineage [7] sequence type131 (ST131), especially 
sublineage ST131:O25b:H30, is linked to multidrug resistance [8].

In addition to being a clinically significant pathogen, K. pneumoniae is a common 
cause of both hospital-acquired (HA) and community-acquired (CA) urinary tract 
infections (UTI). Limited therapeutic options have been created due to the enlarged 
resistance of this pathogen [9]. Enterobacteriaceae that produce extended-spectrum 
beta-lactamase (ESBL) and carbapenemase are frequently multidrug resistance, 
posing significant therapeutic challenges [10]. K. pneumoniae strains that produce 
ESBL/carbapenemase are widely recorded around the world, and their spread is 
critical [11]. Quinolone resistance among K. pneumoniae clinical isolates has become 
a serious problem in both developing and developed countries since quinolones are 
commonly prescribed as broad spectrum antimicrobial agents for the treatment 
of UTI induced by ESBL-producing K. pneumonia. Efflux pumps are present in all 
major types of bacterial membrane transporters, and increased efflux levels are 
thought to cause MDR. The most important types for the maintenance of E. coli in 
the human gut are AcrAB-TolC, EmrAB-TolC, and MdtM for extruding bile salts, 
mammalian steroids, and different antibiotics [12]. The influx of antimicrobial 
agents is reduced when the outer membrane’s permeability is reduced. As a result, 
resistance develops in a number of essential clinical microorganisms. The first 
discovered efflux pump system was the tetracycline efflux pump by Stuart Levy et 
al. in E. coli [13].

Several studies indicate that efflux pumps can play at least four roles in biofilm 
formation efflux of EPSs and/or QS and quorum quenching (QQ ) molecules to 
promote biofilm environment creation and regulate QS, correspondingly; indirect 
regulation of genes engagement in biofilm formation; abolition of harmful particles 
such as antibiotics and metabolic intermediates; and efflux of harmful molecules such 
as antibiotics and metabolic intermediates and by encouraging or preventing adhe-
sion to surfaces and other cells, aggregation can be influenced [14]. Overexpression of 
an efflux system, which results in a decrease in antibiotic accumulation, is an effective 
mechanism for drug resistance [15, 16].

1.1 Efflux pumps

Efflux pumps are membrane proteins that are involved in the export of noxious 
substances from within the bacterial cell into the external environment. Efflux 
proteins are found in both Gram-negative and Gram-positive bacteria as well as 
in eukaryotic organisms [17]. The ATP-binding cassette (ABC) superfamily [18], 
the resistance-nodulation-division (RND) family [19], the small multidrug resis-
tance (SMR) family [20], the major facilitator superfamily (MFS) [21], and the 
multidrug and toxic compound extrusion (MATE) [22] family. The ABC family 
uses ATP hydrolysis to power substrate export, while the other families depend on 
the proton motive force for energy. The MFS, ABC, SMR, and MATE families are 
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found in Gram-positive and Gram-negative bacteria, respectively, while the RND 
superfamily is only found in Gram-negative bacteria. Members of the RND family 
are often found as part of a three-part complex that spans Gram-negative bacteria’s 
two membranes [23].

1.1.1 Resistance-nodulation-division (RND) efflux pump

This type of pump is occupied as a tripartite complex constituting the RND 
protein (the inner membrane component), membrane fusion protein (the 
periplasmic compartment), and the outer membrane protein. These three proteins 
form a constitute channel crossways the Gram-negative cell envelope guaranteeing 
that the molecule, taken from the outer leaflet of the inner membrane bilayer, is 
replied directly transversely to the periplasm and the outer membrane into the 
exterior medium with the assistance of the proton-gradient as an energy source. RND 
family shows a significant role in the intrinsic resistance of Gram-negative bacteria 
[24, 25]. The most frequent member of RND family in enterobacteria include AcrAB-
TolC, AcrAD-TolC, and AcrFE-TolC.

