

[image: Large-Scale Analysis of Fitness Cost of tet(X4)-Positive Plasmids in Escherichia coli]
Large-Scale Analysis of Fitness Cost of tet(X4)-Positive Plasmids in Escherichia coli





ORIGINAL RESEARCH

published: 03 June 2022

doi: 10.3389/fcimb.2022.798802

[image: image2]


Large-Scale Analysis of Fitness Cost of tet(X4)-Positive Plasmids in Escherichia coli


Feifei Tang 1, Wenhui Cai 1, Lijie Jiang 1, Zhiqiang Wang 1,2,3* and Yuan Liu 1,2,3,4*


1 College of Veterinary Medicine, Yangzhou University, Yangzhou, China, 2 Jiangsu Co-innovation Center for Prevention and Control of Important Animal Infectious Diseases and Zoonoses, Yangzhou University, Yangzhou, China, 3 Joint International Research Laboratory of Agriculture and Agri-Product Safety, the Ministry of Education of China, Yangzhou University, Yangzhou, China, 4 Institute of Comparative Medicine, Yangzhou University, Yangzhou, China




Edited by: 

Abdennaceur Hassen, Centre de Recherches et des Technologies des Eaux, Tunisia

Reviewed by: 

Guangxiang Cao, Shandong Medicinal Biotechnology Center, China

Min Yue, Zhejiang University, China

*Correspondence: 

Zhiqiang Wang
 zqwang@yzu.edu.cn

Yuan Liu
 liuyuan2018@yzu.edu.cn

Specialty section: 
 This article was submitted to Bacteria and Host, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 20 October 2021

Accepted: 06 May 2022

Published: 03 June 2022

Citation:
Tang F, Cai W, Jiang L, Wang Z and Liu Y (2022) Large-Scale Analysis of Fitness Cost of tet(X4)-Positive Plasmids in Escherichia coli. Front. Cell. Infect. Microbiol. 12:798802. doi: 10.3389/fcimb.2022.798802



Tigecycline is one of important antimicrobial agents for the treatment of infections caused by multidrug-resistant (MDR) Gram-negative bacteria. However, the emergence and prevalence of plasmid-mediated tigecycline resistance gene tet(X4) are threatening human and animal health. Fitness cost elicited by resistance plasmids is a key factor affecting the maintenance and transmission of antibiotic resistance genes (ARGs) in the host. A comparative analysis of the fitness cost of different types of tet(X4)-positive plasmids is helpful to understand and predict the prevalence of dominant plasmids. In this study, we performed a large-scale analysis of fitness cost of tet(X4)-positive plasmids origin from clinical isolates. These plasmids were successfully electroporated into a reference strain Escherichia coli TOP10, and a series of transformants carrying the tet(X) gene were obtained. The effects of tet(X4)-positive plasmids on the growth rate, plasmid stability, relative fitness, biofilm formation, and virulence in a Galleria mellonella model were evaluated. Consequently, we found that these plasmids resulted in varying degrees of fitness cost on TOP10, including delayed bacterial growth and attenuated virulence. Out of these plasmids, tet(X4)-harboring IncFII plasmids showed the lowest fitness cost on the host. Furthermore, by means of experimental evolution in the presence of commonly used drugs in clinic, the fitness cost of tet(X4)-positive plasmids was substantially alleviated, accompanied by increased plasmid stability. Collectively, our data reveal the differential fitness cost caused by different types of tet(X4)-positive plasmids and suggest that the wide use of tetracycline antibiotics may promote the evolution of plasmids.
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Introduction

