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Bacterial drug resistance is rapidly developing as one of the greatest threats to human health. Bacteria will adopt

corresponding strategies to crack the inhibitory effect of antibiotics according to the antibacterial mechanism of antibiotics,

involving the mutation of drug target, secreting hydrolase, and discharging antibiotics out of cells through an efflux pump,

etc. Bacteria are found to constantly evolve new resistance mechanisms to antibiotics, including target protective protein,

changes in cell morphology, and so on, endowing them with multiple defense systems against antibiotics, leading to the

emergence of multi-drug resistant (MDR) bacteria and the unavailability of drugs in clinics. 
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1. Introduction

Antibiotic resistance is recognized as one of the most serious global threats to human health in the 21st century . In

2019, researchers found that 1.27 million people died directly from antibiotic resistance according to analyses of cases

related to antibiotic resistance in 204 countries and regions around the world, and another 4.95 million people died

associated to antibiotic resistance, most of which died from methicillin-resistant Staphylococcus aureus (MRSA), reaching

over 100,000 .

Since Penicillium was demonstrated to inhibit the growth of other bacteria in 1928 , the antibiotic industry has rapidly

developed and successfully saved the lives of thousands of wounded patients, and as such, is regarded as one of the

greatest discoveries in human history. In the following decades, plenty of different types of antibiotics were identified and

successively applied to clinical treatment. However, a few years after the discovery of Penicillin, the phenomenon of

bacterial resistance began to appear. In 1972, MRSA was found in England, the United States, and other countries . In

2008, a metallo-β-lactamase gene blaNDM-1 with the capability to resist the most widely antibacterial hydrocarbon

antibiotics was identified for the first time in Klebsiella pneumoniae . In 2015, a new drug-resistance gene mcr-1 was

identified in Enterobacteriaceae of pigs in southern China, with the capability to express drug resistance to polymyxins .

In 2017, the WHO published its first-ever list of the deadliest superbugs that threaten human health, covering 12 families

of dangerous bacteria that have developed resistance to antibiotics, where the “critical” section refers to three bacteria—

carbapenem resistant Acinetobacter baumannii, carbapenem resistant Pseudomonas aeruginosa, and carbapenem

resistant and ESBL-producing Enterobacteriaceae (including Klebsiella, E. coli, Serratia, and Proteus)—which are all

resistant to multiple drugs, and can elicit a range of serious infections .

In a natural environment, bacteria are supposed to constantly compete for survival resources, which equips numerous

microorganisms with the evolved chemical substances produced in the process of metabolism that can inhibit or kill other

microorganisms , where the Penicillins are metabolites of Penicillium, and cephalosporins are metabolites

of Cephalosporium, etc. Under the pressure of survival, competitors have also evolved corresponding resistance

mechanisms to various antibiotics, and antibiotic-secreting strains often have corresponding resistance mechanisms to

protect themselves. Studies have demonstrated the resistance of archaea from 30,000 years ago to β-lactam antibiotics

(e.g., penicillin) and aminoglycoside antibiotics (e.g., streptomycin) . It is obvious that bacterial drug resistance is

developed as a self-protection mechanism that bacteria retain in natural selection, and various resistance mechanisms of

bacteria have been developed against antibiotics by long-term evolution, enabling bacteria to escape the action of more

antibiotics, which aggravates the problem of bacterial drug resistance.

Up to now, antibiotics have been widely utilized for more than 80 years globally, and there exist thousands of available

antibiotics, with hundreds of them commonly applied in clinical practice. However, since the 1990s, the identification of

antibiotics has gradually ground to a halt, and most novel antibiotics are optimized and upgraded only on the basis of the

original antibiotics, without changes in the drug targets and antibacterial mechanism. In recent years, with the

development of bioinformatics, synthetic biology, and other biotechnology, new potential antibiotics have been increasingly

discovered, such as Teixobactin (2015) , Chimeric peptidomimetic (2017) , Arylomycin (2018) , Corbomycin
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(2020) , Iboxamycin (IBX) (2021)  and so on, the most of which have new drug targets in comparison to previous

antibiotics, with the nonspecific targets enabling a broad antibacterial spectrum for these compounds. Furthermore, the

bacteriostasis achieved through physical or chemical principles in most of them, to a large extent, prevents the bacteria

from obtaining drug resistance through mutation.