AcrAB-TolC, one of the efflux systems, constitutively expressed in E. coli, is com-
posed of the outer membrane protein TolC, the inner membrane transporter AcrB, 
and the periplasmic adaptor protein AcrA [26]. Overexpression of the AcrABTolC 
efflux pump is an intrinsic mechanism of multidrug resistance in Gram-negative 
bacteria [27]. AcrA, a highly elongated protein, is thought to bring the outer and 
inner membranes closer. It composed a trimer that interacts with a monomeric AcrB, 
which was shown by in vitro reconstitution to be a proton antiporter [28]. Efflux 
pumps, such as AcrAB-TolC and MexAB-OprM, are essential for bacteria survival and 
virulence/colonization, especially during the course of infection when the pathogen is 
attacked by toxic substances or adherence to the host [29]. The resistance mechanism 
by efflux pumps is the most important antibiotic resistance type because the efflux 
pump is able to remove more than one antibiotic such as B-lactam, erythromycin 
fluoroquinolones, and chloramphenicol [30]. Ruzin et al. [31] showed up that the 
resistance to quinolones related to the overexpression of the AcrAB efflux pump of K. 
pneumoniae was associated with resistance to other antibiotics, including erythromy-
cin, chloramphenicol, tetracycline, and also tigecycline, a recently commercialized 
molecule.

AcrD is a component of an efflux pump that mediates the export of aminogly-
cosides and a few amphiphilic compounds such as sodium dodecyl sulfate (SDS), 
deoxycholate, and novobiocin, AcrA is a periplasmic fusion protein that also 
exports aminoglycosides in association with the cytoplasmic membrane protein 
AcrD [30]. Despite increased acrA expression, the mutant strain showed no 
increase in resistance, suggesting that the deletion of acrD contributes to adaptive 
resistance directly, rather than indirectly via mechanisms like control of other 
efflux components. As a result, the previously reported adaptive cross-resistance 
to non-aminoglycoside antibiotics cannot be due to the development of the AcrAB-
TolC complex as shown by an acrD mutant that showed significantly reduced 
biofilm formation and expression of key biofilm proteins encoded by csgBD, the 
AcrD efflux pump has an effect on biofilm formation, and appears to play a special 
biological function, according to Buckner et al. [32] findings. The transcriptome 
showed major changes, which supported this theory. The transcriptomes of the 
acrD mutant were compared to the transcriptome of the acrB mutant, which 
had previously been released AcrD is not a “backup” efflux pump, but serves a 
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physiological function in the cell, as shown by the fact that the effect was quite 
distinct. This comparison found 232 major gene expression changes that were 
only caused by the inactivation of acrD and not by the disruption of acrB. Both 
the acrB and acrD mutant transcriptomes had 169 genes that were differentially 
expressed as compared to the acrB mutant transcriptome. Experiments have shown 
that the AcrB and AcrD efflux pumps have different substrate profiles when it 
refers to aminoglycoside antibiotics [33]. AcrEF-TolC pump is known to exhibit 
higher expression levels in quinolone-resistant E. coli. AcrEF shares high homology 
(65–77%) with AcrAB and so AcrEF-TolC expression complement the activity of 
AcAB-TolC. Overexpression of acrEF restores resistance to acriflavine, erythromy-
cin, novobiocin, and crystal violet. Additionally, AcrEF is responsible for increased 
resistance for compounds such as dyes, detergents, and antibiotic substrates like 
that of AcrAB especially levofloxacin [34].

1.1.2 ATP-binding cassette (ABC) efflux pump

There is a variety of transport systems in E. coli, including ABC-type transporters 
as well as substrate-binding proteins, outer membrane receptors, and a number of 
transporters with various functions. We have gained a better understanding of the 
molecular basis of transport through recent structures of ATPases, substrate-binding 
proteins, and full-length transporters [35]. Specialized ABC transporter types 
transport a diverse range of substrates, ranging from small molecules such as ions, 
sugars, or amino acids to larger compounds such as antibiotics, drugs, lipids, and 
oligopeptides [36]. The most important ABC family efflux pumps in E. coli include 
MAcAB-TolC and MdlAB-TolC.

