

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88976-645-1
DOI 10.3389/978-2-88976-645-1

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





PLASMID TRANSFER: MECHANISMS, ECOLOGY, EVOLUTION, AND APPLICATIONS

Topic Editors: 

Chin-Yi Chen, United States Department of Agriculture (USDA), United States

Clay Fuqua, Indiana University Bloomington, United States

Charlene Renee Jackson, United States Department of Agriculture (USDA), United States

Kristina Kadlec, Independent researcher, Germany

Eva M. Top, University of Idaho, United States

Citation: Chen, C.-Y., Fuqua, C., Jackson, C. R., Kadlec, K., Top, E. M., eds. (2022). Plasmid Transfer: Mechanisms, Ecology, Evolution, and Applications. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88976-645-1





Table of Contents




Editorial: Plasmid transfer-mechanisms, ecology, evolution and applications

Chin-Yi Chen, Clay Fuqua, Charlene R. Jackson, Kristina Kadlec and Eva M. Top

Cis-Acting Relaxases Guarantee Independent Mobilization of MOBQ4 Plasmids

M. Pilar Garcillán-Barcia, Raquel Cuartas-Lanza, Ana Cuevas and Fernando de la Cruz

Emergence of NDM-1- and CTX-M-3-Producing Raoultella ornithinolytica in Human Gut Microbiota

Shuang Wang, Liuchen Xu, Xiaohui Chi, Yan Li, Zengqiang Kou, Peibin Hou, Hengjie Xie, Zhenwang Bi and Beiwen Zheng

PromA Plasmids Are Instrumental in the Dissemination of Linuron Catabolic Genes Between Different Genera

Johannes Werner, Eman Nour, Boyke Bunk, Cathrin Spröer, Kornelia Smalla, Dirk Springael and Başak Öztürk

Molecular Characterization of Staphylococcus aureus Plasmids Associated With Strains Isolated From Various Retail Meats

Leena Neyaz, Nisha Rajagopal, Harrington Wells and Mohamed K. Fakhr

Emergence of NDM-5-Producing Escherichia coli in a Teaching Hospital in Chongqing, China: IncF-Type Plasmids May Contribute to the Prevalence of blaNDM–5

Hua Zou, Xiaojiong Jia, Hang Liu, Shuang Li, Xianan Wu and Shifeng Huang

Targeting Plasmids to Limit Acquisition and Transmission of Antimicrobial Resistance

Corneliu Ovidiu Vrancianu, Laura Ioana Popa, Coralia Bleotu and Mariana Carmen Chifiriuc

The Role of the Salmonella spvB IncF Plasmid and Its Resident Entry Exclusion Gene traS on Plasmid Exclusion

Mopelola Oluwadare, Margie D. Lee, Christopher J. Grim, Erin K. Lipp, Ying Cheng and John J. Maurer

Fourth Generation Cephalosporin Resistance Among Salmonella enterica Serovar Enteritidis Isolates in Shanghai, China Conferred by blaCTX–M–55 Harboring Plasmids

Ying Fu, Xuebin Xu, Lina Zhang, Zhiying Xiong, Yeben Ma, Yihuan Wei, Zhengquan Chen, Jie Bai, Ming Liao and Jianmin Zhang

Phytopathogenic Rhodococcus Have Diverse Plasmids With Few Conserved Virulence Functions

Elizabeth A. Savory, Alexandra J. Weisberg, Danielle M. Stevens, Allison L. Creason, Skylar L. Fuller, Emma M. Pearce and Jeff H. Chang

Dissemination of Linezolid Resistance Through Sex Pheromone Plasmid Transfer in Enterococcus faecalis

Jiaqi Zou, Zhaobing Tang, Jia Yan, Hang Liu, Yingzhu Chen, Dawei Zhang, Jinxin Zhao, Yu Tang, Jing Zhang and Yun Xia

Regulation of R1 Plasmid Transfer by H-NS, ArcA, TraJ, and DNA Sequence Elements

Karin Bischof, Doris Schiffer, Sarah Trunk, Thomas Höfler, Anja Hopfer, Gerald Rechberger and Günther Koraimann

Transcriptome Analysis of Zygotic Induction During Conjugative Transfer of Plasmid RP4

Masatoshi Miyakoshi, Yoshiyuki Ohtsubo, Yuji Nagata and Masataka Tsuda

A Novel Small RNA on the Pseudomonas putida KT2440 Chromosome Is Involved in the Fitness Cost Imposed by IncP-1 Plasmid RP4

Hibiki Kawano, Chiho Suzuki-Minakuchi, Daisuke Sugiyama, Natsuki Watanabe, Yurika Takahashi, Kazunori Okada and Hideaki Nojiri

Characterization of pTS14, an IncF2:A1:B1 Plasmid Carrying tet(M) in a Salmonella enterica Isolate

Ying-ying Liu, Xiao-kang Liu, Xiao-die Cui, Min Chen, Shuai-hua Li, Dan-dan He, Jian-hua Liu, Li Yuan, Gong-zheng Hu and Yu-shan Pan

Antimicrobial Resistance in Wildlife in Guadeloupe (French West Indies): Distribution of a Single blaCTX–M–1/IncI1/ST3 Plasmid Among Humans and Wild Animals

Stephanie Guyomard-Rabenirina, Yann Reynaud, Matthieu Pot, Emmanuel Albina, David Couvin, Celia Ducat, Gaëlle Gruel, Severine Ferdinand, Pierre Legreneur, Simon Le Hello, Edith Malpote, Syndia Sadikalay, Antoine Talarmin and Sebastien Breurec

Characterization of a fosA3 Carrying IncC–IncN Plasmid From a Multidrug-Resistant ST17 Salmonella Indiana Isolate

Li-Juan Zhang, Xi-Xi Gu, Jie Zhang, Ling Yang, Yue-Wei Lu, Liang-Xing Fang and Hong-Xia Jiang

Transfer of the Symbiotic Plasmid of Rhizobium etli CFN42 to Endophytic Bacteria Inside Nodules

Luis Alfredo Bañuelos-Vazquez, Daniel Cazares, Susana Rodríguez, Laura Cervantes-De la Luz, Rosana Sánchez-López, Lucas G. Castellani, Gonzalo Torres Tejerizo and Susana Brom

The Impact of Mercury Selection and Conjugative Genetic Elements on Community Structure and Resistance Gene Transfer

James P. J. Hall, Ellie Harrison, Katariina Pärnänen, Marko Virta and Michael A. Brockhurst

Dominance Between Plasmids Determines the Extent of Biofilm Formation

João Alves Gama, Elizabeth G. Aarag Fredheim, François Cléon, Ana Maria Reis, Rita Zilhão and Francisco Dionisio

Plasmid Interactions Can Improve Plasmid Persistence in Bacterial Populations

João Alves Gama, Rita Zilhão and Francisco Dionisio

Intracellular Competitions Reveal Determinants of Plasmid Evolutionary Success

Nils F. Hülter, Tanita Wein, Johannes Effe, Ana Garoña and Tal Dagan

Transmission of Chromosomal MDR DNA Fragment Encoding Ciprofloxacin Resistance by a Conjugative Helper Plasmid in Salmonella

Chen Yang, Kaichao Chen, Edward Wai-Chi Chan, Wen Yao and Sheng Chen

Transferable Plasmids of Salmonella enterica Associated With Antibiotic Resistance Genes

Elizabeth A. McMillan, Charlene R. Jackson and Jonathan G. Frye

Characteristics and Epidemiology of Extended-Spectrum β-Lactamase-Producing Multidrug-Resistant Klebsiella pneumoniae From Red Kangaroo, China

Xue Wang, Qian Kang, Jianan Zhao, Zhihui Liu, Fang Ji, Junbao Li, Jianchun Yang, Chenglin Zhang, Ting Jia, Guoying Dong, Shelan Liu, Guocheng Hu, Jianhua Qin and Chengmin Wang

Plant Species-Dependent Increased Abundance and Diversity of IncP-1 Plasmids in the Rhizosphere: New Insights Into Their Role and Ecology

Masaki Shintani, Eman Nour, Tarek Elsayed, Khald Blau, Inessa Wall, Sven Jechalke, Cathrin Spröer, Boyke Bunk, Jörg Overmann and Kornelia Smalla

Co-dependent and Interdigitated: Dual Quorum Sensing Systems Regulate Conjugative Transfer of the Ti Plasmid and the At Megaplasmid in Agrobacterium tumefaciens 15955

Ian S. Barton, Justin L. Eagan, Priscila A. Nieves-Otero, Ian P. Reynolds, Thomas G. Platt and Clay Fuqua

Conjugative DNA Transfer From E. coli to Transformation-Resistant Lactobacilli

Sara Samperio, Dolores L. Guzmán-Herrador, Rigoberto May-Cuz, Maria Cruz Martín, Miguel A. Álvarez and Matxalen Llosa

ESBL and AmpC β-Lactamase Encoding Genes in E. coli From Pig and Pig Farm Workers in Vietnam and Their Association With Mobile Genetic Elements

Yaovi Mahuton Gildas Hounmanou, Valeria Bortolaia, Son Thi Thanh Dang, Duong Truong, John E. Olsen and Anders Dalsgaard

Indole Inhibits IncP-1 Conjugation System Mainly Through Promoting korA and korB Expression

Rui Xiong, Yuyang Liu, Jieying Pu, Jianping Liu, Dexiang Zheng, Jianming Zeng, Cha Chen, Yang Lu and Bin Huang

Biosolids as a Source of Antibiotic Resistance Plasmids for Commensal and Pathogenic Bacteria

Aaron Law, Olubunmi Solano, Celeste J. Brown, Samuel S. Hunter, Matt Fagnan, Eva M. Top and Thibault Stalder

Isolation and Analysis of Donor Chromosomal Genes Whose Deficiency Is Responsible for Accelerating Bacterial and Trans-Kingdom Conjugations by IncP1 T4SS Machinery

Fatin Iffah Rasyiqah Mohamad Zoolkefli, Kazuki Moriguchi, Yunjae Cho, Kazuya Kiyokawa, Shinji Yamamoto and Katsunori Suzuki

Mathematical Models of Plasmid Population Dynamics

José Carlos Ramón Hernández-Beltrán, Alvaro San Millán, Ayari Fuentes-Hernández and Rafael Peña-Miller

Plasmid Mediated mcr-1.1 Colistin-Resistance in Clinical Extraintestinal Escherichia coli Strains Isolated in Poland

Piotr Majewski, Anna Gutowska, David G. E. Smith, Tomasz Hauschild, Paulina Majewska, Tomasz Hryszko, Dominika Gizycka, Boguslaw Kedra, Jan Kochanowicz, Jerzy Glowiński, Justyna Drewnowska, Izabela Swiecicka, Pawel T. Sacha, Piotr Wieczorek, Dominika Iwaniuk, Anetta Sulewska, Radoslaw Charkiewicz, Katarzyna Makarewicz, Agnieszka Zebrowska, Slawomir Czaban, Piotr Radziwon, Jacek Niklinski and Elzbieta A. Tryniszewska












	
	TYPE Editorial
PUBLISHED 16 August 2022
DOI 10.3389/fmicb.2022.993628






Editorial: Plasmid transfer-mechanisms, ecology, evolution and applications

Chin-Yi Chen1*, Clay Fuqua2, Charlene R. Jackson3, Kristina Kadlec4 and Eva M. Top5


1United States Department of Agriculture, Agricultural Research Service, Wyndmoor, PA, United States