Antibiotic drugs have offered a powerful weapon in the fight against bacterial infections over the past decades. However, the massive use of antibiotics has led to the emergence of multidrug-resistant (MDR), extensively drug-resistant (XDR), and pandrug-resistant (PDR) bacteria, which severely diminishes the efficacy of clinically relevant antibiotics and constitutes a global public health problem (Zhong et al., 2014; Fang et al., 2020). Tigecycline is a broad-spectrum antibacterial drug of the glycyltetracyclines and has great antibacterial activity against hard-to-treat drug-resistant pathogens such as methicillin-resistant Staphylococcus aureus and carbapenem-resistant pathogens (Labreck and Merrell, 2020; Xu et al., 2021a). In clinic, tigecycline is widely used in the treatment of abdominal infections, complicated skin and skin and soft tissue infections, and community-acquired pneumonia (Ni et al., 2016). The mechanism of action of tigecycline is similar to that of other tetracyclines, which inhibit bacterial protein synthesis by binding to the 30S subunit of the ribosome (Stein and Babinchak, 2013). In recent years, with the prevalence of carbapenem-resistant Enterobacteriaceae (CRE) and motionless bacilli, polymyxin and tigecycline are beginning to be frequently used in clinical treatment (Rudra et al., 2018; Chen et al., 2021). These two drugs have been identified by the World Health Organization as the last lines of defense against infections caused by MDR Gram-negative bacteria (He et al., 2019). With the dissemination of carbapenem resistance gene blaNDM and polymyxin resistance gene mcr, tigecycline has been the final choice in the treatment of MDR infections (Choi et al., 2020; Huang et al., 2021). However, novel plasmid-mediated tigecycline resistance genes tet(X3/X4) in bacteria of human and animal origin were identified in 2019 in China. More importantly, tet(X3/X4) genes are located on conjunctive plasmids, which means that this resistance gene is easily transmitted horizontally and has attracted global attention to tet(X)-mediated high levels of tigecycline resistance (Li et al., 2020b; Wen et al., 2020).

Plasmids can facilitate bacterial fitness to a variety of environmental conditions by mediating the horizontal transmission of genetic information (Chen et al., 2019; Starkova et al., 2021). Although plasmids have brought many benefits to host bacteria, plasmids as foreign DNA also cause disorders in bacterial regulatory networks or energy metabolism, thereby leading to corresponding fitness cost to host bacteria and weakening of their competitiveness (San Millan and Maclean, 2017; Pi et al., 2020). Previous studies showed that mcr-conferred polymyxin resistance in Klebsiella pneumoniae and Escherichia coli resulted in a significant biological fitness cost (Yang et al., 2017; Nang et al., 2018). Consequently, bacteria carrying high-cost plasmids will soon be replaced by plasmid-free bacteria without selection pressure; conversely, bacteria bearing plasmids with lower cost are able to persist in the population for a longer period of time and contribute to the spread of drug resistance (Dimitriu et al., 2019; Moghimi et al., 2021). For example, studies have shown that the type of IncI2 plasmids has the lowest fitness cost among the mcr-1-bearing plasmids; consistently, epidemiological surveys showed that IncI2 is the most dominant type of mcr-1-bearing plasmid, indicating that the fitness cost will affect the prevalence of resistance plasmids (Wu et al., 2018; Pietsch et al., 2021). However, little is known about how tet(X4)-bearing plasmids adapt to host bacteria and maintain the resistance genes in the absence and presence of antibiotics (Xu et al., 2021b; Yang et al., 2021).

In this study, we performed a large-scale fitness analysis of different types of tet(X4)-positive plasmids including IncX1, IncFIA, IncFIB, IncA/C2 (IncA), IncQ1, and IncFII in a model strain E. coli TOP10. Furthermore, we investigated the fitness cost of representative tet(X4)-bearing plasmids in the presence of different classes of antibiotics. Our results advance the understanding of the evolutionary trajectory of the tet(X4) gene in pathogens and provide basic information for its transmission characteristics and epidemic trend.



Materials and Methods


Bacterial Strains, Plasmids, and Reagents

All clinical strains used in the study were collected from a slaughterhouse in Jiangsu Province, China, and preserved in our laboratory (Li et al., 2020a). The strain and plasmid information is shown in Table S1. These tet(X4) plasmids were extracted and electroporated into a reference strain E. coli TOP10. These transformants were cultured on selective LB agar (Qingdao Hope Bio-Technology, China) with tigecycline (2 μg/ml) at 37°C, and the success of plasmid electroporation was verified by PCR analysis. All chemical reagents were purchased from Yuanye Bio-Technology Co., Ltd. (Shanghai, China).