The MacA-MacB-TolC assembly of E. coli is a transmembrane machine that spans 
the cell envelope and actively extrudes substrates, including macrolide antibiot-
ics and polypeptide virulence factors. These transport processes are energized by 
the ATPase MacB, a member of the ATP-binding cassette (ABC) superfamily. A 
hexamer of the periplasmic protein MacA bridges between a TolC trimer in the 
outer membrane and a MacB dimer in the inner membrane, generating a quaternary 
structure with a central channel for substrate translocation. A gating ring found 
in MacA is proposed to act as a one-way valve in substrate transport. The MacB 
structure features an atypical transmembrane domain with a closely packed dimer 
interface and a periplasmic opening that is the likely portal for substrate entry 
from the periplasm, with subsequent displacement through an allosteric transport 
mechanism [37].

In a macrolide-susceptible AcrAB deficient E. coli strain, only overexpression of 
MacAB may increase resistance to macrolide antibiotics. MacAB, on the other hand, 
has recently been linked to the secretion of an E. coli heat-stable enterotoxin [38]. 
MacA is the MFP in the MacA–MacB–TolC pump, and due to high sequence similarity, 
it is predicted to share structural similarities with AcrA (44%) [39]. The C-terminal 
periplasmic membrane-proximal domain of MacA is required for these MacA–MacB 
interactions [40]. By modifying the conformation of MacA’s membrane-proximal 
domain and disrupting the proper assembly of the MacA–MacB complex, a single 
G353A substitution in this domain impaired MacAB–TolC function [41]. In the E. 
coli genome, five putative open reading frame (ORF) clusters, mdlAB, ybjYZ, yddA, 
yojHI, and yhiH, have been assumed to be possible genes for ABC drug efflux trans-
porters. MdlAb-TolC is multidrug efflux transporter with few studies concerned it is a 
function [42].
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1.1.3 Small multidrug resistance (SMR) efflux pump

Small multidrug resistance transporters (SMR) systems provide to study the 
minimal requirements for active transport [43]. They are also small multidrug 
transporters, with four transmembrane helices and no significant extra membrane 
domain, although they function as dimers the minimum functional unit is a bundle 
of eight α-helices [44]. SMR transporter exports a broad class of polyaromatic cation 
substrates, thus conferring resistance to drug compounds matching this chemical 
description. Genes encoding SMR proteins (variously annotated emrE, ynfA and 
tehA) are frequently found in mobile drug resistance gene arrays, and provide a 
broad selective advantage by conferring resistance to ubiquitous environmental 
pollutants with low-grade toxicity to microbes [45]. The SMR family consists of small 
hydrophobic proteins of about 100 amino acid residues with four transmembrane 
α-helical spanners [46].

SMR family includes more than 40 proteins in eubacteria, a few of which have 
been studied in detail. One of them, EmrE, is an E. coli multidrug transporter (MDT), 
that utilizes proton gradients as an energy source to drive substrate translocation and 
confers resistance to a wide variety of toxicants by actively exchanging them with 
hydrogen ions [47]. EmrE is the smallest ion-coupled transporter known; it functions 
as an oligomer and each monomer comprises four transmembrane segments [48]. 
EmrE is a tetramer comprised of two conformational heterodimers related by a 
pseudo-two-fold symmetry axis perpendicular to the cell membrane. Based on 
the structure and biochemical evidence, we propose a mechanism by which EmrE 
accomplishes multidrug efflux by coupling conformational changes between two 
heterodimers with proton gradient [49]. The overexpression of EmrE causes bacteria 
to become resistant to a wide variety of toxic cationic hydrophobic compounds such 
as ethidium bromide, methyl viologen, tetracycline, and tetraphenylphosphonium, as 
well as other antiseptics and intercalating dyes [50].