At present, the small molecule drugs are still adopted as the first choice of clinical antibacterial drugs, which, however, will

bring some issues, as for example, they all act as the metabolic pathways shared by microorganisms, rather than drugs

killing specific pathogenic bacteria, thus destroying the microbial ecological balance of the organism . Among the novel

treatment methods, antimicrobial therapy based on phage therapy and CRISPR-Cas technology has aroused the

increasing interest of researchers. As early as 1921, Bruynoghe and Maisin  firstly applied phage preparations in

treating skin infections caused by Staphylococci. spp. Since then, phages have been widely adopted in the treatment of

otolaryngology, stomatology, ophthalmology, dermatology, and lung diseases. Despite the fact that after the 1940s, phage

therapy had faded out due to the gradual popularization of antibiotics, it has returned as a part of the clinician’s weaponry

with the increasingly serious problems of antibiotic resistance and the development of new antibiotics falling far behind in

recent years, with multiple successful cases of superbugs treated by bacteriophages having been reported in clinical

practice . CRISPER-Cas, as a new gene editing technology, has a high targeting efficiency and simple primer

design and multiple other advantages, which are utilized to specifically kill target pathogenic bacteria or knock out drug-

resistant genes in the genome. They target and cut the precise sequences in the bacterial genome in a species-specific

way to produce the narrowest antimicrobial spectrum possible, so as to achieve targeted sterilization or bacteriostasis.

Both methods have developed to be one of the hot issues in the current research on pathogenic bacteria treatment.

2. Mechanism of Antibiotics Resistance

Plenty of antibiotic-resistant bacteria have continuously entered people’s vision since the discovery of the first antibiotic

penicillin , triggering a long arms race between humans and bacteria. Despite the multiple natural and synthetic

antibiotics that have been added to the battlefield, corresponding strategies will always be identified by bacteria to weaken

the lethality of antibiotics. Moreover, additional functions also exist in a large amount of antibiotic resistance mechanisms

in the metabolism process of bacteria. For instance, the efflux pump that transports specific antibiotics outside the cell

membrane can also pump out toxins such as heavy metal ions to protect cells . Facing the action of antibiotics, the

related mechanisms have been continuously evolved by bacteria to resist antibiotics. Additionally, researchers have also

discovered new resistance mechanisms to antibiotics in bacteria, involving entering the dormant state, secretion of target-

protecting proteins, and regulation of metabolism and initiation of self-repair systems, which together constitute the

bacterial defense system against antibiotics. Here, the mechanism of bacterial resistance to antibiotics is mainly

summarized (Figure 1).

Figure 1. Nine resistance mechanisms of bacteria to antibiotics: (a) Target modification or mutation; (b) Permeability

reduction; (c) Efflux pumps; (d) Hydrolase or inactivating enzyme; (e) Metabolic enhancement or auxotrophy; (f) Target
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protective protein; (g) Initiation of self-repair systems; (h) Changes of cell morphology; (i) Community cooperative

resistance. The red triangle indicates antibiotics, and the resistance mechanisms of each figure are described in detail in

the main text.

2.1. Target Modification or Mutation

Combination with the target site is required for antibiotics to exert an antibacterial effect, in which the mutation or

modification of the target site will intervene with the normal combination, thus affecting the effect of antibiotics (Figure 1a).

The frequency of spontaneous mutations in antibiotic resistance is about 10 –10 , which means that one in 10 –

10  bacteria will develop resistance through mutation . The mutations occur randomly bound to the DNA replication

process, and most are detrimental to the host bacteria, which will not be inherited at the cellular or population level.

However, when exhibiting evolutionary advantage, the mutations may develop to be dominant through horizontal or

vertical transmission. With the huge number of bacteria and the horrendous reproduction speed, the mutation of genes

will correspondingly exhibit a high frequency, which allows bacteria to quickly acquire drug resistance through population

evolution and horizontal gene transmission (HGT).

At present, it is a consensus that the resistance of Mycobacterium tuberculosis (MTB) to rifampicin (RFP) is mainly

caused by the mutation of MTB rpoB gene . The rpoB gene contains an open reading frame of 3534bp and encodes

1178 amino acids (AA), but many experimental studies have confirmed that its mutation mainly occurs in the 81-base

region of position 507–533, which is called rifampicin resistance determining region (RRDR) . However, some

scholars believe that the mutation of RRDR external sequence plays a critical role in the resistance of MTB to RFP .