Growth Curve Determination

Five microliters of overnight bacterial culture was diluted into 5 ml LB broth at 37°C with 200 rpm shaking. Then, 200 μl of bacterial culture was added into a 96-well flat-bottom plate every hour during the culture process; blank LB broth was used as a negative control. Growth curves were determined by measuring the optical density at 620 nm using a spectrophotometer (Thermo Fisher, Waltham, MA, USA). The aliquots were collected from 0 to 12 h at every hour. Experiments were performed with three biological replicates.



Biofilm Formation Assay

The crystal violet method was used to assess the ability of biofilm formation of transformants. Briefly, overnight bacterial culture was diluted 1:100 into fresh broth. Cultures were incubated until the mid-log phase and inoculated into a 96-well flat-bottom plate at 37°C for 24 h. Then, the cells were washed with phosphate-buffered saline for three times, and a solution of crystal violet (0.1%) was added into each well and incubated at room temperature for 20 min. Thirty-three percent of acetic acid was added into each well in an incubator at 37°C for 30 min as previously described (Cheng et al., 2021). Finally, the absorbance of suspension at 570 nm was determined using an Infinite M200 Microplate reader (Tecan, Männedorf, Switzerland). Experiments were performed with three biological replicates.



Antimicrobial Susceptibility Testing

The minimum inhibitory concentrations (MICs) of eight antimicrobial agents, namely, polymyxin, tetracycline, oxytetracycline, chlortetracycline, florfenicol, tiamulin, enrofloxacin, and ceftiofur, were determined using the broth microdilution method according to the Clinical and Laboratory Standards Institute (CLSI) guidelines (CLSI, 2018). E. coli ATCC25922 was used as a control, and all experiments were performed with three biological replicates.



In Vitro Competition Assay

Transformants and their parental strain TOP10 were selected and cultured into the logarithmic growth phase and mixed in 5 ml LB broth at a ratio of 1:1, then the mixtures were incubated at 37°C with 200 rpm shaking. The mixed bacterial culture at 0, 24, 48, and 72 h was successively diluted 10-fold in normal saline and cultured on LB agar plates with tigecycline overnight at 37°C. The relative fitness of two strains was calculated by the following formula: competition index (CI) = ln (RF/RI)/ln (SF/SI) (Delafuente et al., 2020). RI and SI indicated the number of resistant and sensitive bacteria in the bacterial culture at 0 h, and RF and SF indicated the number of resistant and sensitive bacteria in the bacterial culture at different time points. The competition was plotted with time as abscissa and competition index as ordinate. If CI > 1, it indicates that the fitness of resistant bacteria is stronger than that of sensitive bacteria; if CI < 1, it indicates that the fitness of resistant bacteria is weaker than that of sensitive bacteria; and if CI = 1, it indicates that the competitiveness of the two is equivalent.

In evolution experiments, a single colony on a McConkey agar plate was selected and inoculated into broth with tigecycline, doxycycline, tetracycline, oxytetracycline, chlortetracycline, or ceftiofur. The bacterial culture was cultured at 37°C with 200 rpm shaking. The initial bacterial culture was used as the first passage; the mixtures were transferred into fresh LB broth after a 12-h culture and serve as the second passage. The bacterial culture of every 10 passages was stored with 40% glycerol at -80°C.



Virulence Testing

The virulence of strains was tested using a Galleria mellonella infection model (Huiyude Biotech Company, Tianjin, China). The experimental strains were cultured at 37°C with 200 rpm for 6 h, and the bacterial culture was adjusted with an OD620 of 0.5. The larvae in good growth status were selected and resuscitated at 37°C for 2 h. Larvae (n = 8 per group) were infected with 10 μl bacterial suspension (105 CFUs) at the right posterior gastropoda using a microsyringe. Normal saline was used as a negative control, and the survival of larvae was monitored during 5 days.



Plasmid Stability Assay

The plasmid stability of transconjugants was determined based on a previous study (Li et al., 2021b). Ten microliters of overnight seed cultures of the strains was inoculated into 10 ml antibiotic-free LB medium (1:1,000 ratio). After culture for 1 to 7 days, bacterial numbers were counted by plating onto LB agar plates and tigecycline-containing plates. Experiments were performed with three biological replicates.



