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Plain Language Summary 
Antibiotics are antimicrobial medications that are used to combat infections caused by bacteria 

in both humans and animals. However, certain bacteria are resistant to the effects of antibiotics 

because of their structural or functional characteristics. Alternatively, bacteria can become 

resistant by spontaneous mutations that occur in their chromosomal DNA or by acquiring genes 

that confer resistance to certain antibiotics (i.e. antimicrobial resistance genes (ARGs)). The 

latter can occur by means of horizontal gene transfer (HGT) of mobile genetic elements 

(MGEs). MGEs are mobilizable stretches of DNA that can be transferred from a donor cell to 

a recipient cell. This means that ARGs can spread from one bacterium to another and crucially, 

even between different species of bacteria, thus resistance to these antibiotics can propagate 

and render previously effective antibiotics, ineffective. Currently, antimicrobial resistance 

(AMR) is reported to cause numerous deaths while projections estimate that these numbers will 

dangerously soar in the near future, threatening humanity. Indeed, without effective antibiotics, 

previously curable infections and diseases will become challenging to treat whereas surgical 

operations may even become too risky to perform because of the potential of a post-operative 

infection occurring. As such, efforts are concentrated to decelerate the progression of AMR. It 

is known that antimicrobial use (AMU) drives AMR by evolutionary selecting resistant 

bacterial strains. While efforts are being made to limit AMU in human medicine, it must be 

mentioned that high amounts of antimicrobials are also used in animals, especially in livestock. 

A hypothesis has been formed that resistant strains that emerge in animals, because of excessive 

AMU, may be able to transfer to humans. It has been proposed that this transmission event can 

also occur via HGT of ARG-carrying MGEs, rather than AMR bacterial strains. As such, 

efforts are focusing on reducing AMU on animals. However, this theory has yet to be proven 

with robustly generated evidence because of the complexity of such epidemiological studies. 

Whole-genome sequencing (WGS) technologies can provide the necessary tools in order to 

clarify whether bacterial strains isolated from animals and humans are genetically related, 

which could point to a potential transmission event occurring between these two hosts. In fact, 

WGS can describe the genome of a bacteria as well as potential MGEs and ARGs it may harbor. 

In this review, we collected 19 studies that used WGS to investigate whether inter-host 

transmission occurs across different countries. The results indicate that in lower-middle income 

countries (LMICs) where AMU is largely unmonitored and humans are in closer contacts with 

animals, this was observed more frequently compared to high-income countries (HICs) where 

there were no or very limited evidence. In upper-middle income countries (UMICs), where 

there is an overuse of antimicrobials in animals due to intensive farming, again more evidence 

were reported. These studies suggested that HGT of ARG-carrying MGEs plays an important 

role in inter-host transmission events. Although some evidence were found, more well-

designed studies using WGS techniques are necessary to better describe the intricate pathways 

of an inter-host AMR transmission event. Thus, in the future, it is advisable to conduct large-

sized studies with correct sampling protocols over long periods of time to offer more 

information on this complex issue. 
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Abstract 
Antimicrobial resistance (AMR) constitutes a serious threat to public health by rendering 

bacteria, previously susceptible to antimicrobials, resistant to their effects. Recent reports 

indicate that a considerable amount of human deaths is associated or even directly attributable 

to antimicrobial-resistant bacterial infections. Bacteria can become resistant because of 

spontaneous mutations or horizontal acquisition of antimicrobial resistance genes (ARGs) from 

exogenous sources. Horizontal transfer of ARGs can occur via mobile genetic elements 

(MGEs), such as plasmids, transposons or bacteriophages and this way, interspecies 

dissemination of ARGs can occur. Use of antimicrobials constitutes a well-described driver of 

AMR because it applies selection pressure on bacteria. Importantly, high amounts of 

antimicrobials are being used in livestock, which has caused concern on potential inter-host 

zoonotic transmission of AMR strains or ARGs. However, there are scarce evidence indicating 

transmission of AMR can happen between humans and animals, especially using robust 

methodologies. In this review, 19 papers employing whole-genome sequencing are presented 

on the basis of providing robust evidence (or not) of inter-host AMR transmission. In high-

income countries (HICs), no or very limited evidence were identified. Comparably, more 

studies reported such events in upper-middle income countries (UMICs) and lower-middle 

income countries (LMICs), possibly because of a higher use of antimicrobials and closer 

contacts between humans and animals. Horizontal transfer of ARGs via MGEs appeared to 

play an important role in these events. Future studies should follow longitudinal, systematic 

sampling across both sectors to shed more light into the frequency and speed of this occurrence 

globally.  
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Introduction 
In the wake of the vast consequences of the COVID-19 pandemic, the spotlight has been 

cast on other looming threats to global public health, with antimicrobial resistance (AMR) 

having already been declared amongst the top ten by the World Health Organization (WHO) 

in 2019 (1,2). AMR constitutes the ability of microorganisms -in this review the focus is on 

bacteria- to become resistant to the effects of antimicrobial medicines to which they were 

previously susceptible (3). In contrast to viral pandemics, which typically occur suddenly and 

spread rapidly, the progress of AMR is slower and more obscure, yet its impact can be 

especially dire in the long term (4,5). Indeed, without effective antimicrobials the treatment of 

common infections would become challenging while it would be nearly unfeasible to perform 

both standard and major surgical operations as well as cancer treatments (4,6). In 2019, 4.95 

million deaths worldwide were estimated to be associated with bacterial AMR and out of those, 

1.27 million deaths were directly attributable to bacterial AMR, constituting it a leading cause 

of death worldwide and especially in low-income countries (3). Earlier, a report issued by 

O’Neill in 2016 stated an alarming projection in which by 2050 the number of deaths 

attributable to AMR each year is expected to rise to 10 million globally and the associated 

economic losses to reach USD 100 trillion (7). Others have criticized the report by O’Neill 

concerning the methodology employed to arrive at the reported estimations, as unreliable and 

crude (8). Despite this, Robinson et al. argue that the focus should be on the magnitude of the 

issue and its rapid progression rather than the accuracy of these estimates (9). Confronted with 

such predictions, official bodies have decided to adopt a collaborative One Health approach to 

mitigate this issue owing to the diverse elements that drive AMR (10). This approach 

acknowledges that the human, animal and environmental health are interconnected and 

advocates that strategies aiming at mitigating AMR should incorporate holistic measures 

factoring in these sectors (11). 

Resistance to antibiotics and antibiotic resistance genes (ARGs) predate the existence of 

humans since many antibiotics are natural compounds, which have existed for millions 

(perhaps even billions) of years (12). In fact, ARGs have been discovered deep in permafrost 

sediments that were dated back to approximately 30,000 years and in isolated caves dated back 

to more than four million years (12,13). Antibiotics are produced by various species, such as 

soil bacteria, most likely for the purpose of limiting the expansion of nearby contestants in the 

environment (14). As these producers release antibiotics in the respective environment, they 

expose both themselves and other bacteria to the antibiotics (15). Consequently, resistance 

mechanisms against these antibiotics are selected evolutionarily in order for the producers to 

avoid self-destruction and accordingly, for other bacteria to defend themselves (15). In turn, 

this resistance -encoded in ARGs- can be transferred either vertically to the progeny or 

horizontally (i.e. horizontal gene transfer (HGT)) to close relatives or even other species, which 

then propagate it to their progeny (15). However, bacteria can also have an intrinsic resistance 

to antibiotics because of their functional and structural characteristics or become resistant 

through spontaneous mutations of native resident genes (16). While humans did not create 

AMR, they have hastened its progression through the evolutionary pressure they exert on 

bacteria with antimicrobial use (AMU) (17). In fact, as soon as a new antibiotic class is 

introduced in clinical practice, resistant strains are quick to emerge (18). This phenomenon is 
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further exacerbated by the misuse and overuse of antibiotics in both humans and animals (6). 