The gene, ynfA of E. coli is the newest member of the small multidrug resis-
tance (SMR) gene family, identified in both Gram-negative and Gram-positive 
bacterial species. It might be involved alone or with tolC or any other way by 
complex regulation in which the initial susceptible bacteria become resistant. The 
level of ynfA gene expression was observed between 2 and 6 folds equivalent to 
tolC gene [51].

1.1.4 Major facilitator superfamily (MFS) efflux pump

The major facilitator superfamily (MFS) is the largest known superfamily of sec-
ondary active transporters. MFS transporters are responsible for transporting a broad 
spectrum of substrates, either down their concentration gradient or uphill using the 
energy stored in the electrochemical gradients. The major facilitator transporters 
form a superfamily that composed a number of subfamilies; of these subfamilies, 
transporters of sugars and drugs are by far the most numerous [52].

These MFS transporters are typically composed of approximately 400 amino 
acids that are putatively arranged in 12 membrane-spanning helices, with a large 
cytoplasmic loop among helices six and seven [43]. The MFS family of drug trans-
porters is made up of two domains that are centered around a central pore and 
two domains that transfer conformations from the cytoplasmic to the periplasmic 
side of the membrane in response to a Na + or H+ ion gradient [53]. The MFS drug 
transporters are classified into subfamilies −12-helix and 14-helix transporters (e.g., 
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TetA(B) and TetA(K), class two and class K tetracycline transporters from E. coli 
and S. aureus respectively [54]. E. coli have many MFS transporter-like EmrAB-TolC, 
EmrD, MdfA.

EmrAB–TolC from E. coli is such a tripartite system, comprised of EmrB an MFS 
transporter, EmrA, a membrane fusion protein, and TolC, an outer membrane chan-
nel. The whole complex is predicted to form a continuous channel allowing direct 
export from the cytoplasm to the exterior of the cell [55]. The components of EmrAB-
TolC were identified in E. coli for the first time more than a decade ago resistance to 
hydrophobic toxins like carbonyl cyanide m-chlorophenyl-hydrazone (CCCP). Its 
overexpression causes increased resistance to nalidixic acid, thiolactomycin, nitroxo-
line, hydrophobic proton uncouplers [56].

EmrD is a multidrug transporter from the Major Facilitator Superfamily that 
expels amphipathic compounds across the inner membrane of E. coli. It can trans-
port detergents such as benzalkonium and sodium dodecylsulfate [57]. EmrD may 
have vital role in biofilm formation via the efflux of arabinose, which promotes 
cell aggregation and biofilm formation [58]. MdfA is drug/proton antiporter 
consisting of 410 amino acid long membrane protein responsible for resistance to 
a diverse group of cationic or zwitterionic lipophilic compounds such as ethidium 
bromide, tetraphenylphosphonium, rhodamine, daunomycin, benzalkonium, 
rifampin, tetracycline, and puromycin. Surprisingly, however, MdfA also confers 
resistance to chemically unrelated, clinically important antibiotics such as chlor-
amphenicol, erythromycin, and certain aminoglycosides and fluoroquinolones. 
Synergistic overexpression of mdfA along with acrAB leads to increases in quino-
lone resistance [59].

1.1.5 Multidrug and toxic compound extrusion (MATE) efflux pump

Export of substrates and toxins by the cell is a fundamental life process and 
members of the MATE family represent the last class of multidrug resistance 
(MDR) transporters to be structurally characterized. MATE transporters involved 
a variety of important biological functions across all kingdoms of life [60]. MATE 
transporters are very similar in size to the MFS transporters and are typically 
composed of approx. 450 amino acids which are putatively arranged into 12  
helices however, they do not have any sequence similarity to members of the  
MFS transporters [61]. MdtK is one of the important MATE inner membrane 
transporter in E. coli conferring resistance to quinolone and fluoroquinolone  
when overexpressed [62].