2Department of Biology, Indiana University, Bloomington, IN, United States

3United States Department of Agriculture, Agricultural Research Service, Athens, GA, United States

4Dairy Herd Consulting and Research Company (MBFG), Wunstorf, Germany

5Department of Biological Sciences, Institute for Bioinformatics and Evolutionary Studies, University of Idaho, Moscow, ID, United States

[image: image2]

OPEN ACCESS

EDITED AND REVIEWED BY
Ludmila Chistoserdova, University of Washington, United States

*CORRESPONDENCE
 Chin-Yi Chen, chin-yi.chen@usda.gov

SPECIALTY SECTION
 This article was submitted to Evolutionary and Genomic Microbiology, a section of the journal Frontiers in Microbiology

RECEIVED 13 July 2022
 ACCEPTED 29 July 2022
 PUBLISHED 16 August 2022

CITATION
 Chen C-Y, Fuqua C, Jackson CR, Kadlec K and Top EM (2022) Editorial: Plasmid transfer-mechanisms, ecology, evolution and applications. Front. Microbiol. 13:993628. doi: 10.3389/fmicb.2022.993628

COPYRIGHT
 © 2022 Chen, Fuqua, Jackson, Kadlec and Top. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



KEYWORDS
  plasmid, conjugation, mobilization, horizontal gene transfer, Type IV secretion system (T4SS), plasmid transfer, antibiotic resistance



Editorial on the Research Topic
 Plasmid transfer-mechanisms, ecology, evolution and applications




Plasmids are important carriers of genes involved in virulence, resistance to antibiotics and heavy metals, and metabolism of compounds, among other specialized functions. The process whereby plasmids spread among bacteria through cell-cell contact is called conjugation, or conjugative transfer. In order to limit the spread of antibiotic resistance to pathogens or improve the spread or persistence of beneficial plasmids in biotechnological or agricultural applications, we need to better understand the factors that determine plasmid spread and persistence in diverse environments. This Research Topic collected a wide range of papers concerning plasmid transfer, including the mechanisms and regulation of conjugative transfer, plasmid maintenance and interactions within a host or in the environment, as well as characterization of plasmids carrying virulence and resistance determinants that could potentially impact public health or agriculture.


Plasmid transfer mechanisms and regulation

Several studies published in this Research Topic focused on various aspects of conjugative transfer mechanisms. While conjugation is well understood for a few model plasmids, there are still multiple outstanding questions related to its regulation, efficiency, effects of co-residing plasmids, and the host range of conjugative plasmid transfer. Expression of the conjugative transfer genes is often tightly regulated by plasmid-encoded, as well as chromosomal, transcriptional regulators but detailed kinetics of gene expression in donor vs. recipient cells is not clear. Zygotic induction is the transient activation of plasmid-encoded genes that occurs during the early stages of conjugation. Miyakoshi et al. provided new insights into the early, differential gene expression of RP4, a highly efficient conjugative IncP-1 plasmid in Pseudomonas putida. Following the approach of Althorpe et al. (1999), they analyzed the transcriptomes of a combination of isogenic RifR and RifS mating strains in the presence of RNA polymerase inhibitor rifampicin. Operons in the leading region of the transfer strand that are involved in stable plasmid maintenance (e.g. kfr, kor, kle, kla) were strongly induced in the recipient (transconjugant) cells within 10 min of a conjugation event. Conversely, on the 3' end of the transfer strand, the traJIH operon which encodes the relaxase and other auxiliary proteins of the RP4 plasmid, was upregulated in the donor cells. Since the traJ promoter is the earliest to be transferred, the relaxase may be expressed in the donor cell after regeneration of the oriT-flanking region and likely to displace the autogenous repressors around oriT.

Regulation of plasmid conjugative transfer is an active area of investigation. For broad host range IncP plasmids, the korA and korB regulators are well known to impact rates of conjugative transfer (Zatyka et al., 1998). In this Research Topic, the tryptophan biosynthesis intermediate indole, an established, self-produced regulatory signal in Escherichia coli, was reported to inhibit IncP conjugative transfer by upregulating the korA-korB genes (Xiong et al.). The antibiotic ciprofloxacin is known to repress korA and korB expression, and stimulate plasmid transfer, so perhaps indole could be used to mitigate this effect and decrease horizontal transfer.

Population density also regulates and affects conjugative transfer. For plasmids of the Rhizobiaceae such as species of Rhizobium and Agrobacterium, plasmid conjugative transfer is often regulated by self-produced quorum sensing signals known as acyl-homoserine lactones (AHLs) (Gordon and Christie, 2014). Barton et al. described here how two co-resident plasmids in A. tumefaciens with fully functional AHL quorum sensing systems cross-regulated their conjugative transfer in a very complex control network. In the mammalian pathogen Enterococcus faecalis, conjugative plasmids and other mobile elements are well known to transfer antibiotic resistance and virulence functions. For these systems, conjugative transfer is controlled in part by recipient-produced peptide pheromones that activate conjugative transfer functions in donors through clumping of the non-motile E. faecalis cells (Haemig and Dunny, 2008). In a highly promiscuous class of these pheromone-regulated plasmids, resistance to oxazolidinone-type antibiotics was demonstrated to be effectively transferred among E. faecalis clinical isolates, thereby imparting resistance to the clinically used linezolid antibiotic on these highly transmissible plasmids (Zou J. et al.).

Another important factor in the fate of a plasmid is its ability to maintain itself in a bacterial population in the absence of selection for the plasmid. For example, the persistence of multi-drug-resistance plasmids in the absence of antibiotics varies greatly between species or even strains of the same species (De Gelder et al., 2007; Kottara et al., 2018). The interest in intracellular effects of co-residing plasmids on plasmid evolution, spread and persistence is rapidly growing. Using a mathematical model, Gama et al. tested how the interaction between plasmids, both intracellularly and intercellularly, impacted the persistence of a focal plasmid: whether through effects on host fitness, conjugative transfer rate, or rate of loss during cell division. They concluded that there was a hierarchy amongst these interaction parameters. Plasmid interactions affecting host fitness favored plasmid persistence more than those affecting conjugative transfer rate and lastly plasmid loss during cell division. These results together with previous studies (Gama et al., 2017a,b) suggest that interactions between different plasmids can favor their persistence in bacterial communities. Hülter et al. also showed that the success of a plasmid can be determined by intracellular competition between plasmids at the level of segregation during cell division. That success may even depend on the order in which the plasmids arrive in the host.

An important mechanism by which plasmids can affect each other's transfer success is plasmid exclusion, by which recipients prevent conjugative delivery from a donor (Garcillán-Barcia and de la Cruz, 2008). Oluwadare et al. studied a common subtype of IncF-type plasmids in Salmonella isolates carrying the spvB gene, which encodes an ADP-ribosylating toxin involved in virulence. The authors demonstrated a common plasmid exclusion activity in isolates harboring this SpvB-encoding plasmid for the conjugative delivery of other IncF plasmids. The exact mechanism remains unclear, but the study implicated a role for the plasmid-borne traS gene, found to impart plasmid exclusion in other systems.

Another growing field is the study of regulatory interactions within a cell between plasmid and chromosome and vice versa. For example, the transfer of F-like plasmids is activated by the plasmid-encoded TraJ and chromosomally encoded ArcA proteins via the promoter PY, whereas it is silenced by the nucleoid structuring protein H-NS. To better understand the role of these proteins in PY promoter activation, Bischof et al. performed in vitro DNA binding studies using these purified proteins to identify more details of this complex regulatory mechanism. In another study, Zoolkefli et al. screened the E. coli knock-out collection (the Keio collection) for mutants in donor chromosomal genes that increased conjugative transfer of IncP plasmids. Three mutated genes, a regulator (fmrR) and two genes likely to be involved in iron-sulfur cluster metabolism (sufA and iscA), were identified, leading to the proposal of a regulatory model by which these genes converge their regulatory impact on IncP conjugation genes.

In the last two decades, the number of studies that showed how the cost of a plasmid to its bacterial host can be rapidly ameliorated through either chromosomal or plasmid mutations exponentially increased (for a recent overview, see Brockhurst and Harrison, 2021). Here Kawano et al. showed that mutation in a gene encoding a stress-inducible small RNA (sRNA) or its promoter, drastically reduced the fitness cost of harboring the broad-host-range resistance plasmid RP4. Strikingly, the chromosomal parI gene, known to be upregulated under stress response, was also upregulated upon entry of the plasmid. They then further showed that mutations that downregulate or disable the production of this anti-sense RNA lowered the fitness cost to the host.

Some small plasmids, although not capable of self-transmission, can be mobilized by other conjugative plasmids. These mobilizable plasmids carry minimally an oriT, and some also encode a mobilization relaxase and accessory proteins that can interact with the relaxase and/or Type IV Secretion System (T4SS) proteins of other conjugative plasmids to facilitate transfer. Garcillán-Barcia et al. focused on the relaxase MOBQ4 of an understudied group of mobilizable plasmids in enterobacterial clinical isolates. They identified the helper conjugative plasmids responsible for the dissemination of these plasmids and showed that co-resident plasmids from different MOBQ4 subgroups did not negatively or positively affect their respective abilities to be mobilized.

Moreover, as shown by one study here, conjugation can be used as a gene delivery tool in various biotechnology applications. Samperio et al. showed that broad-host-range plasmids can be used to deliver DNA from E. coli to Gram-positive bacteria. Examples were lactobacilli for which transformation with DNA had not been successful so far.

Mathematical models can be very helpful to explain experimental observations and begin to predict the fate of plasmids in microbial communities. For those interested in an overview and some history of mathematical modeling approaches that have been developed over the years to explain and predict plasmid dynamics, we recommend reading Hernández-Beltrán et al.



Plasmids in plant-associated bacteria and natural communities

This Research Topic includes multiple papers on the impact and dissemination of plasmids in bacteria associated with plants. Phytopathogenic bacteria are well known to often carry their virulence functions on conjugal plasmids. In the plant-associated Gram-positive bacterial genus of Rhodococcus, virulent isolates cause leafy gall or witches' broom diseases on a number of different plants. Virulence was demonstrated to be plasmid encoded, but there has been some controversy about which plasmid genes are involved in disease incidence and by which mechanisms (Savory et al., 2017). Savory et al. in this issue demonstrated that a plasmid-borne AraC-type regulator called FasR is required for virulence, but not the plasmid genes it is known to regulate that drive cytokinin biosynthesis. Comparison of gene content from the plasmids of multiple virulent Rhodococcus isolates suggests that in addition to fasR, several other virulence functions known as att genes are conserved, but not the FasR target genes. This led to a virulence model in which FasR regulates chromosomal genes, that along with the att genes, impart virulence on plants. As the Rhodococcus plasmids are conjugative, these functions can be transferred to other rhodococci to distribute virulence functions in the environment. For the well-studied plasmid-based virulence of Agrobacterium tumefaciens in crown gall and related plant diseases, the genes required for virulence are well established and carried on the tumor-inducing (Ti) plasmid. The Ti plasmid is conjugative between agrobacteria, and this is regulated by the plant interaction and a quorum sensing system encoded by the Ti plasmid. In this issue, Barton et al. revealed that in some A. tumefaciens strains, the co-resident megaplasmid (called At) is also conjugative and encodes its own quorum sensing system. The At plasmid exerts a complex synergistic regulatory impact on Ti plasmid conjugation via regulation and shared conjugation gene functions.