Humans use antibiotics to treat bacterial infections and in some cases pre or post-operatively 

for prophylaxis (4). In food-producing animals, antibiotics have been  additionally used 

metaphylactically and as growth promoters, although many countries have now banned this 

type of antibiotic use (4,19). Despite this, Van Boeckel et al. report that 73% of all 

antimicrobials sold globally are used in food-producing animals with many of the antimicrobial 

classes being the same as the ones used in human medicine (20). In addition, the environment 

is considered an important reservoir of resistance that contributes to AMR dissemination (21). 

Besides ARGs preexisting in the environment, they can also be introduced in the water and soil 

through manure runoff from farms and sewage, which can then be transferred to human and 

animal pathogenic bacteria via HGT thereby conferring resistance to them (Figure 1) (15,21). 

These facts, coupled with the knowledge that many commensal and pathogenic bacterial 

species are common between humans and animals, have led to the hypothesis that resistant 

clones or resistance elements may transmit from animals to humans (and vice versa) (4). That 

is precisely why many efforts apply the One Health approach, focusing on decreasing and 

improving AMU in agriculture, besides human medicine (22). Yet, currently there is a lack of 

robust evidence with regards to determining whether this transmission indeed occurs -and if 

so- its extent, frequency, speed and, perhaps most importantly, the degree of impact that such 

an event could cause on humanity (4).  

 

 
Figure 1: Routes of transmission of antimicrobial resistance amongst humans, animals and the 

environment (22).  

 

To control the progression of AMR, data from surveillance programs across all sectors on 

AMU and AMR rates are essential (10). These are traditionally collected using antimicrobial 
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susceptibility testing (AST) (23). However, in order to identify possible AMR transmission 

events and pathways between animals and humans, data at the molecular level are crucial (23). 

AST generally fails to provide information on the resistance mechanisms that are at play, often 

confounding dissimilar clones who happen to display the same resistance profiles (17). 

Alternatively, genetic typing methods, such as multi-locus sequence typing (MLST) and 

pulsed-field gel electrophoresis (PFGE) can only describe a small part of a genome, thus 

lacking the adequacy to provide solid proof of resistance transmission and importantly, indicate 

the potential directionality (23,24). Whole-genome sequencing (WGS) on the other hand, 

provides data at a high resolution, which when combined with epidemiological data, can 

delineate more robustly the intricate pathways and temporospatial dynamics of interspecies 

AMR transmission (23,24). Besides, as Julian Parkhill mentions in a recently published article, 

using low-resolution techniques (e.g. MLST or PFGE) can lead to discovering presumably 

close similarities between isolates from different sources that when studied at a higher 

resolution, such as WGS, disappear (4). For instance, Leverstein-van Hall et al. employed 

MLST and PCR techniques to assess the relatedness of Eschericia coli (E.coli) isolates from 

poultry meat and humans, concluding that clonal transfer had occurred between these species 

(25). However, in a subsequent study, de Been et al. used WGS to analyze the same set of 

isolates, revealing that they were, in fact, genetically distinct (26).  

 

Mobile genetic elements versus resistant clones 
Currently, HGT of ARGs is associated with most of the troublesome AMR issues of public 

health concern, including multidrug resistance (MDR) (27). HGT entails primarily genes, 

including ARGs, that are carried on mobile genetic elements (MGEs) (28). MGEs are sections 

of genetic material that have the ability to move within or between genomes, such as plasmids, 

insertion sequences (IS), transposons and bacteriophages (phages) (29). Other important MGEs 

include integrons that despite lacking this ability, they contain a site-specific recombination 

system that can integrate, express and exchange certain DNA elements (i.e. gene cassettes), 

which are considered mobile (30). Also, satellite viruses can exploit bacteriophage mechanisms 

for transfer and induction (29). Consequently, the dissemination and accumulation of ARGs 

from a variety of reservoirs is largely thought to be because of HGT of MGEs, which warrants 

a closer look at the molecular level to delineate potential transmission events between different 

species and environments (30). Conversely, clinical problems arise typically because of 

successful resistant clones that can promote transmission amongst environments and hosts (15). 

Yet, which resistant clone could prove to be clinically significant depends on many factors, 

such as the range of environments it can adapt to and its transmissibility (15). A deeper view 

at the molecular level of known successful clones may additionally delineate these factors as 

well as potential transmission events.  

 

How do ARGs transfer horizontally? 

There are three major mechanisms of HGT; transformation, conjugation and transduction 

(Figure 2 (a), (b), (c), (d)) (28). Transformation occurs when a recipient cell takes up naked 

DNA (single or double-stranded) that exists in the extracellular space (e.g., after it has been 
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released by dead and lysed cells) (28). Subsequently, this DNA recombines with the 

chromosome of the recipient cell, thereby incorporating new genes from the incoming DNA 

(31). Transformation appears to have played an important role in the evolution of AMR strains 

in the genera Streptococcus and Neisseria, which are human pathogenic bacteria (31).  

 

 

 
Figure 2: Main mechanisms of HGT in bacteria in a graphic representation (28). (a) Transformation: naked 

DNA is released from lysed cells and is taken up by a competent bacterium. (b) Plasmid conjugation: plasmids 

are transferred between cells when they are in physical contact with each other via the mating-pore pilus. (c) ICEs 

conjugation: at two attachment sites (i.e. attL and attR), which are located on the chromosome of the donor cell, 

the ICEs are excised from it and subsequently form a circular plasmid-like shape with an attP site on the 

circularized ICE, which, employing the same mechanism as for plasmid, is transferred (d). After transfer, at the 

recipient cell, the circularized ICE re-integrates into the chromosome. (d) Transduction: genetic material is 

transferred from one bacterium to another with bacteriophages. (e) GTAs: DNA is encapsulated by phage-derived 

sequences that act as transfer vectors and be delivered into another bacterium. (f) OMVs: vesicles formed in the 

outer membrane of the cell encapsulate DNA and permit the transfer of genetic material into another bacterium. 

(g) Nanotubes: non-conjugative plasmids are transferred from one bacterium to another through nanotubes. 

 

By contrast, direct cell-to-cell contact is necessary for conjugation to occur, in which DNA 

is transferred with the involvement of conjugative plasmids or conjugative transposons (also 
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known as integrative conjugative elements (ICEs)) (15). In particular, a bridge is formed when 

two bacteria are in the same environment and this permits the transfer of a plasmid from one 

cell to the other (31). Plasmids constitute mobile pieces of DNA of circular shape that have the 

ability to replicate independently from the cell’s chromosome (31). Just one plasmid can carry 

several genes, thus coding for multiple drug resistance (31). The role of ICEs and integrons in 

conjugation, when linked to plasmids, is to aid in gathering, expressing and disseminating 

ARGs thereby hastening the development of bacterial resistance (31). However, ICEs can also 

be transferred themselves via conjugation (28). Both conjugation and transformation are 

thought to occur at increased rates when there is a high population density between donor and 

recipient cells (e.g. human and animal intestine) (15). 