Penicillin-Binding Proteins (PBPs)  are located on the bacterial cytoplasmic membrane with roles in the synthesis of cell

wall peptidoglycan, acting as the target of β-lactam antibiotics. When the mutation occurs, the affinity between β-lactam

antibiotics and their target PBPs will disappear, resulting in the failure of the antibiotics to bind to the target, inducing

bacterial resistance. A related example of target site modification is the structural alteration of PBPs in MRSA, where the

resistance of S. aureus to methicillin results from the acquisition of an exogenous gene encoding PBP2a, called mecA,

which is considered to have low affinity for most β-lactams as a PBPs enzyme. Thus, acquiring mecA renders most β-

lactam antibiotics ineffective against MRSA. The similar target modification is also showed in bacteria resistance to

vancomycin, macrolides, lincosamides, and streptavidin antibiotics .

2.2. Permeability Reduction

In Gram-negative bacteria (GNB), the cell wall is mainly constituted of proteins and lipopolysaccharides, in which the

hydrophilic compounds are hard to pass through the lipid bilayer and must be facilitated by porin channels or outer

membrane porins (Omps) . Each type of bacteria produces specific porins (e.g., OmpF, OmpC, and OmpE), and the

deletion or damage of one or more Omps is one of the sources for bacterial resistance . For example, the loss of OprD

porin on the outer membrane of the cell elicits the inefficiency or weakness against P. aeruginosa for many broad-

spectrum antibacterial drugs, with which the antibacterial drugs cannot enter the cell, leading to the natural resistance to

antibiotics (Figure 1b) .

After the exposure to antibiotics, the acquired drug resistance can be produced by changing the properties and quantity of

porin to reduce the membrane permeability of bacteria. Normally, the channel proteins of bacterial outer membrane

constitute non-specific transmembrane channels with OmpF and OmpC, allowing antibiotic and other drug molecules to

enter the bacteria . However, when bacteria are exposed to antibiotics more often, the mutations will be induced

in the structural gene encoding OmpF protein, resulting in the reduction in, or loss of, OmpF channel protein, thus

preventing the antibiotics such as β-lactams or quinolones to enter the bacteria normally. Gram-positive bacteria have no

outer membrane to restrict the entry of drugs, and the outer membrane of mycobacteria is equipped with high lipid

content, making the hydrophobic drugs (such as rifampicin and fluoroquinolone) easier to enter cells, while limiting the

entry of hydrophilic drugs. Dong et al.  found that most strains with a higher resistance to β-lactam are accompanied by

mutations of the OmpF-related gene of the membrane channel protein. The inactivation of the structural gene of the

OmpF protein can decrease the membrane permeability of bacteria, intervening with the β-lactams, quinolones and other

drugs to enter the bacteria, resulting in the acquired drug resistance.

2.3. Efflux Pumps

Depending on the antibiotic or toxin challenge, efflux may serve as the most rapid acting and most effective resistance

mechanism in the bacterial repertoire of stress responses . The bacterial efflux pump system  that has evolved in

bacteria is a self-protection mechanism to prevent the accumulation of toxic compounds in cells, which can pump these

harmful molecules out of the bacteria (Figure 1c). Bacterial efflux pumps (Eps) located in the plasma membrane of
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bacteria serve as the transporters to actively expel various substrates from the cytoplasm . Among various families of

transporters, several involve the prominent members of efflux transporters: the RND (resistance nodulation and cell

division) that are especially crucial in bacteria; MFS (major facilitator superfamily); MATE (multidrug and toxic compound

extrusion); SMR (small multidrug resistance); and ABC (ATP-binding cassette) superfamilies or families . ABC efflux

pumps (recognized as “primary active transporters”) eliminate substrates by consuming the energy generated by ATP

hydrolysis, while “secondary active transporters” (MATE, MFS, RND and SMR) utilize proton motive force (PMF) as an

energy source by pumping Na and hydrogen out of the membrane .

Currently, the efflux pumps identified in Gram-positive bacteria involve members of the MATE family and MFS family,

where the MFS family is a characteristic efflux pump . Efflux pumps identified in GNBare are widely distributed and

may source from all the five families, with the most significant pumps in the clinic belonging to the RND family . The

RND efflux family members existing in many GNBand are involved in the efflux of antibiotics, heavy metals, toxins and

many other substrates, some of which are specific, for example, Tet pumps tetracyclines or Mef pumps macrolides. Other

RND pumps are mostly capable of delivering a wide range of drugs, such as the MexAB-OprM pump in P. aeruginosa,

which confers intrinsic resistance to β-lactams, chloramphenicol, tetracycline, trimethoprim, sulfamethoxazole, and some

fluorine Quinolones .