Nitrogen fixation genes of the legume-symbionts rhizobia are also plasmid-encoded and these plasmids are conjugatively proficient (Lagares et al., 2015). Rhizobia re-engineer plants to form nitrogen fixation structures called nodules where they perform their symbiotic activity. In a remarkable study, Bañuelos-Vazsquez et al. showed that the so-called Sym plasmid of Rhizobium etli was transferred to diverse bacterial community members in the developing nodule and that some of these transconjugants consequently gained the ability to drive nitrogen fixation. Some transconjugants gained the intact replicating plasmid, whereas others apparently integrated the Sym plasmid genes into the resident genome. This study suggested significant plasmid-driven complexity for nitrogen fixation capacity in legume-associated communities.

Plant rhizospheres are conducive environments for horizontal transmission of plasmids. Three different papers in this Research Topic examined the prevalence and transfer of conjugative plasmids in the rhizosphere. Hall et al. used a Pseudomonas fluorescens strain as the source of and as a conduit for plasmids that confer resistance to mercury in soil. They found abundant levels of plasmid transfer and observed the survival of P. fluorescens only in the presence of mercury due to its ability to acquire mercury resistance from the community. In a different study, mercury resistance genes (as well as catabolic gene loci) were also found to be commonly associated with broad host range conjugative IncP plasmids in microbial communities of lettuce (Shintani et al.). These plasmids did not carry the antibiotic resistance genes often found on IncP plasmids in communities of wastewater and sludge, where human and animal waste is processed. In contrast, IncP plasmids were not isolated from communities associated with tomato plants even with high mercury levels suggesting that the plant host may play a role in plasmid ecology in these environments. Finally, a previously cryptic class of IncP-type conjugative plasmids called PromA plasmids (for promiscuous A) were captured from Gram-negative soil bacteria (Hydrogenophaga) found in different agricultural soils in Belgium (Werner et al.). Multiple PromA plasmids have been shown to lack accessory genes, and thus their functional consequence beyond driving conjugative transfer of other plasmids was unclear (Van der Auwera et al., 2009). Several isolated plasmids here were found to confer degradation of the plant phenylurea herbicides, such as linuron, suggesting that PromA plasmids may be driving exchange of the catabolic genes in soil communities.

Another feature of plasmids that may influence their prevalence in natural communities, such as those associated with plants, is their ability to modulate biofilm formation of their host bacteria (Ghigo, 2001). Gama et al. evaluated 11 naturally occurring conjugative plasmids from E. coli and determined their impact on biofilm formation. They found that a good portion of the isolated plasmids enhanced biofilm formation, and that this required active conjugation, but others may have inhibitory effects. Although it is difficult to correlate biofilm enhancement with a specific plasmid-encoded function, it is clear that many plasmids can have this effect, and thus it may have an impact on their costs and benefits in natural populations.



Plasmids carrying antibiotic resistance determinants

Dissemination of antimicrobial resistance genes among both pathogenic and commensal bacteria is often mediated by mobile genetic elements including plasmids. Knowledge of plasmids harboring resistance genes and the extent of transfer in bacterial populations is essential to development of alternatives to combat antimicrobial resistance. This is especially important as new resistance mechanisms to clinically important antimicrobials are emerging in bacteria previously not known to carry those resistance genes. An example of this is highlighted in a review article of transfer mechanisms and associated antimicrobial resistance in Salmonella by McMillan et al. Strains of Salmonella Infantis from poultry carrying a mosaic multidrug resistance (MDR) pESI-like plasmid (plasmid for Emerging Salmonella Infantis) have recently emerged causing infections in humans (Aviv et al., 2014; Tate et al., 2017; Brown et al., 2018). The plasmid contains blaCTX−M−65, which encodes an extended-spectrum β-lactamase (ESBL), conferring resistance to third generation cephalosporins used to treat salmonellosis in humans. Yang et al. described another type of mosaic plasmid from Salmonella Derby formed by excision of a chromosomally located MDR fragment flanked by IS elements. The excised MDR fragment was then combined with a conjugal plasmid via homologous recombination.

Several other papers also focused on the analysis of plasmids of different Inc groups responsible for resistance to beta-lactams. Other than the predominant IncF plasmids harboring a blaNDM gene, IncX, IncA/C, IncH and two plasmids of unknown Inc types were described among clinical carbapenem resistant E. coli isolates from China by Zou H. et al.. Fu et al. had a closer look on plasmids of different Inc types carrying a blaCTX−M gene originating from Salmonella Enteritidis from Shanghai: blaCTX−M−55 gene was most commonly found (in 32 of 38 cases) and in several cases flanked by the insertion sequence ISEcp1 and ORF477. Among the rare E. coli isolates with resistance to ampicillin or cephalosporins from wildlife in Guadeloupe (resistant E. coli isolates were identified in 48 of 884 animals), an IncI1 plasmid with blaCTX−M−1 belonging to the sequence type ST3 was described in detail (Guyomard-Rabenirina et al.). Zhang et al. described a plasmid carrying a resistance gene to the novel phosphonic drug class fosfomycin. Liu et al. reported a conjugative tetracycline resistance plasmid pTS14 that proved to be very stable in the host. The study dealing with colistin resistance plasmids focused on the identity and transferability of plasmids carrying the colistin resistance gene mcr-1 (Majewski et al.). Also included is an article on the analysis of plasmids in Gram-positive bacteria, including virulence and resistance gene-carrying plasmids, in 222 Staphylococcus aureus isolates from retail meat (Neyaz et al.).

Two papers in this Research Topic focused on basic characterization of plasmids conferring antimicrobial resistance in the gut microbiota. Both the opportunistic pathogen Raoultella ornithinolytica from healthy adults (Wang S. et al.) and Klebsiella pneumoniae from a Red Kangaroo (Wang X. et al.) carried MDR IncF type plasmids with antibiotic resistance phenotypes transferable to an E. coli recipient in mating experiments. Another study analyzed 114 completely sequenced E. coli isolates from pigs and farm workers in Vietnam, transferable plasmids carrying ESBL genes and other resistance genes were identified, whereas no direct transmission of the resistance genes between animals and humans was observed (Hounmanou et al.). Law et al. showed that wastewater biosolids served as a reservoir of Prom A and IncP-1 antibiotic resistance plasmids that can transfer their resistance genes to pathogens and commensals, and that some of those plasmids can persist in these novel hosts without antibiotic selection. These studies underscore the importance of monitoring antibiotic resistance plasmids in asymptomatic animals and people, as well as in the environment.

A great deal of fundamental research has led to multiple approaches that are aimed at inhibiting plasmid transfer or accelerating plasmid loss from populations of pathogens with antibiotic resistance plasmids. Vrancianu et al. wrote a comprehensive review on these various chemical and biological approaches that can be used to eliminate mobile genetic elements as carriers of antibiotic resistance genes.



Concluding remarks

This Research Topic highlights the active and dynamic area of research on plasmid transfer. Plasmids are important in many different contexts and in distinct environments. Their prevalence and transmissibility make them consistent contributors to specialized bacterial phenotypes such as virulence, antibiotic resistance, exotic metabolism and symbiotic functions. However, plasmids are clearly selfish genetic elements that are under natural selection to maintain and propagate themselves in bacterial populations. Their genetic content, however, can have tremendous impacts on the bacterial hosts in which they reside, including the ability of these bacteria to drive beneficial and detrimental interactions with animals, plants, and other host organisms. Further improving our understanding of plasmids and their transfer mechanisms will continue to inform new strategies of bacterial control and offer new avenues for their biotechnological application.
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Plasmids are key vehicles of horizontal gene transfer and contribute greatly to bacterial genome plasticity. In this work, we studied a group of plasmids from enterobacteria that encode phylogenetically related mobilization functions that populate the previously non-described MOBQ4 relaxase family. These plasmids encode two transfer genes: mobA coding for the MOBQ4 relaxase; and mobC, which is non-essential but enhances the plasmid mobilization frequency. The origin of transfer is located between these two divergently transcribed mob genes. We found that MPFI conjugative plasmids were the most efficient helpers for MOBQ4 conjugative dissemination among clinically relevant enterobacteria. While highly similar in their mobilization module, two sub-groups with unrelated replicons (Rep_3 and ColE2) can be distinguished in this plasmid family. These subgroups can stably coexist (are compatible) and transfer independently, despite origin-of-transfer cross-recognition by their relaxases. Specific discrimination among their highly similar oriT sequences is guaranteed by the preferential cis activity of the MOBQ4 relaxases. Such a strategy would be biologically relevant in a scenario of co-residence of non-divergent elements to favor self-dissemination.
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INTRODUCTION

Mobilizable plasmids are small genetic elements transmissible by conjugation with the assistance of a helper conjugative plasmid. They encode a relaxase, and usually a relaxase accessory protein (RAP), which are in charge of the conjugative DNA processing at a specific site of the origin of transfer (oriT) called nic. Mobilizable plasmids lack the transfer genes required for establishing a conjugative bridge (mating pair formation system, MPF) to the recipient cell, as well as the type IV coupling protein (T4CP) that puts in contact relaxosome and MPF and thus depend on conjugative plasmids to be transferred (Garcillán-Barcia and de la Cruz, 2013).

According to their relaxase, transmissible plasmids were phylogenetically classified into MOB families (Francia et al., 2004; Garcillán-Barcia et al., 2009). Currently, nine relaxase MOB classes are defined, and five of them (MOBP, MOBF, MOBQ, MOBH, and MOBC) are prevalent in transmissible plasmids hosted in γ-Proteobacteria. Plasmids gathered in a relaxase MOB family share similar genomic traits. Relaxase MOB classification has thus shown to be a good predictor of the plasmid backbone (Garcillán-Barcia and de la Cruz, 2013; Fernandez-Lopez et al., 2017). Mobilizable plasmids resident in γ-Proteobacteria form phylogenetically related clusters mainly within two relaxase MOB classes: MOBP and MOBQ (Garcillán-Barcia et al., 2009). Relevant examples are ColE1-like plasmids, grouped in family MOBP5; IncQ1 plasmids, such as RSF1010/R1162, gathered in MOBQ11; and IncQ2 plasmids, such as pTC-F14, in family MOBP14 (Garcillán-Barcia et al., 2009; Garcillán-Barcia and de la Cruz, 2013). An additional clade of small plasmids encoding MOBQ relaxases, previously classified as MOBQu, and here redefined as MOBQ4, was observed in a phylogenetic reconstruction of this relaxase family (Garcillán-Barcia et al., 2009).

A pair of degenerate primers specific for MOBQ4 plasmids was implemented in the Degenerate PCR MOB Typing (DPMT) approach developed by Alvarado et al. (2012) to detect and classify transmissible plasmids. This method revealed the abundance of MOBQ4 plasmids in clinical isolates of enterobacteria (Alvarado et al., 2012; Garcillán-Barcia et al., 2015), previously unnoticed by other plasmid typing methods. Whole-genome sequencing of clinical E. coli isolates also uncovered the presence of this kind of plasmids (Brolund et al., 2013; de Toro et al., 2014; Lanza et al., 2014). Prototype plasmids pIGWZ12 and ColE9-J (ColE2-like) cluster within the MOBQ4 clade. They are stable, theta-replicating, high copy-number, narrow host-range plasmids, whose replication systems have been extensively studied (Yasueda et al., 1989, 1994; Yagura et al., 2006; Zaleski et al., 2006, 2015). Here, we uncovered the diversity of MOBQ4 plasmids, determined the helper conjugative plasmids responsible for their dissemination, and established their behavior in terms of stability and transfer.