 Conjugation has been recognized as the most crucial mechanism for AMR dissemination 

in nature since MGEs can cross species boundaries (28,31). Indicatively, diffusion of β-lactam 

ARG harboring plasmids by conjugation is possible between Acinetobacter spp., Pseudomonas 

spp. and Enterobacteriaceae species (27). Additionally, the role of non-pathogenic 

environmental bacteria in the spread of clinically relevant ARGs has been shown to be 

substantial (32). In fact, the CTX-M extended-spectrum-β-lactamase (ESBL) gene, which  

confers resistance against cephalosporins and monobactams and has been discovered in 

pathogenic bacteria globally, was found to be nearly identical to the CTX-M gene found in the 

genome of Kluyvera, a non-pathogenic environmental species (33,34). Apparently, a 

transposable genetic element (i.e. the insertion sequence ISEcp1) facilitated the selection and 

transfer of the progenitor resistance gene in Kluyvera by providing a promoter, thus permitting 

its expression and transposition into others species (35). Today, the enzymes CTX-M-14 and 

CTX-M-15 have been frequently isolated globally, with CTX-M-15-producing Klebsiella 

pneumoniae (K. pneumoniae) strains being mostly hospital-associated and CTX-M-15-

producing E. coli strains being disseminated in patients in the community (36). Globally, the 

IncK plasmid, indicated as pCT, has spread blaCTX-M-14 to both animals and humans (37). Other 

similar examples include the plasmid-encoded qnrA gene, which was probably transferred to 

several Enterobacteriaceae species from marine and freshwater Shewanella algae and the 

finding that Shewanella oneidensis constitutes a reservoir of the plasmid-encoded gene 

carbapenem-hydrolyzing oxacillinase-48-type b- lactamases (OXA-48), now also frequently 

found in K. pneumoniae (15). Therefore, a variety of MGEs appear to mobilize ARGs that are 

found widespread in the environment for transfer into human and animal pathogenic or 

commensal bacteria. Besides this, concerns have risen regarding MGE transfer through 

conjugation from resistant bacteria originating in animals to humans. In 2016, Liu et al. 

reported for the first time the emergence of plasmid-mediated colistin resistance (i.e. mcr-1) in 

E. coli isolates from raw meat, animals and humans (38). Colistin is an antibiotic of last resort 

for combatting MDR and carbapenem-resistant bacteria in humans (38,39). The authors 

speculated that the origin of mcr-1-mediated colistin resistance was in animals, subsequently 

spreading to humans, although that was not proven (38). Worryingly, PHNSHP45, which is 

the mcr-1-bearing plasmid, was shown to have a high in vitro transfer rate between E. coli 

strains, being able to transfer into important human pathogens (i.e., E. coli ST131, K. 

pneumoniae ST11 and Pseudomonas aeruginosa) (38). From that time, many studies have 

reported other novel mcr genes (i.e., mcr-2 to mcr-10), which are widespread in 

Enterobacteriaceae (40). Clearly, HGT via conjugation of MGEs has contributed majorly to 
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the emergence and dissemination of clinically important pathogenic bacteria in both humans 

and animals.  

Transduction occurs via bacteriophages that, after they lyse a bacterial cell, may 

occasionally incorporate bacterial DNA instead of phage DNA in their capsid, thus afterwards 

injecting this DNA to another bacterial cell (28). Two types of transduction are known; 

generalized and specialized (28). In generalized transduction, any section of the bacterial 

chromosome or MGEs can be incorporated by the phages whereas in specialized transduction, 

solely the DNA that is next to the original integrated prophages can be contained and 

transferred (28). This mechanism may contribute to spreading DNA between bacterial species 

that reside in distant environments (15).  

Recently, there have been other mechanisms of HGT that have been identified, namely the 

transfer that is mediated by gene transfer agents (GTAs), by intercellular nanotubes and by 

outer membrane vesicles (OMVs) (Figure 2 (e), (f), (g)) (28). Briefly, GTAs are sequences that 

derive from bacteriophages, encoding phage capsid structures (28). These structures can 

encapsulate DNA, consequently serving as transfer vectors of a random (less than 15 kb in 

size) part of the bacterial genome (28). This form of “transduction” is considered more efficient 

than generalized transduction (28). Bacteria can communicate via molecule exchange within 

and between species with nanotubes (i.e. protrusions of tubular shape) (28). This way, non-

hereditary and hereditary AMR can be exchanged between cells that are in close proximity 

(28). Finally, OMVs can take up extracellular DNA from lysed bacteria and also bacteria can 

store DNA into OMVs before they bud off from the bacterial cell (28). HGT via OMVs has 

been showcased in many species, such as A. baumannii and E. coli but also between different 

species (28). Overall, plasmid-mediated HGT is most efficient owing to their inbuilt 

mechanisms that ensure stable maintenance in the recipient cell, thereby not depending on 

homologous recombination contrary to transformation and transduction (15). Yet, it has 

become increasingly evident that studying plasmid-mediated HGT alone may not be sufficient 

to describe the complex transmission mechanisms and pathways of ARGs within and between 

species (41). 

 

Comparing resistant clones is not enough to delineate ARG dissemination 

While certain antibiotic resistances have risen because of plasmids or other MGEs and HGT, 

for some their spread has been perpetuated by clonal dissemination. One such case is 

vancomycin resistance, which appeared in Enterococcus species because of transposon-borne 

genes, such as vanA and vanB, consequently causing various threatening diseases such as 

urinary tract infections (UTIs), bacteraemia and meningitis (31). However, the dissemination 

of these ARGs is primarily dominated by clonal spread of vancomycin-resistant Enterococcus 

faecium (VRE) (42). A recent study by Arredondo-Alonso et al. in Dutch hospitals reported 

that the vanA gene cluster was mostly disseminated via clonal spread but in certain outbreaks, 

the dissemination occurred via HGT, which was mediated by either Tn1546 transposition 

between different genomic locations and/or the involvement of plasmids (43). An interesting 

case is that of methicillin-resistant Staphylococcus aureus (MRSA) clonal complex 398 

(CC398), which can colonize humans after livestock exposure (44). Price et al. demonstrated 

that livestock-associated MRSA CC398 originated in humans as methicillin-susceptible 
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Staphylococcus aureus (MSSA), subsequently spreading to livestock where it acquired the 

SCCmec cassette and tet(M) gene, thus acquiring methicillin and tetracycline resistance, 

respectively (44). This is a prime example of a bidirectional AMR transmission event between 

humans and animals that emerged because of MGEs but spreads via clonal dissemination (44). 

It must be noted though that livestock-associated MRSA CC398 strains appear to be less 

virulent, having lower transmission rates in humans and only occasionally resulting in 

infections (44,45). 

Carbapenem-resistant K. pneumoniae is thought as the most rapid-growing AMR threat in 

Europe, having an increased mortality rate (23). Notably, the carbapenemase blaKPC gene is 

also plasmid-borne and has caused several outbreaks, which are associated with the K. 

pneumoniae carbapenemase (KPC)-producing K. pneumoniae  ST258 clone that is found 

globally (36). The most widely spread carbapenemase is New Delhi metallo-β-lactamase 

(NDM), which is found in Gram-negative pathogens such as Acinetobacter baumannii (A. 

baumannii), K. pneumoniae and E. coli (36). Similarly to KPC carbapenemase, the ndm genes 

are frequently found in broad-host-range conjugative plasmids (36).  

As presented, in some cases resistant clonal dissemination has contributed to the spread of 

clinically relevant antibiotic resistant bacterial strains thereby causing healthcare problems in 

both animals and humans. Many of those strains however have been the outcome of MGEs that 

transferred horizontally, subsequently becoming successful in their spread (28). It is 

questionable whether resistant clones could have the ability to transfer between hosts and, most 

importantly, be able to adapt, compete or dominate the microbial communities present in a 

different host species (46,47). Contrastingly, the hitherto evidence suggest that MGEs are 

capable of intra and interspecies dissemination and can readily and rapidly transmit ARGs, 

especially in highly populated environments (e.g. intestinal microbiome) or where close 

contacts occur (15,28). One could draw a parallel between the transmission of resistance and a 

multi-layered, Russian nesting doll-like process in which ARGs are taken up by MGEs that 

may potentially be acquired by certain bacterial clones via HGT (41,47). These clones, being 

present in gene-exchange communities, propagate ARGs in these environments and may infect 

animals or humans, which in turn could pass them on in other populations (47). Clearly, the 

emergence, dissemination and transmission of AMR within and between bacterial and host 

species as well as the environment is a highly complex issue, which requires a deeper 

investigation at the molecular level to elucidate the intricate pathways and mechanisms that are 

at work (23,47).   