Statistical Analyses

Data are presented as mean ± SD and analyzed by GraphPad Prism version 8.3.0. Statistical differences were assessed using Student’s t-test or one-way ANOVA. The significant difference was defined as P < 0.05.




Results


Characteristics of tet(X4)-Encoding Plasmids and Plasmid Stability

Twenty tet(X4)-positive plasmids from our previous study (Li et al., 2020a) were chosen in this study (Table S1). These tet(X4)-bearing plasmids ranged from 50 to 398 kb and were designated as IncFII, IncFIA, IncFIB, IncX, IncA, and IncQ1 with only one replicon. Meanwhile, these tet(X4)-bearing elements could be successfully transferred into the recipient strains, suggesting that these plasmids are conjugative. To investigate the impact of tet(X4)-encoding plasmids on host bacteria and avoid the influence of bacterial genome differences, these tet(X4)-bearing plasmids were transferred into a reference strain E. coli TOP10. Subsequently, we tested the antibiotic susceptibility of these transformants carrying tet(X4) plasmids. Results showed that all strains showed high-level resistance to all tetracyclines, including tigecycline (Table S2), suggesting the successful expression of the tet(X4) gene in TOP10. Furthermore, most tet(X4)-bearing strains conferred multiple resistance to other classes of antibiotics such as florfenicol and tiamulin, indicating that these plasmids carried various antibiotic resistance genes.

Next, we investigated the stability of these tet(X4)-positive plasmids in transformants in the antibiotic-free LB broth (Figure S1). Consequently, we found that the loss rate of most of tet(X4)-bearing plasmids was less than 50% over 7 days without the pressure of tigecycline, implying that the tet(X4) gene can be moderately maintained by transformants. In comparison, IncFII plasmid-carrying transformants displayed the minimal deletion of plasmids, indicating that IncFII plasmids may be the important vector for the transmission of tet(X4).



Bacterial Growth Comparison of Transformants and TOP10

To investigate whether tet(X4)-bearing plasmids would impose a fitness burden to TOP10, we compared the bacterial growth of transformants and their parental strain TOP10 by monitoring the absorbance of culture at 620 nm over 12 h (Figure 1). Consequently, the carriage of most tet(X4)-positive plasmids delayed or decreased bacterial growth compared with TOP10. In comparison, minimal differences in growth between IncFII plasmid-carrying transformants (except for pRS2-1, 117 kb) and TOP10 after 12 h were found (Figure 1A). In addition, the introduction of pRS6-1 (IncFIA, 138 kb), pRF138-1 (IncFIB, 140 kb), and pRF162-1 (IncFIB, 138 kb) had no significant effect on the growth of TOP10. These results indicate that tet(X4)-bearing IncFII plasmids have the lowest effect on the growth of recipient bacteria, and the effect on growth does not seem to be directly related to the size of plasmids.




Figure 1 | Effects of tet(X4)-positive plasmids on the growth rate of transformants. Growth curves of TOP10 and transformants carrying tet(X)-positive IncFII (A), IncFIA (B), IncFIB (C), IncX1 (D), or IncA/Q1 (E) plasmids during 12 h. Y axis, absorbance of bacterial cultures at 620 nm; X axis, time of bacteria growth (hours).