MATERIALS AND METHODS


Plasmid Construction

MOBQ4 plasmid derivatives were constructed by isothermal assembly of linear DNA fragments from PCR reactions, following the Gibson method (Gibson et al., 2009, 2015). The MOBQ41 backbone (replication and mobilization regions), based on the complete sequence of the pE2022_4 plasmid [GenBank Acc. No. KT693143 (Lanza et al., 2014)], was linked to a kanamycin-resistance gene [coordinates 272 to 1216 of pSEVA211, GenBank Acc. No. JX560326 (Silva-Rocha et al., 2013)] and a cerulean fluorescent protein gene [coordinates 41 to 1091 of pNS2-φVL (Dunlop et al., 2008)], generating plasmid pRC1. The MOBQ42 backbone (replication and mobilization regions) was obtained by PCR amplification from the E. coli isolate HUMV 04/979 (Garcillán-Barcia et al., 2015), which contains a ColE9-J-like plasmid (coordinates 5102 to 7577, GenBank Acc. No. NC_011977.1). It was joined to a chloramphenicol resistance gene (coordinates 272–1072 of pSEVA311, GenBank Acc. No. JX560331 (Silva-Rocha et al., 2013)] and mCherry fluorescent protein gene (cfp, coordinates 1092–2117 of pNS2-φVL (Dunlop et al., 2008)], generating plasmid pRC2. MOBQ4 plasmids lacking the mobC ORF (from start to stop codon) were constructed by self-ligation of a single PCR fragment from either pRC1 or pRC2, producing plasmids pRC3 and pRC4, respectively.

Additional plasmids were constructed to delimit the oriT region. A schematic representation of the fragments included in each construction is depicted in Figure 1. Such fragments were individually assembled to coordinates 1–1030 and 1360–3001 of vector pSEVA631 (GenBank Acc. No. JX560348). Plasmids pRC5 and pRC6 contained a fragment including the mobC gene, the 178bp intergenic region between mobC and mobA and the first 400 nucleotides of the mobA gene from pRC1 and pRC2, respectively. Plasmids pRC7 and pRC8 included only the 178bp intergenic fragment (Supplementary Figure S1), located between genes mobA and mobC of pRC1 and pRC2, respectively. Plasmids pRC14 and pRC15 contain the oriT regions of pRC7 and pRC8 but cloned in the inverse orientation. Plasmids pRC11 and pRC9, respectively included portions 1–70 and 71–178 of the intergenic fragment between genes mobA and mobC of pRC1, while the same portions from pRC2 were included in pRC12 and pRC10, respectively. A pSEVA631 fragment containing coordinates 1–1030 and 1360–3001 was self-ligated, generating the non-mobilizable vector pRC13, which was used as a control in the mating experiments.
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FIGURE 1. Schematic representation of the MOBQ4 DNA segments included in a series of recombinant plasmids. The mobilization region of MOBQ4 plasmids includes mobC and mobA genes, represented by large, horizontal gray arrows. The extent of the mobilization region included in each construction is represented by a gray bar. The plasmid names for the MOBQ41–based constructions are listed in the left column, while those for MOBQ42-based constructions are in the right column. Plasmids pRC1, pRC2, pRC3, and pRC4 also include the replication module of MOBQ41 or MOBQ42 plasmids.




Stability Assays

Plasmids pRC1 and pRC2 were introduced in the recA+ and recA– isogenic strains UB1636 (F– lys his trp rpsL) (Achtman et al., 1971) and UB1637 (F– lys his trp rpsL recA56) (de la Cruz and Grinsted, 1982), either independently to check for their stability or both together to check for their compatibility. Single colonies were inoculated in Lysogeny-Broth (LB) supplemented with kanamycin at 50 μg/ml (for pRC1-containing strains) or chloramphenicol at 25 μg/ml (for pRC2-containing strains) and grown to saturation at 37°C with agitation (150 rpm). A volume of 9.7 μl was transferred from saturated cultures to 10 mL of fresh LB media without antibiotics and grown to saturation in the same conditions. Rounds of transfer and growth were repeated up to 80 generations. The proportion of plasmid-bearing cells in the population was monitored by replica-plating 100 colonies in LB-agar supplemented with the appropriate antibiotics every 10 generations. A larger number of cells was inspected by fluorescence microscopy and, in the case of pRC1-containing cells, also by flow cytometry. Live cells were visualized using a Leica AF6500 microscope at 63x magnification. CFP and mCherry signals were monitored using BP filters (Excitation 434/17 – Emission 479/40 for CFP, Excitation 562/40 – Emission 641/75 for mCherry). Images were obtained using an iXon885 EM CCD Camera (Andor) and up to 1000 cells were analyzed in each case. Fluorescence emission was measured by flow cytometry using a FACS Canto II flow cytometer (Becton Dickinson) equipped with a 488 nm solid state laser for excitation. The cyan fluorescence of 20,000 events was detected using a 525/20 filter.



Mating Assays

Conjugative plasmids used in this work are listed in Supplementary Table S1. They were tested as helpers of the MOBQ4 plasmids in surface mating experiments, following the procedure described by del Campo et al. (2012). E. coli strain DH5α (F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK–mK+(), λ–) (Grant et al., 1990) containing different plasmid combinations was used as donor and BW25113 (lacIq rrnBT14 ΔlacZWJ16 hsdR514 ΔaraBADAH33 ΔrhaBADLD78), BW25993 (lacIq hsdR514 ΔaraBADAH33 ΔrhaBADLD78) (Datsenko and Wanner, 2000) as recipient. Donor and recipient strains were mixed in a 1:1 ratio, deposited onto an LB-agar surface and incubated for 1 h at 37°C (except when drR27 was used as a helper, in which case matings were carried out at 25°C). Then, the mixture was resuspended in LB and plated in the presence of appropriate antibiotics. Conjugation frequencies were expressed as the number of transconjugants per donor cell.



Phylogenetic Analysis

The 300 N-terminal residues of the MobA relaxase of plasmid ColE9-J were used as a query in a BLASTP search (Altschul et al., 1997) (e-value: 1xE-3). The homologous sequences were aligned using MUSCLE (Edgar, 2004). TrimAl v1.4 was used to calculate the average identity between sequences in the alignment (Capella-Gutiérrez et al., 2009). ProtTest 3 was used to estimate the best model of protein evolution for our set (Guindon and Gascuel, 2003; Darriba et al., 2011). RAxML version 7.2.7 (Stamatakis, 2006) was used for phylogenetic reconstruction. Using the JTTGAMMA model 10 maximum likelihood (ML) searches trees were inferred and support values were assigned to each node of the best tree from 1000 bootstrap searches. Relaxase of the pXF5847 plasmid (GenBank Acc. no. YP_009076807.1) was used as outgroup.



3D Structure Prediction

Phyre2 was used to predict the 3D structure of the MobA relaxase domains of plasmids pE2022_4 and ColE9-J (Kelley et al., 2015), which were visualized using PyMOL (Schrödinger, 2015).



RESULTS AND DISCUSSION


Analysis of MOBQ4 Plasmids

MOBQ is a broad relaxase class that encompasses several families, each of which includes related plasmid backbones: MOBQ1 comprises relaxases of mobilizable broad host-range IncQ1-like plasmids; MOBQ2, conjugative relaxases of pTi and many rhizobial plasmids; MOBQ3, conjugative broad host-range plasmids resident in gram-positive, such as pIP501 (Garcillán-Barcia et al., 2009). In this previous study, many MOBQ plasmids were not ascribed to a specific subclassification due to either low resolution of the clades or lack of information on the plasmid members. Here, we focused on one of these poorly defined clades, now named MOBQ4, prompted by the fact that these relaxases have been recurrently detected in enterobacterial clinical isolates (Alvarado et al., 2012; Brolund et al., 2013; de Toro et al., 2014; Lanza et al., 2014; Garcillán-Barcia et al., 2015).

The phylogenetic reconstruction, based on the first N-terminal 300 residues of MOBQ4 relaxases produced two clusters, MOBQ41 and MOBQ42 (Figure 2A and Supplementary Table S2). This relaxase domain contains the three relaxase motifs (Figure 2B) and share 84% average amino acid identity (97 and 90% for individual MOBQ41 and MOBQ42 groups, respectively). The 3D structure prediction of the relaxase domain of MOBQ41 and MOBQ42 plasmids rendered MOBQ relaxases NES [plasmid pLW1043, PDB Acc. No. 4HT4 (Edwards et al., 2013)] and MobA [plasmid R1162/RSF1010, PDB Acc. No. 2NS6, (Monzingo et al., 2007)] as best hits (100% confidence). The superimposed structures pointed to MOBQ4 amino acids Y25 (motif I), E87 and E89 (motif II), and H125, H133 and H135 (motif III) as homologs of the MobA_R1162 catalytic residues Y25, E74 and E76, and H112, H120 and H122, respectively (Figure 2C). Contrary to the high conservation of the N-terminal domain among members of both MOBQ4 subgroups, the amino acid identity of the C-terminal part of the MOBQ4 relaxases dropped to 35%. This C-terminal domain exhibited low homology to SogL primases of IncI1 plasmids.
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FIGURE 2. The MOBQ4 relaxase family. (A) Maximum-likelihood phylogenetic reconstruction of the N-terminal domain of MOBQ4 relaxases is shown. MobA relaxase of plasmid pXF5843 was used as outgroup. Bootstrap values of relevant nodes are indicated. Families Q41 and Q42 are shadowed in dark and light gray, respectively. A prototype backbone of each MOBQ4 group is represented to the right of the corresponding clade. Genes of the mobilization module are represented in the same gray color pattern. The elements of the replication module are dotted (for MOBQ41) or striped (for MOBQ42). Genes of the colicin operon and the hypothetical proteins are depicted in a white background. (B) Multiple alignment of the three conserved MOBQ relaxase motifs (Garcillán-Barcia et al., 2009). (1) MOBQ41 relaxases, with the exception of pMG828-2; (2) pMG828-2; (3) MOBQ42 relaxases. Putative catalytic residues are indicated by black triangles over the amino acid sequences. (C) Protein 3D-structure superposition of MOBQ41, MOBQ42 and MOBQ11 relaxases. In gray, the minimal relaxase domain of MobA of plasmid R1162/RSF1010 used as a model (PDB 2NS6); in blue and magenta the predicted structures of the homologous domains of the MOBQ41 (MobA of pE2022_4) and MOBQ42 (MobA of ColE9-J) relaxases, respectively. Key residues of MOBQ4 relaxases are highlighted as sticks.


Each MOBQ4 subclade groups highly related backbones (Figure 2A). MOBQ41 are cryptic, small-size plasmids (Supplementary Table S2). Their backbone contains only four genes encoding a replication initiation protein (Rep), a relaxase (MobA), a putative relaxase accessory protein (MobC) and a hypothetical protein. The genes for the last two are generally not annotated. Besides the above-mentioned replication and mobilization genes, MOBQ42 plasmids also contain a colicin operon, including colicin, immunity and lysis genes, following the synteny of Group A nuclease colicins (Cascales et al., 2007). Plasmids ColE9-J and pO111_4 contain a second, partial colicin operon.