However, molecular epidemiological studies of resistance are accordingly very complicated 

(23,29). Conventionally, in the study of MGEs and HGT, PCR-amplicon typing methods have 

been used, however they are limited in resolution (24). Short-read sequencing has recently been 

more widely employed to determine the AMR evolution and transmission chains involving 

HGT, however important limitations exist with this approach as well (29). Particularly, the 

reads that are produced with this method are too short to permit the identification of MGEs, 

such as plasmids, phages and transposable elements, consequently resulting in inaccurate or 

incomplete de novo assemblies (29,41). Long-read sequencing technologies can produce reads 

of longer sequence and can therefore span repetitive areas -where ARGs are often located- , 

permitting a complete reconstruction of the structure of a genome (23,29). Nonetheless, these 

longer sequences often have more errors in base calling (23,29). Currently, it appears that a 
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combination of short- and long-read sequencing technologies can ameliorate and even 

complete MGEs assemblies from complex whole metagenomes (29). Still, it is important to 

comprehend when and how to apply these two techniques when conducting molecular 

epidemiological studies with the aim to trace transmission and outbreak events of resistance 

(41).  

 

Current evidence of inter-host AMR transmission from genomics 

data 
When considering the possibility of AMR transmission between animals and humans, it is 

essential to ponder on the potential transmission routes and transfer rates of the bacteria (4). 

Zoonotic foodborne bacteria, such as Campylobacter, are seemingly more capable of directly 

transmitting to humans and also be implicated in respective AMR cases causing foodborne 

diseases in humans but they might not be as likely to confer resistance determinants to other 

relevant bacterial species (4). Indicatively, Campylobacter has been found to be resistant to 

fluoroquinolones and macrolides but these resistances are the outcome of chromosomal 

mutations, thus there is little potential for HGT to occur and perpetuate this AMR in human 

clinically relevant bacteria (48). Moreover, it appears that the great majority of transmission 

events of ARGs happen inconspicuously amongst bacteria that are well adapted  in host-

associated and environmental microbial communities (e.g. E. coli and Enterobacteriaceae 

members), such as the intestinal microbiome (49). 

 In this review we aim to examine the hitherto evidence that use WGS techniques to prove 

(or not) the occurrence of AMR transmission between animals and humans, with a specific 

focus on food-producing animals. We will be mostly concentrating on interspecies AMR 

transmission with regards to commensal or opportunistic pathogenic bacteria that are common 

in both humans and animals, such as E. coli, Enterococcus spp., Klebsiella spp. and are 

currently responsible for many serious infections in human hospitals (50,51). Besides, in 2017 

the WHO declared these bacteria of critical or high priority because of their resistance to 

multiple antibiotics that are crucial for human medicine (52).  This is explored for low-middle 

income countries (LMICs), upper-middle income countries (UMICs) and high-income 

countries (HICs), considering the potential determinants in all settings. In addition, we seek to 

examine the importance of HGT compared to clonal dissemination on the issue of interspecies 

transmission of AMR. Ultimately, the overall risk of AMR interspecies transmission events is 

assessed. In Figure 3, the locations of the studies that will be reviewed are presented.    
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Figure 3: Schematic representation of the location of the reviewed studies.  

 

HICs 

The hitherto evidence that were identified from studies performed in HICs generally do not 

support the occurrence of AMR transmission events between animals and humans. 

In 2019, Ludden et al. published a report exploring the possibility of drug-resistant E. coli 

associated with serious bloodstream infections in humans, which had displayed an increased 

prevalence in the East of England, originating from livestock or retail meat in the same 

geographical area (53). ESBL-E. coli isolates were gathered from livestock sources (i.e. cattle, 

pig and poultry farms) and prepackaged fresh meat products, which were subsequently 

sequenced, generating short-read sequences (53). The authors also retrieved open access 

ESBL-E. coli genomes that were associated with human bloodstream infections in the same 

area in order to compare them with the livestock isolates (53). The results of the genome 

analysis indicated that most multilocus sequence types (STs) were found in one source type 

whereas only a limited overlap of ST10, ST117 and ST95 was reported between sources (53). 

Phylogenetic analysis based on single nucleotide polymorphisms (SNPs) in the core genome 

of isolates belonging to the clonal complex (CC) CC10 and CC117 showed that while human 

isolates where generally distinct from the livestock ones concerning CC117, they were 

intermixed with regards to CC10 (53). However, with identified 85 and 96 SNPs different in 

CC10 and CC117 between human and livestock isolate pairs, respectively; the authors 

concluded that the level of genome dissimilarity in CC10 and CC117 between isolates from 

humans and livestock was not concordant with recent transmission between the two hosts (53). 

Contrastingly, the isolates from the same animal species on different farms were closely 

related, with a difference of zero to five SNPs (53). Seven ARGs were most frequently shared 

amongst the sources, conferring resistance to β-lactams (blaTEM-1), sulfonamides (sul2, sul1), 

aminoglycosides (strA, strB) and tetracyclines (tetA, tetB) (53). blaCTX-M-15 and blaCTX-M-1 were 
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the most predominant genes that confer resistance to extended-spectrum cephalosporins, which 

were identified in human and livestock isolates in this study (53). For each of these seven 

shared genes and the two most predominant ones, a long-read sequencing analysis was 

undertaken to examine whether these isolated ARGs were carried by the same or different 

MGEs in humans and livestock (53). The outcome of this analysis indicated that MGEs 

between livestock and humans were mostly distinct, with an estimated 5% of human isolates 

possibly sharing closely related AMR-related MGEs with those found in livestock (53). 

Overall, this study did not produce any evidence to support the claim that E. coli causing serious 

human infections in the East of England originated in livestock, whereas only limited sharing 

of ARGs between these two hosts was found. 

In another recent study conducted by Findlay et al., third-generation cephalosporin resistant 

(3GC-R) E. coli isolates from dairy farms and human urinary E. coli isolates were collected in 

southwest England and were compared with WGS (54). The findings were similar in nature to 

that of the previously described study, reporting no evidence of recent sharing of 3GC-R E. 

coli between dairy farms and humans while limited evidence of recent sharing of 3GC-R E. 

coli plasmids between these hosts were identified (54). Importantly, the authors note that these 

plasmids isolated from humans and animals did not share a 100% identity, besides being widely 

spread in both humans and animals in several continents, consequently not suggesting a recent 

zoonotic transmission event (54). Contrastingly, the authors reported that recent farm-to-farm 

transmission of isolates from a variety of STs was clearly observed as well as of a newly 

identified epidemic plasmid (i.e. pMOO-32) (54). 

Two more studies in the same country drew similar conclusions but the bacteria that were 

investigated were different. In particular, Gouliouris et al. explored, employing WGS, whether 

isolates of Enterococcus faecium (E. faecium), including vancomycin-resistant E. faecium 

(VREfm) isolates, from livestock farms, retail meat and wastewater treatment plants in the East 

of England were genetically related to the respective E. faecium isolates from human 

bloodstream infections (55). Notably, there was no VREfm isolated from livestock (55). The 

analysis further indicated that E. faecium strains from livestock are not causatively linked to 

human disease despite evidence of limited sharing of hospital-associated strains with pigs and 

of ARGs with livestock species (55). Specifically, the most closely related isolate pair between 

livestock and humans differed by 129 SNPs, which translates to around 18 years of evolution 

(55). Some hospital-associated strains isolated from humans were distantly related to certain 

pig isolates, differing by 50 to 91 SNPs whereas there was no close relation of human isolates 

to those of cattle, turkey or chickens (55). Interestingly, isolate pairs of livestock and 

wastewater and of humans and wastewater were found to be closely related, with an eight and 

two SNPs difference, respectively, which indicated sharing between these niches within the 

past year (55). E. faecium relatedness was discovered between turkeys and chickens but not 

between any other livestock species, while links between livestock farms and wastewater 

isolates were discovered as well (55). Twenty-six ARGs were found in both human and 

livestock isolates, with macrolide, aminoglycoside and tetracycline resistance genes being 

frequent in both niches (55). Proof of gene sharing between livestock and humans regarding 

these ARGs was also discovered but with variable proportions (55). The second study 

conducted in the same area, examined the genetic relatedness of K. pneumoniae isolates using 

WGS, from hematology wards, the hospital environment, livestock farms, meat products, 
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hospital sewer and municipal wastewater treatment plants (56). However, no evidence were 

discovered that indicate livestock or wastewater were recent reservoirs of K. pneumoniae 

isolates from patients (56). Transmission of K. pneumoniae was, contrastingly, identified 

between poultry farms (56). Despite identifying highly related plasmids harboring blaCTX-M-15 

from healthcare and non-healthcare settings, there was no proof of sharing the same plasmid in 

isolates from these two settings (56). Consequently, the evidence collected from the four 

aforementioned studies in the United Kingdom (UK) do not support the occurrence of a 

zoonotic transmission event across these three bacterial species, although there were (very) 

limited indications of ARG and MGE sharing in some of them.  