Effect of tet(X4)-Positive Plasmids on Bacterial Fitness

To get a more comprehensive understanding of the fitness cost induced by tet(X4)-positive plasmids, we investigated whether tet(X4)-bearing plasmids would impose a fitness defect to the plasmid-free E. coli TOP10 using competition experiments. Twenty transformants carrying different types of tet(X4)-positive plasmids were competed with the plasmid-free E. coli TOP10 in the media without antibiotics, and the ratios of transformants to plasmid-free isolates were determined at 24, 48, and 72 h. Consistent with bacterial growth experiments, competition experiments showed that most of transformants were less competitive than TOP10, suggesting the modest fitness cost by tet(X4)-positive plasmids (Figure 2). Specifically, most IncFII and IncFIA plasmid-carrying transformants showed comparable competitiveness against TOP10 at 72 h, but all IncFIB, IncX1, IncA, and IncQ1 plasmids showed CI values of less than 1, suggesting that they were less competitive than susceptible strains (Figures 2A–E). Interestingly, the fitness advantage of pRW7-1 (IncFIA) was substantially increased after serial passages, with CI values from 0.4 to 1.1. By contrast, the fitness advantage of pRF94-1 (IncFIB) was remarkably reduced after serial passages, with CI values from 1.45 to 0.92. Importantly, two plasmids including pRF2-1 (IncFII) and pRS3-2 (IncFIA) were more competitive than TOP10, indicating that they maintained a high fitness advantage to recipient bacteria. Consistently, these two plasmids had similar growth curves with TOP10. Taken together, these results indicate that tet(X4)-positive plasmids impose varying degrees of fitness cost on host bacteria.




Figure 2 | Effects of tet(X4)-positive plasmids on the fitness cost of transformants. Transformants carrying tet(X)-positive IncFII (A), IncFIA (B), IncFIB (C), IncX1 (D), or IncA/Q1 (E) plasmids were competed with their parental strain E. coli TOP10, respectively. The relative fitness of transformants was detected every day (from 24 to 72 h). All competition assays were performed with three biological replicates.





Effects of tet(X4)-Positive Plasmids on Bacterial Biofilm Formation

It is suggested that the ability of biofilm formation in bacteria is associated with antibiotic resistance and is a major virulence factor for bacterial pathogenicity (Hall and Mah, 2017; Yan and Bassler, 2019). Thus, we next compared the biofilm formation of transformants carrying tet(X4)-positive plasmids and its parental strain TOP10 using crystal violet assay. Interestingly, we found that the carriage of these tet(X4)-positive plasmids led to a heterogeneous effect on the ability of biofilm formation in the recipient. Among 20 tet(X4)-positive plasmids, three plasmids, namely, pRF154-1 (IncFII), pRS3-1 (IncFIB), and pRF55-1 (IncX1), significantly promoted the biofilm production, whereas seven plasmids belonging to IncFII (3), IncFIB (3), and IncQ1 (1), respectively, markedly decreased the biofilm formation of host bacteria (Figure 3). Other 10 tet(X4)-bearing plasmids including all IncFIA types had no effect on biofilm production.




Figure 3 | The effect of tet(X4)-positive plasmids on biofilm formation. Comparison of biofilm formation between TOP10 and transformants carrying IncFII (A), IncFIB (B), IncFIA (C), IncX1 (D), or IncA/Q1 plasmids (E). Biofilm formation ability was assessed using crystal violet method. Data are shown as mean ± SD from three biological replicates. Statistical analyses were conducted with unpaired, two-tailed t-test (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001). NS, not significant.





Effects of tet(X4)-Positive Plasmids on Bacterial Virulence

Bacterial pathogenicity is an important factor to assess the fitness cost; 10 representative strains were chosen for further virulence experiments. A G. mellonella larval infection model was further applied to explore the impact of different types of tet(X4) plasmids on the pathogenicity of TOP10. We found that all transformants resulted in a time-dependent killing of larvae during 5 days (Figure 4). Some transformants with a single plasmid showed increased G. mellonella larval killing ability compared to the plasmid-free recipient strain TOP10. For example, the survival of G. mellonella larvae infected with IncFIA and IncX1 plasmid-carrying strains was less than 20% after 2 days, suggesting that these transformants showed an increased virulence. By contrast, the survival rate of G. mellonella larvae infected with pRF94-1 (IncFIB) and pRF2-1 (IncFII) plasmid-carrying host bacteria was higher than that of TOP10, indicating that the carriage of these two plasmids reduced the virulence of host bacteria. These data indicate that the introduction of tet(X4)-positive plasmids may affect the virulence of host bacteria by regulating bacterial fitness.




Figure 4 | Survival of G. mellonella larvae after infection with E. coli TOP10 and transformants carrying different types of tet(X4)-positive plasmids after 5 days postinfection.