A lot of active efflux systems are nonspecific, which leads to multidrug resistance. For example, the active efflux system

(AcorAB-TolC) of E. coli can elicit resistance to tetracycline, florfenicol, erythromycin, enrofloxacin and so on. Multiple

efflux pump families have been identified in a strain of bacteria, with multiple members involved in each family. For

example, the enterobacteriaceae is found to contain the RND efflux family, MFS efflux family and ABC efflux family. The

RND efflux family involves AcrAB–TolC and OqxABa –TolC efflux systems, possessing the capability to efflux a variety of

antibiotics . For more detailed information on efflux pumps, such as the structure and function, it is recommended to

refer to the review of DU’s Multidrug efflux pumps: structure, function and regulation .

2.4. Hydrolase or Inactivating Enzyme

The inactivating enzymes produced by bacteria, such as antibiotic hydrolases or inactivating enzymes, can hydrolyze or

modify antibiotics entering the cell to render them inactive before reaching the target site (Figure 1d). There exist plenty of

aminoglycoside-modifying enzymes in bacteria, such as N-acetyltransferase, O-phosphotransferase and O-

adenosyltransferase, which, respectively, acetylate, phosphorylate or adenylate aminoglycoside antibiotics to transform

the structure of antibiotics. Inactivating enzymes produced by bacteria mainly involve: β-lactamase, aminoglycoside

inactivating enzymes, chloramphenicol acetyltransferase, etc. . The β-lactamase can covalently bind to the carbonyl

moiety of the antibiotic to disrupt its cyclic structure, inducing degradation in the β-lactam antibiotic before reaching the

target. It can also rapidly and firmly bind to β-lactam antibiotics through non-hydrolysis, preventing the antibiotics from

exerting drug resistance through binding to the target site. β-lactamases are secreted by many bacteria for up to eight

different types, each capable of hydrolyzing specific β-lactam rings . Carbapenem and extended-spectrum β-

lactamases (ESBLs) are the two most primary β-lactamases. The main mechanism of Enterobacter resistance to

carbapenem antibiotics is the production of enzymes that hydrolyze carbapenem. Those Enterobacteriaceae bacteria that

can produce carbapenem enzymes are called carbapenem-producing Enterobacteriaceae (CPE). ESBLs can destroy

most β-lactam antibiotics, such as penicillin and cephalosporins, but fail to destroy carbapenem antibiotics, and are

commonly produced by E. coli, K. pneumoniae, P. aeruginosa, A. baumannii and other bacteria .

Rifampicin is adopted as the first choice for the treatment of tuberculosis and leprosy, of which the antibacterial activity

depends on the inhibition of bacterial RNA polymerase. Researchers have identified a group of NAD-dependent enzymes

in bacteria, which inactivate rifampicin  by transferring an ADP-ribosyl molecule to the hydroxyl group of the long

aliphatic carbon chain of the rifampicin structure. Chloramphenicol acetyltransferases (CATs) promoted the acetyl group in

acetyl-CoA to covalently link to two hydroxyl groups of chloramphenicol and prevent chloramphenicol from binding to

ribosomes, thus exhibiting resistance to chloramphenicol . Aminoglycosides play an antibacterial role by binding to

23SrRNA of bacterial 50S subunit to block protein synthesis. However, several resistance genes have been identified in S.
aureus, Enterococcus faecium, M. tuberculosis, E. coli, Salmonella. spp. and other bacteria, such as lnu (A) to lnu
(F) and linAN2, which inactivate lincomycin with the encoded nucleotide transferase .

2.5. Metabolic Alteration or Auxotrophy

Although metabolism has been demonstrated to actively contribute to antibiotic lethality, antibiotic resistance mutations

are merely identified in metabolic genes, and metabolic dysregulation does not serve as a commonly cited mechanism of

antibiotic resistance. In 2021, James’s team found for the first time that mutations in core genes in some metabolic

pathways can induce antibiotic resistance, which are widely present in the genome of clinically pathogenic E. coli ,
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including the core genes of metabolic pathways, such as the sucA gene (2-oxoglutarate dehydrogenase enzyme) involved

in catalyzing the tricarboxylic acid cycle. The gene with this mutation reduces basal respiration by inhibiting the activity of

the tricarboxylic acid cycle elicited by antibiotics, avoiding the occurrence of metabolic toxicity, inhibiting the killing effect of

antibiotics, and eventually leading to antibiotic resistance .