The MOBQ4 subdivision in two relaxase groups matches with the presence of two different replicons (Supplementary Table S2) and this family thus encompasses at least two plasmid species as defined by Fernandez-Lopez et al. (2017). MOBQ41 plasmids encode a replication initiation protein that belongs to the Rep_3 superfamily [PF01051 in the Pfam classification (Finn et al., 2016)], with no defined group in the PlasmidFinder classification (Carattoli et al., 2014). MOBQ42 plasmids encode ColE2-like initiators (Pfam PF03090 + PF08708), classified as Col156 by PlasmidFinder. Plasmids pIGWZ12 and ColE9-J exemplify each cluster. They are stable, theta-replicating, high copy number plasmids (15 and 10 copies per chromosome molecule, respectively (Takechi et al., 1994; Zaleski et al., 2012). The origin of replication of plasmid pIGWZ12 was located upstream the rep gene. It contains iterons, an A+T rich region and four DnaA boxes (Zaleski et al., 2006, 2015). The iterons were found to be the incompatibility determinants (Zaleski et al., 2015). ColE2-like plasmids, such as ColE9-J, form a group of closely related elements that share an identical priming mechanism, mediated by the plasmid-encoded Rep protein (Horii and Itoh, 1988; Itoh and Horii, 1989; Yasueda et al., 1989; Hiraga et al., 1994). The origin of replication consists of 32 bp located downstream of the rep gene, containing two directly repeated sequences (Kido et al., 1991; Nomura et al., 1991; Yagura and Itoh, 2006; Yagura et al., 2006). In ColE2-like plasmids, the rep gene expression is post-transcriptionally controlled by a plasmid-encoded RNA (RNAI), which binds the untranslated 5′ region of the rep mRNA, preventing its translation (Sugiyama and Itoh, 1993; Takechi et al., 1994; Yasueda et al., 1994). MOBQ42 plasmids contain a cer-like site (Hiraga et al., 1994), an indication that they use a host site-specific recombination system for resolving multimers to monomers as ColE1-like plasmids do (Summers and Sherratt, 1984, 1988; Summers, 1998).

All completely sequenced MOBQ4 plasmids come from hosts of the Enterobacteriaceae family (Supplementary Table S2). They were isolated from different backgrounds: Salmonella enterica isolated from pork meat (pSD4.0) (Bleicher et al., 2013), pork feces (p4_TW-Stm6) (Dyall-Smith et al., 2017) and human systemic infection (pYU39_5.1) (Calva et al., 2015), multidrug-resistant environmental E. coli (pSMS35_4) (Fricke et al., 2008), commensal E. coli (pSE11-6) (Oshima et al., 2008), enterohemorrhagic E. coli strains of the O26 and O111 serogroups (pO26-S4 and pO111_4) (Ogura et al., 2009; Fratamico et al., 2011), extended-spectrum beta-lactamase producing E. coli clinical isolates (pE2022_4, pFV9873_1, pEC147-3 and pEC08-6) (Brolund et al., 2013; Lanza et al., 2014), E. coli isolated from human urinary tract (pVR50F) (Beatson et al., 2015) and bloodstream infections (pSF-468-4) (Stephens et al., 2015), as well as porcine extraintestinal pathogenic E. coli strain (p2PCN033) (Liu et al., 2015), among others (Supplementary Table S2). None of these plasmids contain antibiotic-resistance genes. There is still no clue on the selective advantage provided by the cryptic MOBQ41 plasmids. In the case of MOBQ42 plasmids, the fact that all carry colicin operons, a priori an advantageous trait for the bacterial host, could explain the abundance of this type of plasmids. For example, the MOBQ42 plasmid pDPT1 was stably acquired by a Vietnamese Shigella sonnei strain in the mid-1990s, and became fixed in the evolving bacterial population (Holt et al., 2013). The colicin E5 produced by pDPT1 was highly bactericidal against non-immune Shigella and E. coli strains. The acquisition of the pDPT1 colicin plasmid, coinciding with the high increase of dysentery produced by this strain, suggests that pDPT1 conferred a beneficial function to its host (Holt et al., 2013).



Stability and Co-residence of MOBQ4 Plasmids

To study the MOBQ4 plasmids, two derivatives were constructed, pRC1 and pRC2. They included the replication and mobilization modules of the MOBQ41 and MOBQ42 backbones, respectively. Antibiotic-resistance and fluorescent protein genes were also included as reporters. Plasmid stability and compatibility were assayed in recA+ and recA– E. coli strains by propagating the plasmids either alone or in combination during 80 generations. Despite the cargoes loaded in plasmids pRC1 and pRC2, the percentage of plasmid retention in the bacterial population was 100%, suggesting that the MOBQ4 backbone confers a minimized fitness cost to its enterobacterial host (San Millan and MacLean, 2017). Besides stability in E. coli, both MOBQ4 plasmid species also exhibited full compatibility (100% retention of both after 100 generations), as could be expected due to their different replicons (Novick, 1987), and ruling out other plasmid-encoded traits out of the replication module that could interfere with the stable vertical inheritance of each other.



Mobilization of MOBQ4 Plasmids by Different MPF Systems

Since mobilizable plasmids do not encode the mating pair formation system neither the T4CP, their transfer relies on auto-transmissible plasmids. We wondered which conjugative plasmids could be responsible for the dissemination of the MOBQ4 plasmids. Not all conjugative plasmids are equally efficient at supplying these functions to a specific mobilizable plasmid (Cabezón et al., 1994, 1997). The contacts established between the relaxosome of the mobilizable plasmid and the T4CP-MPF of the helper plasmid are crucial in the transfer process. ColE1-like MOBP5 plasmids are efficiently mobilized by IncF-MOBF12 (e.g., F) and IncI1-MOBP12 (e.g., R64drd11) plasmids (Cabezón et al., 1997). IncQ1-MOBQ1 plasmids, such as RSF1010, are transferred by IncP1-MOBP11 helper plasmids (e.g., RP4) (Cabezón et al., 1997; Meyer, 2009). pMV158-like plasmids (MOBV1) are mobilized by IncP1-MOBP11 and Inc18-MOBQ3 (e.g., pIP501) plasmids (Lorenzo-Díaz et al., 2014).

We looked for reports providing indirect evidence on MOBQ4 plasmid mobilization through conjugation. In a survey for the presence of transmissible plasmids in a multidrug E. coli collection, MOBQ4 transconjugants were obtained from seven out of the eight MOBQ4 containing clinical isolates (Garcillán-Barcia et al., 2015). In all cases, a MOBP12-MPFI plasmid, presumptively the helper, was also present in both, donor and transconjugant cells. Similarly, the MOBQ41 plasmid pSD4.0 and the IncI1 plasmid pSD107 were found in E. coli transconjugants arisen from a mating with Salmonella enterica (Bleicher et al., 2013).

Three conjugative MPF types (MPFT, MPFF, and MPFI) are prevalent in Enterobacteriaceae (Smillie et al., 2010; Guglielmini et al., 2014), the taxonomic family where MOBQ4 plasmids have been found. In this study, a set of conjugative plasmids representative of these MPF families were tested as helpers for the mobilization of MOBQ4 plasmids (Supplementary Table S1). Not all of them were equally efficient (Figures 3A,B and Supplementary Table S3). R64drd11, the prototype of IncI1α-MOBP12 plasmids, which encodes a MPFI conjugative apparatus, was the most efficient helper. Another MPFI plasmid, pCTX-M3 (IncL/M-MOBP13), was also an efficient helper. Co-residence with MPFI plasmids has been reported for the MOBQ4 plasmids pSE11-6 (Oshima et al., 2008), pSD4.0 (Bleicher et al., 2013), pEC147-4 (Brolund et al., 2013), pO26-S4 (Fratamico et al., 2011), pDPT1 (Holt et al., 2013), and pE2022_4 (Lanza et al., 2014).
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FIGURE 3. Mobilization frequencies of MOBQ4 plasmids by a series of helper plasmids. The mobilization frequency was calculated as the number of transconjugants containing the MOBQ4 plasmid per donor cell. Figures are the average of at least six independent experiments. (A) Dark- and light-gray bars indicate the mobilization frequencies of pRC1 (MOBQ41) and pRC2 (MOBQ42) plasmids, respectively. Below the bars the helper plasmid used in each case, as well as its corresponding Inc and MOB groups, are indicated. The MPF types of the helper plasmids are indicated in the upper part of the figure. (B) The mobilization efficiencies of the MOBQ4 plasmids are relativized to the helper plasmid transfer rates (100%). The mobilization efficiencies of MOBQ41 and MOBQ42-based constructions are represented by dark- and light-gray bars, respectively. pRC1 + pRC2 indicates the mobilization frequency of pRC1 when coresident with pRC2. pRC2 + pRC1 indicates the mobilization frequency of pRC2 when coresident with pRC1.


On the other hand, MPFF-type plasmids [e.g., IncF-MOBF12 (F) or IncHI1-MOBH11 (R27) plasmids], which show high prevalence in enterobacteria, were not appropriate for MOBQ4 mobilization. MPFT plasmids behaved unevenly as MOBQ4 mobilizers. IncP1-MOBP11 (RP4 and R751) and IncX2-MOBP3 (R6Kdrd1) plasmids rendered MOBQ4 transconjugants, while IncW-MOBF11 (R388), IncN-MOBF11 (pKM101) or IncX1-MOBP3 (pOLA52) did not. Contrary to IncP, IncW and IncN plasmids, most IncF, IncI1, IncH, and IncX plasmids are naturally repressed for conjugation. In this study, we used derepressed variants of IncF (pOX38 and R100-1), IncI1α (R64drd11), IncHI1 (drR27), and IncX2 (R6Kdrd1) plasmids, but not a derepressed IncX1. IncX1 and IncX2 plasmids are highly similar in their conjugation genes. Taking into account that the IncX2 derepressed plasmid R6Kdrd1 was not efficient at mobilizing MOBQ4 plasmids (Figure 3A and Supplementary Table S3), and that the IncX1 plasmid pOLA52 self-transfers at low frequency (around 10–4 per donor) (Sørensen et al., 2003), the lack of mobilization of the MOBQ4 plasmids pRC1 and pRC2 by pOLA52 is not surprising. The widely different mobilization efficiencies displayed by the two IncP1-MOBP11 helpers used is more curious. RP4 and R751 are prototypes of the α and β divisions of the IncP1 backbones, respectively. Despite the high conservation of their transfer genes, the kanamycin-sensitive RP4 derivative, pRL443, was 100–1000 times more efficient than R751 as a MOBQ4 helper. Noticeable differences were also observed for these two conjugative plasmids at transferring IncQ2-MOBP14 mobilizable plasmids pTC-F14 and pTF-FC2 (van Zyl et al., 2003). The common characteristic of the MOBQ4 mobilizers was their belonging to the MOBP relaxase class. This could indicate that the MOBQ4 relaxosomes interact more efficiently with the T4 encoded by these MOBP plasmids.