1.2 Antibiotic resistance and efflux pumps

The study include antibiotic susceptibility profile (for 20 antibiotics) according 
to CLSI-2021 [63] and efflux pumps gene profile for (19 genes) for 50 isolates of  
E. coli and 50 isolates of K. pneumoniae isolated from patients with UTIs. The 
results revealed high level of resistance to β-lactams and cephalosporin and low 
level of resistance to piperacillin, aminoglycosides and carbapenem (Table 1). 
Multidrug resistance for more than 3 antibiotics (at least one for each class) were 
studied and the results revealed that 68% of E. coli and 90% of K. pneumoniae 
were MDR (Table 2). Results of biofilm formation shown that, approximately all 
isolates were biofilm former (Table 3). Concern presence of efflux pump genes, the 
results of polymerase chain reaction revealed that: acrA 50 (100%), 48 (96%)–acrB 
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43 (86%), 44 (88%)–acrD 48 (96%), 46(92%)–acrF 33 (66%), 32 (64%)–acrE 
50 (100%), 46 (92%)–and tolC 50 (100%), 50 (100%), while class MFS pumps 
(EmrAB-TolC, EmrD and MdfA) were investigated for E. coli and K. pneumonia the 

Antibiotic Resistance %

E. coli K. pneumoniae

Amoxicillin 100% 92%

Piperacillin 14% 16%

Ceftriaxone 54% 92%

Ceftazidime 100% 98%

Cefepime 58% 80%

Cefixime 52% 84%

Cefotaxime 100% 92%

Cefoxitin 42% 46%

Nitrfuraniton 38% 58%

streptomycin 36% 78%

Gentamycin 4% 40%

Kanamycin 42% 50%

Tobramycin 20% 44%

Amikacin 14% 10%

Netlimicin 2% 4%

Imipenem 0% 12%

Meropenem 6% 8%

Aztreonam 20% 58%

Azithromycin 10% 24%

Nalidixic acid 26% 16%

Table 1. 
Antibiotic resistance among E. coli and Klebsiella pneumoniae.

Classes of MDR E. coli K. pneumoniae

MDR-8 classes 0% 4%

MDR-7 classes 4% 8%

MDR-6 classes 12% 20%

MDR-5 classes 2% 22%

MDR-4 classes 24% 28%

MDR-3 classes 20% 8%

non-MDR 38% 10%

Total 100% 100%

Table 2. 
Classes of MDR among E. coli and Klebsiella pneumoniae.
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results emrA 50 (100%), 48 (96%)–emrB 50 (100%), 49 (98%)–emrD 50 (100%), 
50 (100%)–and mdfA 49 (98%), 50 (100%), class SMR pumps (EmrE, YnfA 
and TehA) genes were distributed as follow:: emrE 48 (96%), 35 (70%)–ynfA 50 
(100%), 33 (66%)–tehA 49 (98%), 38 (76%), Two class ABC pumps (MacAB-TolC 
and MdlAB-TolC) The result revealed that the: macA 50 (100%), 38 (76%), macB 
49 (98%), 48 (96%)–mdlA 50 (100%), 38 (765%)–and mdlB 49 (98%), 50 (100%), 
Two MATE pumps (MdtK and DinF) genes were studies and the results revealed 

Biofilm Formation Pattern E. coli K. pneumoniae

non-biofilm former 2% 0%

weak biofilm former 60% 40%

moderate biofilm former 24% 44%

strong biofilm former 14% 16%

Total 100% 100%

Table 3. 
Biofilm formation patterns among E. coli and Klebsiella pneumoniae.

Efflux pumps gene Presence %

E. coli K. pneumoniae

acrA 100 96

acrB 86 88

acrD 96 100

tolC 100 92

acrF 66 64

acrE 100 92

mdfA 98 100

emrD 100 100

emrA 100 96

emrB 100 98

emrE 96 70

ynfA 100 66

tehA 98 76

macA 100 76

macB 98 96

mdlA 100 76

mdlB 98 100

mdtK 100 100

dinF 100 86

Table 4. 
Efflux pump genes among E. coli and Klebsiella pneumoniae.
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that: mdtK and dinF genes were present in all E. coli isolates while K. pneumoniae 
revealed 50 (100%), 43 (86%) of MdtK and DinF respectively (Table 4).