The observations made in these studies were further substantiated by a recent study by 

Kurittu et al., which explored the potential zoonotic transmission routes of ESBL-producing E. 

coli in Finland (57). The authors employed WGS to compare isolates from different sources in 

Finland, including animal (i.e. broiler, barnacle geese, cattle), food (i.e. broiler meat, eggs, 

imported food) and the environment (i.e. wastewater) (57). However, isolates from non-human 

sources were found to be genetically distinct from the respective ones from human sources 

(57). Only two isolates collected previously in the same area; one from a healthy veterinarian 

and one from a human volunteer and a clinical isolate were found to be closely related, with a 

distance of 24 allelic difference (57). Nevertheless, this study had the limitation of being small-

scale, with only limited number of human isolates analyzed in a highly restricted geographical 

area (57). Furthermore, plasmid MLST (pMLST) analysis was employed to characterize and 

compare identified plasmids, which is not as robust as long-sequencing methods (57).  

A newly published large-scale One Health study by Thorpe et al. in Northern Italy provided 

a more comprehensive analysis of AMR transmission dynamics concerning Klebsiella species 

by collecting samples over a 17-month period from various sources (i.e. clinic, community, 

veterinary, agricultural and environmental) and employing WGS and bioinformatics tools (51). 

It is important to note that this restricted geographical area is known to have an increased rate 

of MDR K. pneumoniae associated with healthcare cases, especially carbapenem non-

susceptible Klebsiella (51). The authors, however report no evidence, genotypic or phenotypic, 

of non-susceptibility to carbapenems outside the clinical environment (51). The most dominant 

ESBL genes that were identified were blaCTX-M-15 and variants of blaSHV-27, which were non-

randomly distributed amongst the different sources (51). In fact, isolates of K. pneumoniae 

carrying the blaCTX-M-15 gene were majorly from humans while exceptions consisted of isolates 

from companion animals and the hospital environment (51). By contrast, 30% of K. 

pneumoniae isolates bearing the blaSHV-27 gene were from humans whereas 51% were from 

cows (51). However, there was a very limited transmission observed between humans and 

animals, especially cows, but there was some evidence suggesting that zoonotic transmission 

events happen relatively commonly between humans and companion animals and more 

frequently between humans and other sources, such as river water and invertebrates (51). 

Conversely, most of the transmission appeared to occur within sources, thus acquisition by 

humans in almost all cases originated from other humans rather than animals or the 

environment (51). It is the authors’ belief that novel resistant lineages or of high virulence are 

more likely to emerge within hospital settings rather than in the environment or in animals but 

did not exclude the latter being possible, especially since this study did not focus specifically 

on MGEs (51).  
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In a Canadian study, Cox et al. investigated, using WGS, whether there was a relatedness 

between  gentamicin resistant (Genr) E. coli isolated from human infections and chicken 

between 2014 and 2017 (50). Similarly to the previously discussed studies, a high diversity of 

Genr isolates was discovered through phylogenetic analysis, although there was a small number 

of clustering between human and chicken isolates, which indicated that potentially chickens 

may have been a minor reservoir of Genr E. coli causing human infections (50). On par with 

the findings of the other studies, within sources, there was a closely related similarity of less 

than 10 single nucleotide variants (SNVs) (50). An important observation was the co-

occurrence of Genr and the spectinomycin resistant (Specr) genes, which was more commonly 

found in chicken isolates than in human ones (50). Through long-read sequencing, these two 

genes were found to be often linked to the same plasmid, thereby suggesting that spectinomycin 

use in chicken farms may result in co-selection of Genr (50). Nevertheless, plasmids form 

human and chicken sources were discovered to be very dissimilar, with little homology 

between Genr plasmids from human and chicken sources (50).  

In Estonia, Aun et al. applied phylogenetic and in silico MLST methods to characterize the 

Enterococci strains isolated from humans (i.e. clinical samples and volunteers), farm animals 

(i.e. poultry, cattle, pig), the environment and wild birds (58). The findings of this study 

indicated that a few Enterococcus faecalis (E. faecalis) strains that colonize different farm 

animal species and humans may be closely related and may possibly share MGEs carrying 

ARGs (58). Yet, no Enterococcus strains that were isolated from wild birds carried acquired 

ARGs, suggesting that in Estonia contamination of the environment with ARGs and antibiotics 

is low and transfer of these genes cannot occur via wild birds (58).  

Contrary to the Estonian study, Medvecky et al. identified evidence of zoonotic (or 

zooanthropogenic) transmission of a blaCMY-2-carrying E. coli ST963 clone between silver gulls 

and humans in Australia (59). In particular, the phylogenetic analysis indicated a specific clade 

of ST963 E. coli isolates that carried a chromosomal copy of the cephalosporinase gene blaCMY-

2, which included close clusters of less than 20 SNPs differences of animal and human isolates 

(59). Therefore, the authors suggested that in Australia this specific clone is widely spread by 

humans and wild birds (i.e. silver gulls) (59).  

Overall, these nine studies, employing WGS techniques to analyze the proposed potential 

of AMR transmission events occurring between animals and humans that is often put forward 

by the One Health approach, did not uncover substantial evidence to support this claim. Limited 

instances of clones sharing phylogenetic close relations were reported between animals and 

humans in these studies, although in some cases the environment did appear to be a more 

important AMR source for humans (51,53). Interestingly, there appears to be a higher 

possibility of sharing AMR clones between humans and companion animals while there is an 

indication of wild birds contributing to the spread of AMR clones, as suggested by the study 

by Medvecky et al. in Australia (51,59). Alternatively, sharing of MGEs harboring ARGs 

between humans and animals was also observed in low proportions of isolates (53–55). 

Nonetheless, these studies were conducted in HICs where AMU policies have been widely 

enforced to limit the emergence of AMR strains in livestock while typically, the livestock 

production system is industrialized thereby restricting close contacts between humans and 

production animals, which could be an important factor in the spread of AMR. By contrast, the 

less restricted and monitored AMU in UMICs and especially in LMICs coupled with the closer 
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contacts between humans and animals in these countries may facilitate dissemination of AMR 

between them. Potential evidence for this is being discussed in the following paragraphs. 

 

UMICs  

China is currently considered an UMIC and its AMU has been considerably larger than 

HICs, having comparably a more intensive livestock production system (60–62). These unique 

factors may promote AMR dissemination between animals and humans, which has motivated 

researchers to conduct pertinent molecular epidemiological studies to delineate whether inter-

host spread occurs in this setting (61). One such study was conducted by Peng et al. in which 

E. coli isolates were collected longitudinally from farm animals (i.e. chickens) and abattoirs, 

including samples from carcasses and workers, as well as the workers’ households and 

environments, which were then analyzed with WGS and machine learning techniques (61). The 

authors reported phylogenetic mixing amongst human, environmental and animal isolates of 

both non-pathogenic and pathogenic E. coli strains as well as within hosts (Figure 4) (61). 