Effect of Co-residence in the MOBQ4 Plasmid Mobilization

Bacterial co-infection with multiple plasmids is common in nature (San Millan et al., 2014). Co-residence of compatible plasmids may lead to intracellular interactions that negatively or positively affect plasmid transfer rates (Gama et al., 2017a, b, c; Getino et al., 2017). Among them, plasmid-encoded fertility inhibition systems that block transmission of unrelated plasmids from the same donor cell have been intensively studied (Maindola et al., 2014; Gama et al., 2018; Getino and de la Cruz, 2018). Besides, competition of two relaxosomes for the same T4CP-MPF can result in the preponderance of one them (Cascales et al., 2005), a fact relevant for any mobilizable plasmid. Cohabitation of two or more mobilizable plasmids that use the same mating apparatus could affect each other’s transfer. To test whether the mobilization of the MOBQ41 plasmid was affected by co-residence with a MOBQ42 plasmid and vice versa, pRC1 and pRC2 were introduced conjointly with the helper plasmid (either pRL443 or R64drd11) in the same cell (Figure 3B). Curiously, presence of pRC1 did not produce a significant variation in pRC2 transfer. In turn, pRC2 produced one-log decrease in pRC1 transfer by pRL443. However, this moderate negative effect was not exhibited when using R64drd11 as a helper: on the contrary, pRC2 presence resulted in one-log increase in pRC1 transfer. Testing different combinations of MOBQ41, MOBQ42 and helpers would be necessary to deeper assess the impact of residing together in MOBQ4 horizontal propagation.



mobC Deletion Effect in the Mobilization Efficiency

Many conjugative and mobilizable plasmids encode RAPs that recognize and bind their cognate oriT sequence probably favoring a single-stranded state around the nic site (de la Cruz et al., 2010). Deletion of RAP genes trwA of R388 (Moncalián et al., 1997), nikA of R64 (Furuya et al., 1991), mobB and mobC of plasmids pTC-F14 and pTF-FC2 (van Zyl et al., 2003), traJ and traK of RP4 (Guiney et al., 1989), mobC of R1162/RSF1010 (Brasch and Meyer, 1986), and mbeC of ColE1 (Varsaki et al., 2009) resulted in drastic decrease of plasmid transfer. All MOBQ4 plasmids encode a gene, called mobC, which is located adjacent to oriT and transcribed opposite to the mobA relaxase gene (Figure 1). Most of the mobC genes are not annotated, so we updated their annotation, as listed in Supplementary Table S2. The MobC proteins of MOBQ4 plasmids are small (less than 100 amino acids) and showed no homology to other RAPs (by using PSI-Blast). To check whether MobC plays a role in the MOBQ4 plasmid mobilization, mobC deletion mutants were constructed from pRC1 and pRC2, respectively producing pRC3 and pRC4 (Figure 1). A moderate decrease in mobilization was observed in the mobC– variants: 1.5-log reduction for pRC3 and 0.6-log for pRC4, when using R64drd11 as a helper (Figure 3B). MobC is thus not absolutely essential for MOBQ4 plasmid mobilization. This is an interesting difference to other plasmid groups, which should be further investigated. It is conceivable that some MOBQ4 plasmids can be found, the mobilization of which is independent of RAPs.



In trans Mobilization of oriT_MOBQ4-Containing Vectors

The 178 bp intergenic region comprised between the mobC and mobA genes of MOBQ4 plasmids was assembled with an oriT-lacking fragment of vector pSEVA631. The resulting constructions, pRC7 (for MOBQ41) and pRC8 (for MOBQ42) (Figure 1), were introduced in donor strains to check for their mobilization. The transfer proteins were supplied in trans: the corresponding mobilizable plasmid (pRC1 or pRC2) provided the relaxosomal proteins, while the conjugative plasmid (R64drd11) supplied the T4CP and MPF. Plasmids pRC7 and pRC8 were transferred to the recipient population, but 1000-fold less efficiently than their corresponding mobA+mobC+ partners (pRC1 and pRC2) (Figure 4). This result was confirmed by using plasmids pRC14 and pRC15, instead of pRC7 and pRC8, in the mobilization experiments. Plasmids pRC14 and pRC15 contained the same oriT region present in pRC7 and pRC8, but cloned in the inverse orientation. Besides, to avoid losing any oriT-related function, larger segments including also the mobC gene and the first 431 bp of the mobA gene [pRC5 and pRC6 (Figure 1)], were analyzed. Here again relaxase, T4CP and MPF components were provided in trans. Plasmids pRC5 and pRC6 behave similarly to pRC7 and pRC8, and were mobilized at least 500-fold less than pRC1 and pRC2 (Figure 4).
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FIGURE 4. In trans mobilization of oriT fragments. R64drd11-mediated mobilization frequencies of pRC1 and plasmids containing fragments of its oriT are represented by dark-gray bars, while those of pRC2 and its derivatives are in light-gray bars. The bars represent the average of at least six experiments.


MOBQ4 relaxases showed thus a cis-acting preference for their oriTs, performing at least 500-fold better on a cis than on a trans oriT substrate. The cis-acting preference is a characteristic exhibited by some DNA-binding proteins, such as the TnpA transposases of Tn10, Tn5 and Tn903 (Morisato et al., 1983; Derbyshire et al., 1990; DeLong and Syvanen, 1991). Relaxases generally lack a cis preference for their oriTs. There are only a few examples of relaxases that show preference for a cis-encoded substrate. The MOBP relaxase of transposon Tn1549 was found to be cis-acting (Tsvetkova et al., 2010). Notably, all plasmid-encoded cis-acting relaxases have been reported in members of the MOBQ class: TraA of plasmid pRetCFN42d (MOBQ2) (Pérez-Mendoza et al., 2006) and TraA of plasmid pIP501 (MOBQ3) (Arends et al., 2012). Nevertheless, other MOBQ relaxases, such as Nes_pSK41 (Pollet et al., 2016), as well as MobA of plasmids R1162/RSF1010 and pSC101 (Brasch and Meyer, 1986; Derbyshire and Willetts, 1987; Meyer, 2000) worked efficiently in trans.

The MOBQ4 relaxases were also tested for their specificity to act on a non-cognate MOBQ4 oriT. The oriTs of MOBQ41 and MOBQ42 plasmids differ in 10 nucleotides along their 178bp sequence (Supplementary Figure S1). Mobilization frequencies of oriT_MOBQ42 plasmids pRC6 or pRC8 by the MOBQ41 plasmid pRC1 + R64drd11, as well as oriT_MOBQ41 plasmids pRC5 or pRC7 by the MOBQ42 plasmid pRC2 + R64drd11, were similar to that obtained for the cognate systems, varying no more than one log (Figure 4).

To further delimit the oriT of MOBQ4 plasmids, the 178bp oriT fragments cloned in pRC7 and pRC8 (see Supplementary Figure S1) were subdivided in two portions, one containing oriT nucleotides 1–70 (pRC11 and pRC12) and the other containing oriT nucleotides 71–178 (pRC9 and pRC10) (Figure 1 and Supplementary Figure S1). Disruption of the 178bp oriT region resulted in a drastic loss of conjugation efficiency of the oriT-containing plasmid (Figure 4), as previously reported for pIGWZ12 (Zaleski et al., 2015).

The cis-acting preference of the MOBQ4 relaxases shown here is an example of biological orthogonality (de Lorenzo, 2011), that is, a mechanism to avoid interference. It implies that when two MOBQ4 plasmids are present in the same cell, the contribution of oriT cross-recognition by the heterologous MOBQ4 relaxase to plasmid transfer is not substantial. This feature could be essential to guarantee their efficient transfer, given the fact that both types of MOBQ4 plasmids use the same repertoire of conjugative helpers and share the same hosts.



CONCLUSION

MOBQ41 and MOBQ42 plasmids are able to coexist and spread in the E. coli population without affecting each other largely. They disseminate through bacterial conjugation, aided specially by MPFI conjugative plasmids, but neither of the MOBQ4 plasmids dominates the horizontal transfer process. Co-residence of MOBQ41 and MOBQ42 plasmids in the same host neither hindered nor boosted considerably their respective mobilization frequencies. Since both plasmids (MOBQ41 and MOBQ42) have a narrow host-range (they circulate among enterobacteria), their coexistence in natural environments is likely. In such ecological setting, specific discrimination among their highly similar oriT sequences would be guaranteed by the preferential cis activity of the MOBQ4 relaxase. Such strategy would be biologically relevant in a scenario of co-residence of non-divergent elements to favor self-dissemination.
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Raoultella ornithinolytica is an opportunistic pathogen of the Enterobacteriaceae family and has been implicated in nosocomial infections in recent years. The aim of this study was to characterize a carbapenemase-producing R. ornithinolytica isolate and three extended-spectrum β-lactamase (ESBL)-producing R. ornithinolytica isolates from stool samples of adults in a rural area of Shandong Province, China. The species were identified using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and 16S rDNA sequence analysis. Antimicrobial susceptibility test showed that all four isolates were multidrug-resistant (MDR). The whole genome sequence (WGS) of these isolates was determined using an Illumina HiSeq platform, which revealed MDR-related genes. The S1 nuclease-pulsed-field gel electrophoresis (S1-PFGE) was used to characterize the plasmids carried by the R. ornithinolytica isolates. The blaNDM-1 and blaCTX-M-3 genes were probed using Southern blotting, which confirmed the location of both genes on the same plasmid with molecular weight of 336.5–398.4 kb. The transferability of blaNDM-1 and blaCTX-M was also confirmed by conjugation assays. Finally, BLAST analysis of both genes showed that mobile genetic elements were associated with the spread of drug resistance genes. Taken together, we report the presence of conjugative blaNDM-1 and blaCTX-M plasmids in R. ornithinolytica isolates from healthy humans, which indicate the possibility of inter-species transfer of drug resistance genes. To the best of our knowledge, this is the first study to isolate and characterize carbapenemase-producing R. ornithinolytica and ESBL-producing R. ornithinolytica isolates from healthy human hosts.

Keywords: Raoultella ornithinolytica, carbapenemase, extended-spectrum β-lactamase, blaNDM-1, blaCTX-M, whole-genome sequencing


INTRODUCTION

Raoultella is a genus of encapsulated Gram-negative aerobic bacilli of the Enterobacteriaceae family (Luo et al., 2017) that was initially part of the genus Klebsiella, but later reclassified based on the 16S rDNA sequence and the rpoB, gyrA, and gyrB genes (Drancourt et al., 2001). Raoultella ornithinolytica is one of the three species of the genus Raoultella (Singh et al., 2017) and naturally exists in the soil, water, and plants (Ayoade et al., 2018). R. ornithinolytica can cause pneumonia, biliary or urinary tract infections and bacteremia and such cases are being increasingly reported (Sekowska et al., 2015; Van Cleve et al., 2018). Both organ-specific and systemic R. ornithinolytica infections can be life-threatening, especially in cancer patients after abdominal surgery (Hajjar et al., 2018). Therefore, it is vital to understand the pathogenic potential of R. ornithinolytica isolates in humans (De Petris and Ruffini, 2018). Cephalosporins, quinolones, and carbapenems are routinely used against this pathogen, and multi-drug resistant (MDR) R. ornithinolytica isolates have been reported in recent years (Wang et al., 2019).

Widespread use of third-generation cephalosporins and other β-lactam antibiotics in the past decades have led to the emergence of third-generation cephalosporin-resistant bacteria that produce extended spectrum β-lactamases (ESBLs) and AmpC β-lactamases that are, respectively, encoded by plasmids and chromosomes (Kola et al., 2012; Dohmen et al., 2015). Consistent with this, infections caused by the ESBL-producing Gram-negative bacilli (GNB) have become increasingly prevalent worldwide, both in the healthcare and community settings, and pose significant therapeutic challenges (Wang et al., 2015). The class A serine CTX-M-type is the most common plasmid-encoded ESBLs that are produced by drug-resistant pathogens (He et al., 2016). The genetic elements encoding these CTX-M enzymes constantly evolve via random mutations and recombination between different resistance genes (Canton et al., 2012). A genetic epidemiological study on ESBLs found that blaCTX-M has replaced blaSHV and blaTEM as the most common ESBL-encoding genes (Xia et al., 2014). While CTX-M-15 and CTX-M-14 are the most prevalent ESBLs worldwide (He et al., 2016), blaCTX-M-14 has been identified as the most prevalent ESBL gene in China, and epidemiological surveillance in Asia, Latin America, and Europe has revealed a dramatic increase in cephalosporin-resistant Escherichia coli and Klebsiella spp. strains due to spread of the CTX-M ESBLs (Zhang et al., 2016).