Fitness Cost of Transformants in the Absence or Presence of Antibiotics

To better understand the impact of passage evolution on the fitness of tet(X4)-bearing strains, 10 representative transformants harboring different types of plasmids were selected and continuously cultured in the absence or presence of tigecycline for 100 passages. Meanwhile, the relative fitness of these transformants at 20, 40, 60, 80, and 100 passages was determined by competing with plasmid-free TOP10. As a consequence, the fitness advantages of most transformants were maintained or improved after serial passages without or with tigecycline (Figure 5). Interestingly, the serial passages under tigecycline had no effect on the fitness of three plasmids, namely, pRF55-1 (IncX1), pRS3-1 (IncFIB), and pRF173-1 (IncA), which still imposed high fitness cost on TOP10 in the passages. These results indicate that the direct pressure of tigecycline is not necessary for the fitness evolution of some tet(X4)-positive plasmids.




Figure 5 | Fitness cost changes of tet(X4)-bearing plasmids in the absence or presence of tigecycline. Transformants carrying tet(X)-positive IncFII (A), IncFIA (B), IncFIB (C), IncX1 (D), and IncA/Q1 (E) plasmids were competed with a reference strain E. coli TOP10, respectively. All competitions assays were carried out with three biological replicates and last for 100 passages.



Considering that tigecycline as a critical human medicine has not been employed in animal husbandry, we next sought to explore whether other commonly used veterinary drugs can promote the evolution of tet(X4)-positive bacteria and improve their fitness advantages. To this end, four tetracyclines (tetracycline, oxytetracycline, chlortetracycline, and doxycycline) and ceftiofur were chosen for the following evolution experiments (Figure 6). Three selected transformants, namely, pRF55-1 (IncX1), pRS3-1 (IncFIB), and pRF173-1 (IncA), were passaged for 50 days (a total of 100 passages) under the exposure of five antibiotics. Interestingly, we found that all strains showed improved fitness after experimental evolution under the pressure of five drugs.




Figure 6 | Fitness cost changes of three transformants carrying different types of tet(X4)-bearing plasmids in the presence of five commonly used drugs in clinic involve tetracycline (TET), oxytetracycline (OXY), chlortetracycline (CHL), doxycycline (DOX), and ceftiofur (CFF). In vitro competitive experiments of three transformants including pRS3-1 [IncFIB, (A)], pRF55-1 [IncX1, (B)], and pRF173-1 [IncA, (C)], which were competed with a reference strain E. coil TOP10 under the pressure of five drugs and last for 100 passages. The relative fitness was calculated at 24, 48, and 72 h.



Furthermore, we evaluated the plasmid stability of evolved tet(X4)-bearing strains. Specifically, strains carrying plasmids were passaged for 50 days (a total of 100 passages) with tigecycline pressure and serially passaged in drug-free broth for 10 days (20 passages in total), then the loss rate of plasmids was measured. In the absence of tigecycline, the loss rate of plasmids in evolved strains was less than 20% in most strains, except for three strains, namely, pRF65-1, pRF173-1, and pRF25-1 (Figure S2). It is worth noting that plasmid pRF2-1 (IncFII) had the best stability, with a loss rate of less than 5%. In comparison, the evolved strains had higher plasmid stability than their parental strains. These results imply that antibiotic pressure can decrease the fitness cost of tet(X4)-carrying plasmids on host bacteria and improve the plasmid stability.