Particularly, there was a genetic relatedness of zero to eight SNPs difference amongst certain 

chicken and human isolates, human and environmental isolates and amongst isolates from all 

three niches intermixed, which indicated the potential for transmission of both pathogenic and 

non-pathogenic E. coli strains across these niches (61). An examination of Figure 4 indicates 

that isolates of the CC469 and CC101 from chickens, farm workers and the farm environment 

were genetically related. Additionally, CC205 isolates from farm workers and chickens were 

also related and the same was true for isolates belonging to CC648 collected from chickens and 

the farm environment. The isolates belonging to CC23 were genetically related between 

abattoir workers and chicken samples. Interestingly, isolates of CC86 from chickens and 

abattoir worker household members were also found to be genetically related. Genetic 

relatedness was also indicated amongst isolates belonging to CC206 that were collected from 

chickens, farm workers and abattoir household members. Of note is the observation that an 

extensive network of ARGs was apparently shared amongst humans, livestock and abattoir 

environments whereas isolates amongst these sources were found to share closely related 

MGEs that harbored ARGs (61). Specifically, 153/154 isolates carried at least one plasmid, 

with 147 of those bearing a mobile or conjugative plasmid, with a higher proportion of genes 

carried on plasmids found in chicken isolates compared to human isolates (61). It was reported 

that 29.3% of human isolates shared closely related AMR-associated MGEs with those found 

in livestock, which is a much larger proportion than that identified by Ludden et al. in the East 

of England (i.e. 5%) (53,61). A hypothesis was drawn by the authors that plasmids that 

clustered with marginal differences indicated a relatively recent transmission of those plasmids 

between isolates via HGT (61). Additionally, the authors were able to use these shared plasmids 

to identify potential hotspots for transmission of E. coli, identifying the following; in the 

abattoir, the carcasses, water and hands of abattoir workers and household members constituted 

hotspots whereas in the farm environment, isolates from the nose of farm workers displayed 

similarity to the environmental and chicken isolates (61). Maciel-Guerra et al. reported similar 

findings in an analogous study conducted in China, with human and broiler chicken isolates of 

E. coli being intermixed and several ARGs and MGEs being found in both human and broiler 

chicken samples (63). Regarding these human samples, predominately they were from farm  
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Figure 4: Maximum likelihood phylogenetic tree of the whole cohort by Peng et al. (61). The tree was drafted 

using the core genome of 154 isolates with recombination correction, which were cultured from human, animal, 

meat and environmental samples gathered from the respective farm and slaughterhouse. Inner ring: phylogroups, 

sequence types, clonal complex, collection time points and host type. Outer ring: resistance profile. 

Enteroaggregative Escherichia coli (EAEC) and Enteropathogenic Escherichia coli (EPEC) isolates indicated by 

⁕ and ⁕⁕ respectively. 
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workers, one was from a slaughterhouse worker and one from a household member (63). In 

one human household sample, the CTX-M-55 β-lactamase gene and the MGE aligned with 

broiler chicken samples (63). Additionally the QnrS1 gene, which is clinically relevant as it 

confers transferable resistance to quinolones, was widely present in both human and chicken 

isolates and included two distinct mobile ARG patterns found in both hosts; the transposase 

ISKpn19 and secondly, the transposase ISCc36 (63). Similar observations, albeit with different 

ARG patterns, were made with regards to the genes blaTEM-1, tetM and mphA (63). These two 

studies hint at a potential occupational risk of inter-host transmission of both clones and ARG-

carrying MGEs.  

In a large retrospective cross-sectional study spanning 22 Chinese provinces and 

municipalities carried out by Shen et al., the inter-host transmission potential was explored for 

carbapenem-resistant E. coli (CREC), particularly NDM-producing E. coli, which causes an 

increased burden in healthcare as well as NDM-producing E. coli strains (64). The findings of 

this study suggest a close genetic relationship amongst isolates from humans, pigs and chickens 

(64). In more detail, 27.3% of NDM-positive E. coli isolates from pigs were predicted to 

originate from humans, pigs and flies whereas 19.3% of NDM-positive E. coli from chickens 

were predicted to originate from humans and another 8.1% and 1.6% from pigs and flies, 

respectively (64). Additionally, 53.8% and 14.9% of the human isolates were predicted to have 

originated from chickens and pigs, respectively (64). Fly-derived isolates were predicted to 

have originated from humans at a percentage of 10.9%, chickens (47.8%) and pigs (41.3%) 

(64). Furthermore, isolates were identified from humans, chickens and flies that had similar 

blaNDM-carrying IncX3 plasmids (64). Consequently, the authors conclude that NDM-positive 

CREC isolates may constitute a significant transmission risk between animals and humans and 

hypothesize that initially CREC emerged in clinical settings, subsequently entering the 

livestock sector, which favored its persistence and led to its circulation between animals and 

humans via the food chain or environmental vectors (64). Contradictory to the aforementioned 

studies that did discover evidence of AMR transmission between animals and humans in China, 

Dong et al. did not observe inter-host transmission of tet(X)-positive E. coli between these hosts 

(65).  

It appears that more evidence of AMR transmission were reported in the studies from China 

compared to those conducted in HICs. The two studies by Peng et al. and Maciel-Guerra et al. 

additionally point to an occupational risk of AMR inter-host transmission (61,63). Specifically, 

humans working at either a farm or slaughterhouse environment appear to share some isolates, 

which are genetically related to the animal isolates whereas similar evidence for household 

members that do not work in these environments were fewer. Similar observations were made 

regarding ARGs and MGEs. Taken together, these results could indicate that perhaps there is 

not a sustain colonization occurring in farm and slaughterhouse workers but rather occupational 

exposure leads to frequent contamination with AMR clones or ARGs that subsequently 

dissipate, thereby not propagating these AMR determinants further into the human population.  
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LMICs 

 To provide a complete picture on the issue however, the situation on LMICs should also be 

explored. Muloi et al. sampled E. coli from humans, livestock and peri-domestic wildlife in 99 

households and their environments in Nairobi, Kenya and explored whether transmission 

occurred between these settings via WGS (66). Typically, households in that area practice 

livestock keeping, which has been indicated as a potential risk factor of zoonotic transmission 

(66). In this study, it was revealed that the households substantially influenced the diversity 

and sharing patterns of E. coli and that those were also heavily shaped by host type (66). The 

authors revealed that within households, E. coli sharing was much higher within the same host 

category whereas no substantial pattern was observed among households (66). Concurrently, 

inter-household and inter-host sharing of E. coli was discovered, including between humans 

and animals (most of which concerned poultry) but that was found to occur much less often 

(66). Particularly, analysis of core-genome SNPs from isolates within the same household 

showed that most of the sharing pairs were separated by a range of less than four to a maximum 

of ten SNPs, corresponding to several months or several years of evolutionary time (66). Most 

isolate pairs were from the same host but a 36% was between host categories, with 25% being 

between wildlife and livestock,  6% between humans and livestock and 3% between humans 

and wildlife (66). Moreover, ten sharing pairs of human, which were all males and did not all 

keep livestock, and livestock isolates belonged to STs that were not host restricted (66). Six of 

those concerned the same household whereas the remaining four did not keep livestock but did 

share bacteria with livestock from other households (66). In those ten sharing events, the 

majority of the persons that did not keep livestock reported to have direct contact with livestock 

via collection of eggs, milking or handling (66). The resistome (i.e. collection of all ARGs and 

their precursors in pathogenic and non-pathogenic bacteria (67)) similarity was found to be 

driven by shared exposure to antimicrobials since it was differently distributed across 

household and host (66). Also, humans and wildlife, including mammals and birds, were found 

to have a higher than expected resistome similarity (66). The authors hypothesize that this was 

due to AMU selective pressure rather than dissemination from a common source (66). 