The essential metabolic pathways required to synthesize amino acids, nucleotides, vitamins, fatty acids or metabolic

coenzymes at the genetic level are found to be lacking in auxotrophs . Microbial communities are composed of

cells with varying metabolic capacity, regularly including auxotrophs lacking essential metabolic pathways. In contrast to

prototrophs that can flexibly switch between metabolite synthesis and uptake, the growth of auxotrophs is constitutively

dependent on the extracellular availability of these metabolites . Sulfonamides possess a similar structure to that of

p-aminobenzoic acid (PABA), which inhibits the activity of dihydrofolate synthase and prevents folate metabolism by

competing with PABA to bind to the active site of dihydrofolate synthase in the process of bacterial folate metabolism. As

folic acid is the precursor of nucleic acid synthesis, its deficiency will hinder nucleic acid synthesis and inhibit bacterial

growth and reproduction . However, bacteria can weaken the inhibitory effect of sulfonamide antibiotics on folic acid

metabolism through metabolism enhancement, and can also obtain folic acid from extracellular in an auxotrophic way to

maintain normal metabolism (Figure 1e). In 2022, Markus Ralser’s  team have revealed a metabolically imprinted

mechanism that links the presence of auxotrophs to an enhancement in metabolic interactions and gains in antimicrobial

drug tolerance. Moreover, the elevated efflux activities reduce the intracellular drug concentrations, allowing cells to grow

in the presence of drug levels above minimal inhibitory concentrations. These results indicate that auxotrophy is beneficial

to alleviate the sensitivity of bacteria to antibiotics, thus reducing the antibacterial effect of antibiotics.

2.6. Target Protective Proteins (TPPs)

Bacterial synthetic protein protects some antibiotic targets from a combination of antibiotics, eliminating their bacteriostatic

effects (Figure 1f), and Daniel N. Wilson’s team  divided target protection into three types according to the mode of

action. In Type I target protection, the binding of tetracycline ribosomal protection proteins (TRPPs) to ribosomes can

reverse the distorted ribosomal structure, evoking changes in ribosome configuration, and directly interfering with the

interaction of tetracycline D-ring and 16S rRNA base C1054. Tetracycline class drugs cannot bind to it and dissociate from

the 30S subunit of the binding site, thereby protecting the ribosome, in which 13 TRPPs classes have been identified 

. In Type II target protection, antibiotics are indirectly removed by changes in target conformation. Mediated by

antibiotic-resistant ABC-F proteins, this group of proteins is the primary source of clinical resistance to antimicrobials of

ribosome 50S subunits, including lincomycins, macrolides, azadones, phenols, pleuromutilins, and stroopogramins of

groups A and B . Type III target protection proteins induce changes in target conformation so that antibiotic

targets can also work in the state of binding to antibiotics. In recent years, clinically isolated S.aureus and other

staphylococcus resistance to fusidic acid has increased significantly, mainly due to the level acquisition of genes encoding

the FusB-type protein. The resistance of FusB resistance proteins to fusidic acid is due to the fact that fusB proteins bind

to elongation factor G (EF-G) and drive its dissociation from ribosomes (even in the presence of fusidic acid). Once the

elongation factor leaves the ribosome, fusidic acid may be separated from EF-G due to its low affinity for free EF-G 

.

2.7. Initiation of Self-Repair Systems

The multiple antibiotic resistance operon of enteric bacteria manipulates the DNA repair and outer membrane integrity

(Figure 1g), which contributes to enhancing the antibiotic resistance. The E. coli multiple antibiotic resistance (mar) locus

was recognized as a determinant for cross-resistance to tetracyclines, quinolones and β-lactams . Studies have shown

that the active efflux mechanism controlled by the global operon is one of the primary reasons for the multiple antibiotic

resistance of bacteria. Among them, the multiple antibiotic resistance protein family (Mar family), as a transcriptional

regulatory protein, plays an important role in the production of drug resistance, the synthesis of toxic factors and other

physiological processes. As the prototype of a multiple antibiotic resistance protein family, E. coli MarR protein has a

negative regulatory function on MarRAB operon and inhibits the expression of downstream related drug resistance genes

