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Emergence and rapid spread of antibiotic resistance has posed a serious threat to public health and undermined decades

of progress made in the fight against bacterial infections. Plasmid-mediated horizontal tranfer of antibiotic resistance

genes (ARGs) has been recognized as the most dominant dissemination pathway of ARGs in humans, animals and

environmental settings. In particular, four pathways including conjugation, transformation, transduction and vesiduction

account for horizontal transfer of antibiotic resistance genes. A better understanding of these pathways and underlying

mechanisms would contribute to developing more effective stategies to control the prevalence of ARGs.
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1. Introduction

The rapid emergence and dissemination of antibiotic resistance are increasing threats to public health . It has been

forecast that about 10 million lives would be lost due to infections caused by multidrug resistant bacteria in 2050 if the

current situation continues . Importantly, plasmid-mediated intra- and inter-species horizontal gene transfer (HGT) is

commonly acknowledged as a major driver for the prevalence and spread of antibiotic resistance genes (ARGs) in the

environment, human beings and animals . For instance, since bla  gene-mediated carbapenems resistance was

first identified in 2009 , this gene has been widely reported in clinically relevant pathogens from human and animal

sources . Additionally, the mobilized colistin resistance gene mcr-1-positive Enterobacteriaceae  from different origins

has been identified in over 50 countries across six continents. Meanwhile, various mcr-1 variants, such as mcr-
2/3/4/5/6/7/8/9/10, were also identified in bacteria from various sources . Previous research has shown that sub-

minimum inhibition concentrations (MIC) of specific antibiotics can profoundly facilitate the conjugation process, thus

improving the relatively low conjugation efficiency in the experimental conditions . However, other compounds, such as

environmental contaminants, also play a crucial role in the dissemination of ARGs, whereas their actions are largely

neglected. Therefore, extensive attention should be paid to these exogenous compounds that contribute to HGT. A better

understanding of the effect and molecular mechanisms of these non-antibiotic drugs on HGT would be conducive to

developing more effective strategies to control the spread of ARGs. Meanwhile, the effect of these potential inhibitors of

HGT is also worthy of remark as it provides a distinct pipeline in combating antibiotic resistance.

2. Horizontal Transfer of Antibiotic Resistance Genes

HGT generally refers to genetic communication between individuals of different species that can cross reproductive

isolation barriers. Essentially, HGT represents the process of sharing genes or genetic material among individuals of

different species, which adds new genetic variation to the recipient organisms and avoids the destructive effect caused by

the gradual accumulation of point mutations. In addition, dominant traits in the process of life evolution can spread rapidly

among individuals of different species, aiding them to quickly adapt to the new environment or obtain new resources .

Before widely found in eukaryotes, HGT was first identified in prokaryotes, which are smaller, easier to spread and highly

adaptable to the environment, particularly in bacteria . Because most point mutations are not beneficial or harmful to

individuals, and prokaryotes lack heritable variation caused by sexual reproduction, HGT is an important means to obtain

new genetic material for them. In addition to obligate endosymbiont bacteria, most bacteria quickly adapt to the new

environment by obtaining genes from other species in the environment, which is often accompanied by the loss of other

genes . Altogether, HGT has been considered as the main driving force of prokaryotic evolution regardless of some

debates.

Accordingly, conjugation, transformation, transduction and vesiduction were recognized as four major pathways for HGT

in prokaryotes (particularly bacteria) (Figure 1) . Among these four pathways, conjugation is commonly considered

as the most dominant route . Differently from transformation and transduction, conjugation requires cell-to-cell contact

via cell surface pilus or adhesions, offering better protection from the disturbed environment and a more efficient means to
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transfer bacterial genes from a donor cell to a recipient cell (Figure 1A) . Differently from the sex pilus, which helps the

donor cell attach to the recipient cell produced by the donor cells in Gram-negative bacteria, the contact in Gram-positive

bacteria relies on surface adhesins . After the connection, the two cells will directly contact and form a coupling bridge

by which DNA can be transferred from the donor to the recipient. Generally, this process includes two steps: (1) DNA is

mobilized by mob genes-encoded relaxase proteins; (2) single-strand DNA is transported via a type IV secretion system

(T4SS) .

Figure 1. Pathways of horizontal gene transfer. (A) Conjugation is the process of DNA transfer from donor cell to recipient

cell via cell-to cell contact. (B) Transformation represents the uptake and integration of naked fragments of extracellular

DNA by recipient cells. (C,D) Transduction and vesiduction refer to the transfer of bacterial DNA (red DNA strand) by

bacteriophages (C) or extracellular vesicles (EVs, D).