Discussion

The dissemination of the tet(X4) gene in human beings, animals, and environments is an increasing threat to global health. It is suggested that antibiotic resistance plasmids would impose a fitness cost on the hosts, and in general they were not retained in the cell without selective pressure (Kozuch et al., 2020; Gaffke et al., 2021). However, many studies have shown that some plasmids can persist in bacterial populations for a long time, even without positive selection, which is referred to as the “plasmid paradox” (Harrison and Brockhurst, 2012). For example, it is reported that the acquisition of mobile blaNDM-5-positive plasmids in Enterobacteriaceae or K. pneumoniae showed little fitness cost on host bacteria (Ma et al., 2020; Huang et al., 2021). It is plausible that antibiotic resistance is determined by interactions between the resistance gene and bacterial host, not only by the existence of the resistance gene (Praski Alzrigat et al., 2021). San et al. found that a small plasmid pB1000 carrying blaROB-1 was able to improve bacterial resistance levels by increasing fitness advantages (San Millan and Maclean, 2017; Sun et al., 2019b). Therefore, understanding the underpinnings of how these tet(X4)-positive plasmids adapt to host bacteria and maintain the persistence of resistance genes is of importance for monitoring and controlling the prevalence of the tet(X4) gene (Zhou et al., 2021). In this study, we conducted a large-scale analysis of fitness cost elicited by different types of tet(X4)-positive plasmids in a reference strain E. coli TOP10. Interestingly, we found that although some types of tet(X4)-positive plasmids exhibited moderate fitness cost on the host, experimental evolution under antibiotic pressure can significantly improve their adaptability.

The fitness cost of strains is often manifested in reducing bacterial growth rates, competitiveness, or virulence (Sun et al., 2019a). For example, the increased expression of mcr-1 results in decreased growth rate, cell viability, and attenuated virulence (Yang et al., 2017). Consistently, the introduction of most tet(X4)-positive plasmids mildly decreased the growth rate and relative fitness of host bacteria compared with its parental strain TOP10. Interestingly, some types of tet(X4)-positive plasmids particularly for IncFII plasmids had little effect on the bacterial growth and fitness. In addition, we evaluated the impact of these tet(X4)-plasmids on bacterial biofilm formation and virulence in a G. mellonella infection model, which can help us to better understand the fitness cost caused by the resistance plasmids. In agreement with the fitness results, the carriage of tet(X4)-positive plasmids modestly reduced the biofilm production and improved the survival rate of larvae, suggesting that the biofilm formation ability was connected with bacterial virulence. However, three plasmids, namely, pRF154-1 (IncFII), pRS3-1 (IncFIB), and pRF55-1 (IncX1), significantly promoted the biofilm formation and resulted in high mortality on larvae. These results were interesting and inconsistent with most of ARGs. For example, it is suggested that high-level colistin resistance mutants (HLCRMs) with high expression of mcr-1 markedly attenuated virulence in a G. mellonella infection model (Yang et al., 2017). Similar to these three plasmids, it is reported that the biofilm formation ability of bacteria was enhanced by carrying the p3R-IncX3-type plasmid of blaNDM-5, which may accelerate the spread of the blaNDM-5 gene (Ma et al., 2020). We speculated that these plasmids may carry virulence genes or corresponding virulence regulators, which enhanced the pathogenicity of host bacteria. Furthermore, we investigated the fitness cost of tet(X4)-positive bacteria after serial passages in the presence of tigecycline or other antibiotics. Importantly, we found that the fitness advantage of most evolved strains was generally improved by experimental evolution, accompanied by the increased plasmid stability. Tigecycline is currently only used in human clinical practice, but tet(X4)-positive strains have been widely found in aquaculture environments (Babaei and Haeili, 2021; Fu et al., 2021). In contrast, other tetracyclines such as tetracycline, oxytetracycline, chlortetracycline, and doxycycline are commonly used in veterinary clinics in China (Li et al., 2021a; Nji et al., 2021). Consistent with this notion, some high fitness cost strains even in the presence of tigecycline showed improved fitness advantages under the exposure of other commonly used veterinary medicines. These data imply that the pressure of tigecycline is not necessary for the maintenance of the tet(X4) gene, and the widespread prevalence of the tet(X4) resistance gene may be associated with the use of other tetracyclines. We reasoned that there are some regulation mechanisms or compensatory evolution in this process, which needs to be further explored.

To conclude, our study indicates that the introduction of most of tet(X4)-harboring plasmids can impose varying degrees of fitness cost on host bacteria, but the fitness cost can be quickly alleviated during the evolution, which may be responsible for the epidemic spread of dominant plasmids in the clinical setting. In addition, the specific genes located in every plasmid may also affect the traits of host bacteria, which required a more comprehensive investigation.
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