1.3 Coexisted genotypes of efflux pumps

Concern results of coexisted pumps in the same E. coli or K. pneumoniae isolate the 
results were shown in Tables 5 and 6.

Genotype No. %

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/YnfA/
TehA/ MacAB-TolC/MdlAB-TolC/Mdtk/DinF

32 64

AcrAB-TolC/ AcrAD-TolC/ AcrFE-TolC/ MdfA/ EmrD/ EmrAB-TolC/ YnfA/ TehA/ 
MacAB-TolC/ MdlAB-TolC/ Mdtk/ DinF

1 2

AcrAB-TolC/ AcrAD-TolC/ MdfA/ EmrD/ EmrAB-TolC/ EmrE/ YnfA/ TehA/ 
MacAB-TolC/ MdlAB-TolC/ Mdtk/ DinF

16 32

AcrAB-TolC/ AcrAD-TolC/ MdfA/ EmrD/ EmrAB-TolC/ EmrE/ YnfA/ 
MacAB-TolC

1 2

Table 5. 
Co-existed efflux pump genes among E. coli.

Genotypes No. %

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/YnfA/
TehA/MacAB-TolC/MdlAB-TolC/Mdtk/DinF

8 16

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/YnfA/TehA/
MacAB-TolC/MdlAB-TolC/Mdtk/DinF

3 6

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/TehA/
MacAB-TolC/MdlAB-TolC/Mdtk/DinF

2 4

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/YnfA/
TehA/MacAB-TolC/MdlAB-TolC/Mdtk

2 4

AcrAB-TolC/AcrAD-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/ YnfA/TehA/
MacAB-TolC/MdlAB-TolC/Mdtk/DinF

8 16

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/YnfA/
MacAB-TolC/Mdtk/DinF

3 6

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/YnfA/
TehA/MdlAB-TolC/Mdtk

2 4

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/YnfA/TehA/
MacAB-TolC/MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/YnfA/TehA/
MacAB-TolC/MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/TehA/
MacAB-TolC/MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/YnfA/
MacAB-TolC/MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/
MacAB-TolC/MdlAB-TolC/Mdtk/DinF

1 2
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2. Conclusion

There is a strong correlation between antibiotic resistance, especially to β-lactams, 
and the presence of efflux pump genes, which may be reflected in biofilm formation 
in both E. coli and K. pneumoniae.
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Genotypes No. %

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/YnfA/
TehA/MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/TehA/
MacAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/ TehA/MacAB-TolC/
MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/TehA/
MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/MacAB-TolC/
MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/YnfA/TehA/
MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/MdfA/EmrD/EmrAB-TolC/TehA/ MacAB- TolC/
MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/MdfA/EmrD/EmrAB-TolC/YnfA/TehA/ MacAB-TolC/
MdlAB-TolC/Mdtk

1 2

AcrAB-TolC/AcrAD-TolC/MdfA/EmrD/EmrAB-TolC/TehA/ MacAB- TolC/
MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/ MacAB-TolC/
MdlAB-TolC/Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/MacAB-TolC/
Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/TehA/MacAB-TolC/
Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/YnfA/TehA/ MdlAB-TolC/ 
Mdtk/ DinF

1 2

AcrAB-TolC/AcrAD-TolC/AcrFE-TolC/MdfA/EmrD/EmrE/ YnfA/MdlAB-TolC/
Mdtk/DinF

1 2

AcrAB-TolC/AcrAD-TolC/MdfA/EmrD/EmrAB-TolC/MacAB-TolC/Mdtk/DinF 1 2

AcrAB-TolC/MdfA/EmrD/EmrAB-TolC/EmrE/TehA/MacAB-TolC/Mdtk 1 2

AcrFE-TolC/MdfA/EmrD/EmrAB-TolC/YnfA/MdlAB-TolC/Mdtk/ DinF 1 2

Table 6. 
Co-existed efflux pump genes among Klebsiella pneumoniae.
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