Although conjugation could also occur in some Gram-positive bacteria, the modes of action, particularly in cell recognition,

are different from those in Gram-negative bacteria . Similarly, the conjugation process in both Gram-negative and

Gram-positive bacteria is highly dependent on the conjugative plasmids-encoding conjugation machinery. Meanwhile,

conjugation machinery enables the transfer of non-conjugative plasmids, such as IncQ plasmids, with a broad range of

hosts . Notably, these mobile genetic elements, which included antibiotic resistance genes located in plasmids or

chromosomes, are transferred from environment-derived bacteria to various human health-relevant pathogens .

Moreover, transfer of ARGs between unrelated bacteria with large taxonomic distances was also identified . These

examples suggest the remarkable role of conjugation in the dissemination of ARGs within different reservoirs.

Transformation refers to the process that extracellular free fragments of DNA are taken up and integrated by certain

bacteria (Figure 1B) . It requires several conditions, including free DNA fragments and competent recipient bacteria,

and the translocated DNA must be integrated into the recipient genome or encircled as plasmid DNA . In order to

effectively absorb DNA, bacterial cells must be in a competent state, as defined by the ability of bacteria to bind to free

fragments of DNA, and are formed only in a limited number of bacteria, such as Haemophilus and Streptococcus .

However, many other bacteria, such as E. coli, can be artificially rendered to be competent under specific stressful

conditions, such as antibiotic stress or calcium chloride (CaCl ) stimulation . Consistently, it has been indicated that

antibiotic treatment could promote the transformation of extracellular DNA . It is also noteworthy that the transformation

of ARGs has been widely found in various species. For example, the fluoroquinolone resistance gene (gyrA) and penicillin

resistance gene (penA) could be transformed into S. pneumoniae and commensal Neisseria species, respectively .

Unlike conjugation and transformation-mediated HGT, transduction is performed by bacteria-infecting viruses termed

bacteriophages. In this process of genetic recombination, genes from host cells are first incorporated into the genome of

the bacteriophage, and then carried to the recipient cell after the next bacteriophage infections (Figure 1C) .

Transduction is a reliable way to transfer DNA between bacteria because it can protect foreign DNA enclosed in

bacteriophages from physical degradation and DNase in the environment. Additionally, cell-to-cell contact, which is

indispensable in conjugation, is not necessary for transduction. However, bacteriophages-mediated transduction is not
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applicable for horizontal transfer of extensive genes owing to the inefficient package of bacteriophages and its high

specificity to infected bacteria. Therefore, interspecific transfer caused by transduction is not common in the

environmental setting. Nevertheless, several studies have suggested that bacteriophages-mediated transductions also

partially account for the prevalence of ARGs. For instance, the presence of ARGs in bacteriophages has been detected in

cystic fibrosis patients , wastewater samples  and animal and human fecal samples , suggesting that

bacteriophages are potential reservoirs of ARGs.

In addition to the three canonical mechanisms above, extracellular vesicles (EVs)-mediated DNA transfer, termed

vesiduction (Figure 1D), has been proposed as a fourth mode of HGT . The secretion of EVs from bacterial membranes

was first observed in the 1960s , and subsequently proven as a widespread phenomenon in both Gram-positive and

Gram-negative bacteria . Moreover, eukaryotes and archaea such as hyperthermophilic and halophilic archaea

can also produce EVs , suggesting that this biological phenomenon is not specific to prokaryotes. It has been

evidenced that EVs are associated with different physiological roles , which are highly dependent on their

composition. For example, peptidoglycan hydrolases or toxin-containing EVs are involved in pathogenicity or competition

with other microorganisms; quorum sensing molecules may correlate in cell-to-cell communications . Additionally, EVs

can function as DNA carriers capable of protecting DNA from degradation by restriction enzymes, DNase or other physical

and chemical conditions, thus playing a crucial role in HGT. In 2000, Yaron et al. first indicated that EVs from E. coli
O157:H7 are responsible for the transfer of virulence genes . Thereafter, EVs were found to transfer endogenous

and/or exogenous plasmids from cell to cell . All examples shed light on the fact that vesiduction-conferred HGT is

becoming increasingly common in diverse microorganisms. However, the precise mechanisms of vesiduction remain

obscure, especially when it comes to secretion and its regulatory factors of EVs, as well as its recognition and fusion with

recipient cells.
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