An interesting study carried out in Zambia by Shawa et al., provided evidence of direct 

transmission of the MDR E. coli O17:H18-ST69 clone between poultry to humans, although 

its directionality could not be ascertained (68). In support of this, a high degree of genetic 

relatedness was displayed between E. coli O17:H18-ST69 from humans and poultry by the 

phylogenetic analysis and hierarchical clustering (68). Importantly, 20% of poultry and 24% 

of human-related isolates contained the E. coli O17:H18-ST69 clone together with two 

plasmids carrying 14 ARGs (68). These plasmids belonged to the IncFI and IncI-complex 

incompatibility group and were shared between these host isolates (68). However, the isolates 

also contained other niche-specific AMR plasmids, harboring blaCTX-M genes, which indicated 

independent ESBL acquisition pathways (68). Considering these results, the authors suggested 

that the spread of MDR between the two niches happened via direct transmission of this 

specific clone together with the two plasmids (i.e. IncFI and IncI complex) (68). They further 

hypothesize that the clones subsequently diverged, following different evolutionary pathways 

because of various selection pressures exerted on them based on each host’s environment that 

led to the acquisition of distinct ESBL-producing plasmids via HGT (68).  
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In another study, this time conducted in Nigeria, Aworh et al. investigated the zoonotic 

transmission of ESBL-producing E. coli among beef cattle, humans and the abattoir 

environment (69). In a little over 90% of the ESBL-producing E. coli isolates from all sources 

the blaCTX-M-15 gene was observed while in around 5% and 2% of the isolates the blaCTX-M-14 

and the blaCTX-M-55 genes were observed, respectively (69). Approximately 84% of the isolates 

harbored a plasmid-mediated quinolone-resistant gene (i.e. qnrS1) and intriguingly, one human 

isolate carried a plasmid-mediated colistin-resistant gene (i.e. mcr 1.1) (69). Quite a few 

isolates from humans, cattle and the abattoir environment had pairwise differences that ranged 

from zero to 30 SNPs, thereby displaying clonal relationships (69). One human and one cattle 

isolate (ST46) had a pairwise difference of two SNPs, constituting them closely related and 

suggesting that potentially resistance horizontally transferred between the two hosts (69). 

Notably, these isolates originated from the same abattoir location and had similar ARGs, which 

were carried by identical ISs, miniature inverted sequences (MITEs) and transposons whereas 

no ESBL gene was harbored on plasmid replicons (69). As such, Aworh et al. speculate that 

ARGs might transfer from humans to cattle or vice versa via HGT of MGEs (69).  

Two studies in Thailand report results based on WGS regarding zoonotic AMR 

transmission, although the bacterial species that were studied were different (i.e. K. 

pneumoniae and E. coli) (70,71). In particular, Leangapichart et al. reported that transmission 

of K. pneumoniae between animals and humans was detected concerning solely one human-

pig pair, which belonged to ST29 and differed by three SNPs, suggesting limited zoonotic 

transmission (70). Conversely, Hickman et al. report extensive zoonotic sharing between pigs 

and humans of ARGs via HGT, which was suggested HGT as the main mechanism of zoonotic 

ARG spread in this study (71). In agreement with the previous study, limited evidence 

suggesting clonal transfer between pigs and humans was found and those concerned humans 

in close contact with the animals (71).  

A study in Peru explored the potential of market chickens being a reservoir of antimicrobial-

resistant E. coli that could colonize market vendors and other humans (49). An interesting 

finding of this study was that resistance to florfenicol was higher in chicken vendors than other 

groups of humans (49). It is important to mention that florfenicol is often used as a growth 

promoter in poultry farms, yet it is not approved for use in humans (49). The florfenicol 

resistance gene floR was identified in isolates from both chickens and humans and was 

associated with conjugative plasmids that shared a high degree of similarity between these two 

hosts (49). Consequently, the authors speculated that florfenicol resistance in humans may 

happen through the colonization of strains that carry the floR gene or through plasmid 

conjugation from animal strains into human commensals, facilitated by improper handling of 

poultry meat from vendors and customers (49). Critically, the authors propose that the floR 

gene might represent a potential marker of AMR in humans that can be traced back to animals 

(49). However, this finding was the outcome of comparing plasmid replicon types using a 

relevant database (i.e. PlasmidFinder), which is not a high-resolution method (49). 

Furthermore, the authors investigated whether E. coli isolates from human babies, adults, 

chicken vendors, organic and non-organic chickens were genetically related using a maximum-

likelihood phylogenetic tree (49). Only within host isolate groups were found to be similar, 

differing by less than 100 SNPs (49). By contrast, although there were some shared STs 

between chicken vendors and market chickens, those differed by more than 900 SNPs, 
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suggesting that direct transmission did not occur between hosts and that those STs were more 

distantly related (49). Likewise, STs that were shared between babies and organic chickens as 

well as non-vendors and market chickens were found to be similarly distinct (49).  

Salinas et al. investigated whether E. coli strains from both children and domestic animals 

in the same community in Ecuador with corresponding phenotypic AMR patterns had clonal 

relationship or shared the same plasmids via WGS (72). The outcome of this analysis suggested 

that none of the isolated strains were clonally transferred between children and domesticated 

animals since the entirety of the MDR E. coli isolates had minimally 90 whole-genome SNP 

differences between them (72). Additionally, despite most of the isolates sharing the same 

ARGs and replicons, long-read sequencing implied that these were located on different plasmid 

structures (72). Yet, Salinas et al. theorize that a common pool of ARGs may be concurrently 

circulating in the same community but on different plasmids and on different E. coli clones, a 

phenomenon most likely promoted by transposons, integrons or gene cassettes (72). The 

authors of this paper additionally emphasize the importance of using whole-genome techniques 

to investigate the relatedness of clones and plasmids instead of MLST methods as the latter 

could lead to erroneous conclusions (72). For instance, whole-genome sequencing identified 

three human isolates belonged to ST226 but extended MLST indicated that they belonged to 

ST681 (72). Likewise, three human and one cat isolates belonged to ST10 but extended MLST 

suggested that two of the human isolates and the one from the cat belonged to ST2 and the 

remaining human isolate belonged to ST767 (72). However, WGS demonstrated that the two 

human isolates belonging to ST2 were not, in fact, related, differing by 5,392 SNPs and that 

these two human isolates further differed from the cat isolate by 6,138 and 7,409 SNPs, 

respectively (72).  

Clearly, there are more instances of AMR dissemination occurring between animals and 

humans in UMICs and LMICs compared to HICs. Three out of the four studies conducted in 

China presented evidence regarding the inter-host transmission through both HGT and clonal 

spread, although clonal spread appeared to concern limited cases of mostly farm and abattoir 

workers (61,63,64). Likewise, five of the seven LMIC studies reported evidence of clonal 

spread between animals and humans, albeit those were very limited in nature in most reports 

(66,68–71). HGT of ARGs was suggested to have occurred between humans and animals in 

four out of the seven LMIC studies, with some characterizing it as extensive (49,66,69,71). 

Therefore, HGT of ARG-carrying MGEs might be a more important dissemination pathway 

between humans and animals. However, other studies from UMICs and LMICs report 

contradictory results. Indeed, one study in China and one in Ecuador did not find any evidence 

of inter-host AMR clonal spread nor via HGT (65,72). In addition, although one study in Peru 

suggested that an ARG had horizontally transferred to humans from animals, albeit employing 

lower resolution techniques, they did not discover any evidence of clonal dissemination 

between these hosts (49). Clearly, there is still uncertainty on the extent and via which pathways 

zoonotic AMR spread occurs even in UMICs and LMICs despite certain studies reporting more 

evidence than HICs. Certain determinants, such as increased AMU but also livelihood factors 

and different practices in keeping animals could potentially be causing the observed 

differences. 
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Discussion 
The threat that AMR poses on humanity is undoubtedly grave. Already, an alarming amount 

of deaths have been associated or directly attributed to AMR and predictions are even more 

somber (3,7,73). Particularly worrisome is the rapid increase of infections in humans caused 

by resistant bacteria, especially those resistant to last resort antimicrobials (73). As AMU has 

been identified as an important driver of AMR, concerns have been reasonably voiced 

regarding AMU in livestock and the possibility of AMR spreading from animal sources to 

humans and the environment (4,22). As a result, the One Health approach has been adopted to 

guide both preventative and surveillance actions across all three interfaces (47). Yet, so far 

there has been little evidence that can safely conclude the occurrence of zoonotic transmission 

of AMR (4,24,74). Often, studies that in the past attributed certain clinically relevant AMR 

clone emergence to livestock were subsequently disputed by use of higher-resolution 

methodologies (19,24). Today, the advent of WGS and its wider accessibility provides a unique 

opportunity to study at a higher resolution the intricate pathways and mechanisms of AMR 

transmission and emergence (23). We reviewed 19 molecular epidemiological studies that 

employed WGS and bioinformatics tools to assess the possibility and the extent to which such 

transmission events between hosts and the environment may be occurring. Out of the 19 papers 

reviewed, nine concerned HICs, four were conducted in UMICs (i.e. China) and seven were 

carried out in LMICs. It has been theorized that the risk of a zoonotic AMR transmission event 

happening is bigger in LMICs and UMICs because there is higher AMU, which is, additionally, 

less monitored (47). Furthermore, in LMICs, typically farming practices are at the household-

level, thus humans are in closer contacts with animals, which may constitute an additional risk.  