. Transcription factors MarR and MarA confer multidrug resistance in enteric bacteria by modulating the efflux pump

and porin expression . In 2017, Sharma’s team demonstrated that MarA upregulates genes required for lipid

trafficking and DNA repair, thus reducing DNA damage induced by antibiotic entry and quinolone . The initiation of self-

repair systems reduces the rate of antibiotics entering cells and the impact on cell structure and metabolism through gene

regulation of the expression of related genes. This method cannot completely eliminate the bacteriostatic effect of

antibiotics, but can make bacteria enhance their tolerance to antibiotics.
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2.8. Changes of Cell Morphology

The mechanism of antibiotics is adapted through mechanical feedback between cell growth and morphology, altering

uptake efficiency by modulating relative body area (Figure 1h). The increase in cell volume contributes to diluting the

antibiotics entering the bacteria, while both bending and widening can reduce the surface volume ratio so that fewer

antibiotics pass through its surface. In 2021, Aaron’s team  found that cells of the commonly used model organism C.
crescentus could regain the growth rates they had prior to stimulation by antibiotics, accompanied with significant

morphological transformations. Once the antibiotic was removed, the cells returned to their original shape after a few

generations. That bacteria change shape to avoid being targeted by antibiotics was also previously demonstrated by

another team , in which, however, the bacteria sloughed off their entire cell wall to avoid the drug, resulting in a shape

distortion. In Aaron’s study, the cell walls remained intact, but stretched so violently that a “C” shape was formed. Bacteria

are able to decrease the time it takes for antibiotics to exert biological effects in this physical way and increase the

concentration of antibiotic tolerance. Using single-cell experiments and theoretical models, they proved that the change of

cell morphology is a feedback strategy to enable it to adapt to the antibiotic environment and survive. The bacteria after

“Metamorphosis” can overcome the pressure of antibiotics and recover to the state of rapid growth .

2.9. Biofilm Protection

Eight different drug resistance mechanisms of bacteria at the individual level have been summarized. However, in the

actual environment, the vast majority of bacteria coexist in the form of communities, jointly resisting the effects of

antibiotics in a collective form, with the biofilm serving as a critical form of protection (Figure 1h). Bacterial biofilm  is a

special survival form established by bacteria adsorbed to inert objects such as medical materials or the surface of the

body’s mucosa, in which the protein is surrounded by an autocrine polymer matrix. Dense biofilms are constituted to

provide exposure protection for their members, forming physical barriers to limit the diffusion of antibiotics into the

population and enhance the protection provided by antibiotic inactivation. In addition, due to the gradient of nutrients and

oxygen, the decrease in the metabolic activity of the biofilm’s center enables the biofilm to induce a tolerant cell state, thus

elevating the proportion of persistent cells in the population. Biofilms can also enhance the drug resistance by altering the

expression of pre-existing ARG . In contrast to single-species biofilms, the inter-species interactions among multi-

species biofilms can further enhance the collective by altering the spatial structure of biofilms, promoting the expression of

resistance mechanisms and allowing individually expressed antimicrobial defenses to protect entire communities. The

resistance mechanism formed in the way of antibiotic resistance, collective tolerance or exposure protection to antibiotics

is not specific and serves as the first line of defense for bacteria to develop resistance to antibiotics.

Bacterial communities can survive antibiotic exposure through interspecific interaction: (1) collective drug resistance, that

is, the interaction within the community can enhance the capability of its members to resist antibiotics to continue to grow,

thus elevating the MIC of the community; (2) Collective tolerance, i.e., interactions within the community can alter cellular

states, such as retarding metabolism, so as to temporarily reduce the rate of cell death during antibiotic treatment without

increasing the MIC; (3) Contact protection to protect the interaction of its sensitive members by reducing the effective

concentration of antibiotics in the community . In the mixed biofilm, P. aeruginosa can elicit the metabolic

transformation of S. aureus, inhibit its growth and provide S. aureus with protection against vancomycin .

Correspondingly, S. aureus can enhance the tolerance of P. aeruginosa to tobramycin by promoting aggregation and

altering the biofilm structure in the CF model system ; The interspecific signal transduction of indole secreted by E.
coli activates the expression of indole dependent multidrug efflux pump in P. putida, while Pseudomonas itself cannot

produce indole, which results in an elevation in the resistance level of P. putida . Similarly, S. maltophilia is a Gram-

negative bacterium, generally appearing accompanied by P. aeruginosa during bacterial lung infection. It can diffuse the

secretion of signal factors, transform the biofilm structure of P. aeruginosa, and stimulate the synthesis of proteins so as to

provide resistance to cationic antimicrobial peptides, such as polymyxin .
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