Carbapenem-resistant Enterobacteriaceae (CRE) is a serious public health concern worldwide because of its rapid spread and limited therapeutic drugs (Zheng et al., 2018). Metallo-β-lactamases (MBLs) are produced by many species of Gram-negative bacteria and confer resistance to carbapenems, cephalosporins, and penicillins except monobactams (Tada et al., 2019). New Delhi Metallo-beta-Lactamase 1 (NDM-1) is a plasmid-associated Ambler class B β-lactamase/carbapenemase that was first reported in clinical E. coli and Klebsiella pneumoniae isolates from an Indian patient in Sweden in 2008 (Yong et al., 2009). Subsequent cases of carbapenemase-producing isolates have since been reported in Britain, Australia, India, Russia, etc. (Yong et al., 2009; Kumarasamy et al., 2010; Bocanegra-Ibarias et al., 2017), and clinical isolates of R. ornithinolytica from urethral effluent, fester, and rectum samples have recently been found to produce this enzyme (Li et al., 2012; Khajuria et al., 2013; Zhou et al., 2013; Zheng et al., 2015; Paskova et al., 2018).

R. ornithinolytica infections are largely nosocomial and have rarely been reported in a healthy community (Seng et al., 2016). Nevertheless, the high rates of antimicrobial resistance in R. ornithinolytica isolates should be characterized in order to provide a basis for treating infections. To this end, we conducted a cross-sectoral study as part of the Sino-Swedish Integrated Multisectoral Partnership for Antibiotic Resistance Containment (IMPACT) in the Shandong Province in China using a One Health approach. The aim of this project is to study the relationship between the development of drug resistance in human (symbiotic and clinical), zoonotic, food, and environmental isolates of R. ornithinolytica. We identified NDM-1 and ESBL-producing R. ornithinolytica strains from healthy subjects and analyzed the drug resistance phenotypes and underlying mechanisms. To the best of our knowledge, this is the first report detailing the presence of an NDM-producing R. ornithinolytica strain in the human gut microbiota.



METHODS


Bacterial Isolation and Identification

A total of 1,380 fecal samples were collected from healthy people in rural communities in July 2017 according to a previously described sampling procedure (Sun et al., 2018). Briefly, the samples were collected into ESwab tubes (Copan, Brescia, Italy) and stored at −80°C until cultivation. After thawing, the fecal samples were cultured on ChromID CARBA agar and ChromID ESBL agar plates (bioMérieux, Marcy l’Etoile, France) for 18 h at 37°C to respectively screen for the carbapenemase- and ESBL-producing R. ornithinolytica strains. The suspected R. ornithinolytica colonies identified based on color and morphology were picked and sub-cultured on CHROMagar Orientation agar (CHROMagar Company, Paris, France) overnight at 37°C. The resulting isolates were identified using MALDI-TOF MS and then confirmed by 16S rDNA sequence analysis against the bacterial 16S rDNA gene sequence in GenBank. The genomic average nucleotide identity (ANI) was calculated as described previously (Jiang et al., 2018).



DNA Extraction and PCR

DNA was extracted from pure cultures of R. ornithinolytica using a Gentra Puregene Yeast/Bact. Kit (QIAGEN, Hilden, Germany), and the 16S rDNA sequences were amplified by PCR with primers designed using the Primer 5.0 software (3′-AGAGTTTGATCCTGGCTCAG-5′/3′-GGTTACCTTGTTAGGACTT-5′). The optimized cycling conditions were: initial denaturation at 94°C for 5 min followed by 30 cycles of amplification each with 94°C for 1 min, 52°C for 1 min, and 72°C for 1 min and final extension at 72°C for 5 min. The PCR product was detected by capillary electrophoresis as described previously (Zhang et al., 2019). The blaNDM-1, blaCTX-M-3, and blaCTX-M-14 genes were amplified by PCR using primers published previously (Shimizu et al., 2017; Chetri et al., 2019), and the products were confirmed by capillary electrophoresis followed by Sanger sequencing.



Antimicrobial Resistance Test

To verify carbapenemase production by the isolates, resistance against imipenem, ertapenem, and/or meropenem were determined using the modified Hodge test. ESBL-production was verified using the double disk diffusion method with cefotaxime, ceftazidime, and/or clavulanic acid according to Clinical and Laboratory Standards Institute (CLSI, 2017).



Antimicrobial Susceptibility Test

A total of 17 antibiotics belonging to 13 antimicrobial classes were tested, including cephalosporins (cefotaxime and ceftazidime), cephamycins (cefoxitin), β-lactam/β-lactamase inhibitor complexes (amoxicillin-clavulanate and piperacillin-tazobactam), carbapenems (imipenem and meropenem), penicillins (ampicillin), aminoglycosides (gentamicin and amikacin), fluoroquinolones (ciprofloxacin), folate metabolic pathway inhibitors (trimethoprim-sulfamethoxazole), tetracycline, chloramphenicols (florfenicol), colistin, furantoin, and tigecycline. The minimal inhibitory concentrations (MICs) of colistin and tigecycline were determined by the broth microdilution method and of other antibiotics using the agar dilution method. The results were interpreted according to CLSI (2017) and European Committee on Antimicrobial Susceptibility Testing (EUCAST) (version 8.1, 2018) guidelines. E. coli ATCC25922 was used as the quality control strain. Since clinical breakpoints of florfenicol are not available for Enterobacteriaceae in EUCAST or CLSI, the resistance breakpoint of >16 mg/L was selected based on the epidemiological cut-off values for the closely related E. coli and Salmonella spp. (Chi et al., 2019).



Whole-Genome Sequencing

Whole-genome sequencing was performed on the extracted DNA by Sangon Biotech (Shanghai, China) using the Illumina HiSeq sequencing platform. The quality of the high-throughput sequence data was assessed by FastQC1. SPAdes 3.11.0 was used for assembling raw sequences (Hu et al., 2011). All draft genomes were deposited in the NCBI database under accession number VJYE00000000-VJYH00000000. Acquired antimicrobial resistance genes and plasmid replicons were identified using ResFinder 2.1 and PlasmidFinder 1.32, respectively. The gene sequences surrounding blaNDM-1 and blaCTX-M were annotated using RAST3 and Easyfig 2.2.3 (Chi et al., 2019). To find the core genes of the R. ornithinolytica genomes, Roary was used for SNPs analysis (Page et al., 2015). Maximum likelihood-based phylogenetic reconstruction was performed with RAxML version 8.2.10 (Stamatakis, 2014) and visualized with FastTree (Price et al., 2009).



S1 Nuclease-Pulsed-Field Gel Electrophoresis and Southern Blotting

The location of blaNDM-1, blaCTX-M-3, and blaCTX-M-14 on the plasmids was validated by S1-PFGE and southern blotting. Briefly, the isolates were embedded in 10 g/L Seakem Gold gel, digested with endonuclease S1 nuclease (TakaRa, Dalian, China), and subjected to pulsed-field gel electrophoresis (Parameters: 14°C, voltage 6 V/cm, electric field angle 120°, conversion time 2.16–63.8 s, and electrophoresis 16 h). The DNA fragments were transferred horizontally to a nylon membrane (Millipore, USA), and hybridized with three digoxin-labeled probes obtained by PCR amplification (Yu et al., 2002) and the Dig High Prime DNA Labeling and Detection Starter Kit (Roche Diagnostics). The genomic DNA of Salmonella enterica serovar Braenderup H9812 strain cut with XbaI was used as the DNA marker.



Conjugation Assay

The horizontal transferability of blaNDM-1, blaCTX-M-3, and blaCTX-M-14 were examined using conjugation assay using E. coli J53 (azide-resistant) or E. coli EC600 (rifampicin-resistant) as the recipient strains. The recipient bacteria and the target single colony were inoculated into 2 ml LB liquid medium and cultured at 37°C with constant shaking for about 6.5 h till the logarithmic growth phase. The recipient and donor bacteria culture broths were mixed at 1:2 v/v (200 μl and 400 μl), inoculated in 2 ml LB liquid medium, and incubated at 37°C for 12 h. The following day, 100 μl of the culture broth was uniformly spread on sodium azide-resistant agar containing cefotaxime (imipenem) and rifampicin and cultured at 37°C for 18 h. The single colonies were picked and purified overnight. Conjugants were identified by the presence of antibiotic resistance genes that were detected using PCR as described.




RESULTS


Multidrug-Resistant Raoultella ornithinolytica Strains Were Isolated From the Human Fecal Samples

One carbapenemase-producing (ROF058) and three ESBL-producing (ROE007, ROE058, and ROI014) R. ornithinolytica strains were isolated from 1,380 fecal samples (Table 1) and confirmed by MALDI-TOF MS, 16S rDNA sequencing, and ANI analysis (Figure 1A). Phylogenetic analysis revealed that isolates ROE007 and ROE058 are clonally related although they were recovered from different villagers in the same natural village (Figure 1B). The blaNDM-1, blaCTX-M-3, and blaCTX-M-14 genes were subsequently identified in all the strains, and multidrug resistance was confirmed by antimicrobial susceptibility tests. ROF058 was resistant to 12 antibiotics other than carbapenem, but sensitive to amikacin, tigecycline, furantoin, colistin, and trimethoprim-sulfamethoxazole. The resistance profiles of the three ESBL-producing isolates were similar, and all were resistant to gentamicin, tetracycline, cefotaxime, trimethoprim-sulfamethoxazole, and ampicillin. Furthermore, all trans-conjugants exhibited MDR phenotypes similar to the donor strain (Table 1).



TABLE 1. The minimum inhibitory concentrations of tested antimicrobial agents against the R. ornithinolytica isolates and the respective conjugants.
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FIGURE 1. Phylogenetic comparison depicting the relationship of R. ornithinolytica strain isolated in this study with other Raoultella species. (A) ANI analysis of R. ornithinolytica isolates with other Raoultella species. (B) Core genome phylogeny for the R. ornithinolytica isolates.




The Raoultella ornithinolytica Strains Harbor Multidrug-Resistant Genes

MDR was defined as acquired non-susceptibility to at least one agent in three or more antimicrobial categories, and XDR was defined as non-susceptibility to at least one agent in all but two or fewer antimicrobial categories (Magiorakos et al., 2012). Whole genome sequencing showed that ROF058 is an extensively drug-resistant (XDR) strain, while ROE007, ROE058, and ROI014 are MDR strains (Table 1). In addition to the carbapenemase-encoding blaNDM-1, ROF058 also carries genes encoding for other ESBLs (blaCTX-M-3, blaOXA-1, blaTEM-1B, and blaDHA-1), as well as resistance factors against, aminoglycosides [aac(3)-IId], rifampicins (arr-3), chloramphenicols (catB3), tetracyclines [tet(D)], quinolones [qnrB4 and aac(6′)-Ib-cr], fosfomycin (fosA), and sulfonamides (sul1) (Figure 2). The remaining isolates harbored genes encoding the ESBLs (blaCTX-M-14), quinolones (qnrS1), aminoglycosides [aac(3)-IId], sulfonamides (sul1), tetracyclines [tet(A)], sulfanilamides (dfrA1), and fosfomycins (fosA) resistance genes.
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FIGURE 2. Genetic analysis of the blaNDM-1 and blaCTX-M genes. Arrows represent direction of transcription. Red open reading frames (ORFs) indicate NDM-1/CTX-M, blue ORFs drug resistance-associated proteins, yellow ORFs mobile genetic elements, and gray ORFs other proteins or proteins of unknown function.