In this review, we observed that HICs did not report sharing of AMR clones and failed to 

identify any transmission event, mostly suggesting that emergence of new clinically relevant 

AMR strains is more likely to occur in hospital settings and amongst humans. Nevertheless, 

some limited sharing of ARGs via HGT of MGEs was indicated by those studies (50,51,53–

56). In addition, wild birds may be playing an important role in the dissemination of clinically 

relevant AMR clones, as reported by Medvecky et al. in Australia although another study by 

Aun et al. in Estonia, failed to detect this (58,59). The situation in China (UMIC) was quite 

different in that most studies did indicate zoonotic transmission of  clones and/or ARG-carrying 

MGEs (63,64). Of note is that this appeared to concern mostly farm and abattoir workers, which 

could suggest that exposure to these environments may lead to an occupational risk of more 

frequent AMR determinant dissemination from animals. A study conducted in The Netherlands 

by Van Gompel et al. seem to indicate that ARG carriage in people exposed to pigs and pork 

is higher than in people who are not (75). The evidence from these studies could point to 

contamination with AMR determinants rather than sustained colonization since workers’ 

household members were infrequently found to share ARGs or AMR clones, although more 

studies would be necessary to arrive at this conclusion. Crucially, HGT of MGEs was 

speculated to be quite important in the propagation of resistance amongst hosts and specifically, 

MGEs other than plasmids, such as insertion sequences and transposons were identified to be 

central to inter-host ARG dissemination (61,63). Only one study by Dong et al. did not find 

evidence of zoonotic AMR transmission (65). These findings could be potentially explained 

by the fact that China has an intensive livestock production system, using many antimicrobials 
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(61). The studies from LMICs again provided more evidence of genetic relatedness between 

human and animal AMR isolates compared to HICs, especially for people in close contacts 

with animals, having similar observations as in the Chinese studies regarding the importance 

of HGT of MGEs in the issue (49,66,68,69,71). Two studies, found limited or no evidence of 

inter-host AMR clonal spread (70,72). An interesting aspect was the one presented by Muloi 

et al. that reported that although there was often sharing of ARGs and bacteria between 

households, within each household there was a different resistome and bacterial persistence 

(66). The authors conclude that this empirically underpins the hypothesis by Lourens Baas 

Becking that “Everything is everywhere, but, the environment selects” (66). In the great 

majority of the studies that included environmental isolates, genetic relatedness amongst 

human and/or animal isolates of AMR strains was discovered, indicating its potentially 

substantial role in the AMR transmission pathways. Although WGS techniques combined with 

other tools, have the potential to delineate these pathways by providing a high-resolution view 

of the events at the molecular level, Salinas et al. stress that researchers should be cautious 

when interpreting results that are based on MLST techniques rather than solely on whole-

genome sequencing due to the possibility of errors (72). Additionally, when exploring MGEs, 

it is preferable to use a combination of short- and long-read sequencing (41,72). 

Hitherto, the evidence suggest that it is probably more likely for such transmission events 

to be observed in LMICs or UMICs; however those are mostly limited in nature and do not 

appear to have caused serious healthcare issues in humans. The directionality of these 

transmissions nevertheless is still unknown. Furthermore, ARG-carrying MGEs are proposed 

to be most crucial in the issue of inter-host dissemination of AMR by the majority of these 

studies, based on their findings.  

Still, the question remains whether these transmission events that appear to happen mostly 

infrequently and in comparably small proportions of the population could prove to cause 

significant problems in healthcare. A study by Mughini-Gras et al. argues that human-to-human 

transmission of ESBL-producing and pAmpC-producing E. coli within a community may not 

be enough to sustain their carriage in humans without transmission occurring to and from non-

human sources (76). Therefore, it is essential to continue investigating the potential scenarios 

and pathways of inter-host transmission of AMR in a One Health manner, using high-resolution 

techniques and well-designed studies. Although there are quite possibly a multitude of possible 

scenarios that AMR inter-host transmission might occur, in Figure 5 four possibilities are 

depicted, based on the studies that were discussed in this review. One possibility is that AMR 

clones or MGEs that carry ARGs may be transferred directly from animals to humans (or vice 

versa) (Figure 5A). The second scenario is indirect, thus these AMR elements may be 

transferred via a vector (either biological or non-biological) as also proposed by Shen et al. 

(Figure 5B)(64). Thirdly, these AMR elements may be disseminated from either humans or 

animals to the environment and subsequently transmitting to animals or humans, respectively 

(Figure 5C). Finally, as proposed by Shawa et al. (68), a AMR strain may be transferred from 

an unknown source to either animals or humans and subsequently transmitting to humans or 

animals, respectively. Then, distinct ARG-carrying MGEs might be transferred to each host, 

consequently being integrated to the strain resulting in a divergent strain in each host that 

nevertheless had the same origin (Figure 5D).  
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Figure 5: Schematic representation of four potential scenarios of AMR transmission between animals and 

humans. The arrows indicate transmission of either AMR clones or MGEs carrying ARGs. (A) Direct 

transmission from animals to humans and vice versa. (B) Indirect transmission from animals to humans (or vice 

versa) through biological (e.g. flies) or non-biological (e.g. equipment) vectors. (C) Dissemination from animals 

(or humans) to and from the environment. (D) As described by Shawa et al. (68), from an unknown source AMR 

clones with their ARG-carrying MGEs may be transferred to either animals or human and subsequently spreading 

between them. Later, each host might acquire different ARG-carrying MGE and the clone goes on to evolve 

separately in each host. The question mark indicates an unknown source of AMR. The yellow moon-like object 

represents the bacterial clone. The red and blue DNA molecules represent distinct ARG-carrying MGEs. 

Understandably, a lot is still unknown and well-designed molecular epidemiological studies, 

employing WGS methodologies are sorely needed. In the future, it would be advantageous if 

large-scale longitudinal studies were conducted, with an appropriate sampling framework at 

both the animal and human front (4). These should, ideally span broad geographical areas and 

be unbiased (4). Essentially, they must consider the microorganisms that are being studied, 

their respective niches and AMR determinants in each area that is being investigated (4). This 

could provide more information that could guide future policies with the aim to limit the spread 

and progression of AMR at a global scale. There were two examples of studies that approached 

this ideal design in the literature that this review covered, namely the study by Thorpe et al. 

and Salinas et al., which could constitute a guide for future studies exploring inter-host 

transmission of AMR (51,72). 

Currently, the evidence suggest that under certain conditions, inter-host transmission of 

AMR can occur, albeit rarely and with varying pathways. Whether this is a slow or a fast 

process is so far unknown, although a very recent study implies that plasmid movement across 

different niches may be happening at more increased rates than previously thought at least 

concerning Enterobacterales (77). However, it is important to mention that this study, at the 

time that this review was written, had not been reviewed. Regardless, the fact that this 

occurrence might be rare should not minimize the potential risk that it could pose in the event 
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that a highly virulent AMR strain emerges. Thus, efforts should continue to incorporate the 

One Health approach, in a more targeted way to elucidate these unknown aspects.  
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