The Multidrug-Resistant Genes Are Located on Mobile Genetic Elements

Whole genome sequencing of strain ROF058 generated 5,747,150 clean reads, which were then assembled to 209 contigs with a GC content of 51.38%; WGS of strain R0E007 generated 5,214,213 clean reads, which were then assembled to 203 contigs with a GC content of 49.36%; WGS of strain ROE058 generated 5,235,762 clean reads, which were then assembled to 199 contigs with a GC content of 50.28%; WGS of strain ROI014 generated 5,510,178 clean reads, which were then assembled to 215 contigs with a GC content of 54.66%. The plasmids in the different isolates were identified using the Center for Genomic Epidemiology program (Luo et al., 2017), which showed that ROF058 harbored the IncFIB(K)-type plasmid, ROE007 and ROE058 contained IncFIB(K) and IncFII-type plasmids, and ROI014 carried IncFIB(K) and IncFII plasmids. In addition, S1-PFGE and southern blot hybridization revealed three different plasmids in the R. ornithinolytica isolates ranging from 104.5 to 398.4 kb (Figure 3). ROFO58 contained the larger plasmid (336.5–398.4 kb) harboring the blaNDM-1 and blaCTX-M-3 genes. R0E007 and ROE058 had identical plasmid profiles, and the blaCTX-M-14 gene was located on a 138.9 kb plasmid in both isolates. The blaCTX-M-14 gene in ROI014 was located on a 216.9–244.4 kb plasmid. Furthermore, the blaNDM-1 and blaCTX-M-3 genes could be transferred from each of the isolates into recipient E. coli strains via conjugation (Table 1), which was confirmed by PCR (data not shown).
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FIGURE 3. S1-PFGE analysis of the R. ornithinolytica isolates and southern hybridization. Lane M, molecular weight marker Salmonella Braenderup H9812; Line 1, strain ROI014; Line 2, ROEO58; Line 3, strain ROE007; Line 4, strain ROF058; Line 5, CTX-M-14 hybridization for ROI014; Line 6, CTX-M-14 hybridization for ROE058; Line 7, CTX-M-14 hybridization for ROE007; Line 8, NDM-1 hybridization for ROFO58; Line 9, CTX-M-3 hybridization for ROFO58.





DISCUSSION

Intermittent but lethal nosocomial infections by R. ornithinolytica have been increasingly reported in the past decade (De Petris and Ruffini, 2018), and the advent of techniques like MALDI-TOF MS has enabled identification of new isolates (De Jong et al., 2013; Seng et al., 2016). Notable reports of R. ornithinolytica infections include sepsis in a patient with mitochondrial disease in Spain (Sanchez-Codez et al., 2019), urinary tract infection in a pediatric patient in Turkey (Buyukcam et al., 2019), and ventilator associated pneumonia in two immunocompetent trauma patients in USA (Van Cleve et al., 2018). R. ornithinolytica has also been implicated in joint infections and appendicitis in the clinical setting (Beye et al., 2018; Hajjar et al., 2018). In addition, MDR strains of this pathogen have emerged in recent years, primarily due to the spread of the resistance genes. The first NDM-1-producing R. ornithinolytica strain was isolated from the pus of hospitalized patients in India in 2013 (Khajuria et al., 2013) and was followed by reports of resistant R. ornithinolytica in USA, China, India, Spain, Korea, Bangladesh, and Brazil. In addition, some resistant strains have also been isolated from animals, vegetables, wastewater, and river water. The major drug resistance genes identified in these isolates include blaNDM-1, blaKPC-2, mcr-1, blaCTX-M-15, blaIMP-4, and blaOXA-1 (Zhou et al., 2014; Hasan et al., 2015; Zheng et al., 2015; Hernandez-Garcia et al., 2018; Miao et al., 2018; Yoon et al., 2018; Carramaschi et al., 2019; Wang et al., 2019). However, little is known regarding the carbapenemase- and ESBL-producing R. ornithinolytica strains. To the best of our knowledge, this is the first report on resistant R. ornithinolytica isolated from human gut microbiota.

Studies show that bacterial strains producing NDM-1 are resistant to most of the antibiotics used clinically and are only sensitive to a few such as colistin and tigecycline (Khan et al., 2017). However, Wang et al. (2018) described a strain of K. pneumoniae isolated from both humans and animals that was positive for the NDM-1 gene and showed resistance to polymyxin and colistin (Wang et al., 2018). Consistent with this, our drug susceptibility test showed that ROFO58 was resistant to cefotaxime, ceftazidime, gentamicin, tetracycline, and ciprofloxacin. R. ornithinolytica is naturally resistant to aminopenicillin due to the presence of the chromosomal class A β-lactamase gene (Vasaikar et al., 2017), and all isolates did exhibit resistance to ampicillin. The presence of drug resistance genes strongly correlated with resistant phenotypes. Therefore, the WGS approach can rapidly detect antibiotic resistance genes that have been annotated and predict drug-resistance in a particular isolate. Although all trans-conjugants showed an MDR phenotype similar to that of the donor strain in our study, the NDM-1-producing isolate had lower resistance to gentamicin and were sensitive to imipenem, ciprofloxacin, and amoxicillin-clavulanic acid. This could be due to factors other than the resistance genes. For example, studies have shown that the same resistance gene confers different susceptibility patterns when under the control of different promoters (Zhou et al., 2019).

A previous report showed that the blaNDM-1 gene in Enterobacteriaceae is located on a rapidly transferable 50–200 kb plasmid belonging to several incompatibility groups such as IncL/M, IncHI1, IncFIIs, IncF, or untypable (Ahmad et al., 2018). In this study, the plasmid carrying blaNDM-1 was larger than 300 kb and of type IncFIB. Furthermore, this plasmid could be transferred from R0F058 to E. coli EC600 but not to E. coli J53. We surmised therefore that the plasmid was rare and selectively transferred. Epidemiological and genetic studies have shown that plasmid ligation and transposition of mobile genetic elements play an important role in the horizontal transmission of blaNDM-1 (Khajuria et al., 2013). BLAST analysis showed the presence of the aminoglycoside acetyltransferase gene [aac(3)] and bleomycin resistance gene upstream and downstream of blaNDM-1, respectively. There were two insertion sequences (ΔIS91) flanking both resistance genes, indicating its important role in the spread of blaNDM-1 and other resistant genes. In addition, a remnant of ΔISAba125 was located upstream of blaNDM-1 (Figure 2). A previous study has shown that partial ISAba125 is a promoter of the blaNDM-1 gene (Poirel et al., 2011). The blaNDM-1 and blaCTX-M-3 genes were detected in the ROF058 trans-conjugant, indicating that blaNDM-1 can be co-transferred with blaCTX-M-3 and across species, and thereby disseminate drug resistance. Although clinically important bacteria such as Enterobacter cloacae and Klebsiella pneumoniae produce both NDM-1 and CTX-M-3 (Rubin et al., 2014; Hu et al., 2016), we have shown the co-existence of blaNDM-1 and blaCTX-M-3 in one plasmid for the first time.

The isolates in our study carried the blaCTX-M-3 and blaCTX-M-14 genes, which is similar to the CTX-M types of ESBL-producing K. pneumoniae isolated from environmental samples (Chi et al., 2019). This likely indicates spread of resistant bacteria between human hosts and the environment. The blaCTX-M genes are usually present on the IncF, IncI, IncN, IncHI2, IncL/M, and IncK plasmid types (Zhang et al., 2016). WGS analysis showed that three ESBL-producing R. ornithinolytica isolates in our study carry the IncFIC plasmid, along with a ΔISEcp1 sequence upstream of blaCTX-M-3 in ROF058, and blaCTX-M-14 in ROE007 and ROE058. A study showed that 97.6% of the blaCTX-M genes have an upstream ΔISEcp1 sequence (Adamski et al., 2015), which plays an important role in the transposition of blaCTX-M and other ESBL genes (Decano et al., 2019). R0E007 and ROE058 isolated from the same village showed an identical sequence flanking blaCTX–M–14, i.e., ΔISEcp1-blaCTX-M-14-ΔIS903, which could be the result of either the clonal expansion of the original host bacteria or lateral transfer of the genetic elements. A linear fecE-fecD-fecC-fecB-fecA-fecR-fecI ferric citrate genes were detected upstream of blaCTX-M-14 in ROI014, which is very similar to that reported in an environmental K. pneumoniae isolate (accession no. KF914891) from the same area (Chi et al., 2019). These findings strongly indicate the spread of drug-resistance genes between K. pneumoniae and R. ornithinolytica.

To summarize, we characterized R. ornithinolytica isolates from healthy human feces in terms of their antibiotic susceptibility, drug resistance genes, and the transfer mechanism of the mobile genetic elements. The strains co-producing NDM-1 and CTX-M can confer higher levels of resistance to multiple antibiotics and can transfer the genes to other strains via plasmids by conjugation. Therefore, the patterns of antibiotic resistance and transmission should be closely monitored for R. ornithinolytica, especially in healthy individuals.
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PromA plasmids are broad host range (BHR) plasmids, which are often cryptic and hence have an uncertain ecological role. We present three novel PromA γ plasmids which carry genes associated with degradation of the phenylurea herbicide linuron, two of which originated from unrelated Hydrogenophaga hosts isolated from different environments (pPBL-H3-2 and pBPS33-2), and one (pEN1) which was exogenously captured from an on-farm biopurification system (BPS). Hydrogenophaga sp. plasmid pBPS33-2 carries all three necessary gene clusters (hylA, dca, ccd) determining the three main steps for conversion of linuron to Krebs cycle intermediates, while pEN1 only determines the initial linuron hydrolysis step. Hydrogenophaga sp. plasmid pPBL-H3-2 exists as two variants, both containing ccd but with the hylA and dca gene modules interchanged between each other at exactly the same location. Linuron catabolic gene clusters that determine the same step were identical on all plasmids, encompassed in differently arranged constellations and characterized by the presence of multiple IS1071 elements. In all plasmids except pEN1, the insertion spot of the catabolic genes in the PromA γ plasmids was the same. Highly similar PromA plasmids carrying the linuron degrading gene cargo at the same insertion spot were previously identified in linuron degrading Variovorax sp. Interestingly, in both Hydrogenophaga populations not every PromA plasmid copy carries catabolic genes. The results indicate that PromA plasmids are important vehicles of linuron catabolic gene dissemination, rather than being cryptic and only important for the mobilization of other plasmids.

Keywords: broad-host-range plasmids, horizontal gene transfer, biodegradation, transposases, plasmid ecology


INTRODUCTION

Plasmids are circular or linear extrachromosomal elements that can self-replicate, and are important agents in the dissemination of genes among microbial species (Garcillan-Barcia et al., 2011). Broad host range (BHR) plasmids can independently transfer and maintain themselves in different taxa (Jain and Srivastava, 2013) and carry accordingly genes for replication, maintenance and control, and conjugation (Szpirer et al., 1999). In addition, BHR plasmids may carry so-called “accessory” genes, for instance for antibiotic and heavy metal resistance, or biodegradation of xenobiotic compounds (Schlüter et al., 2007; Sen et al., 2011). On the other hand, exogenous plasmid capture enabled the isolation of several plasmids with few or no apparent accessory genes that belong to known BHR plasmid groups such as IncP-1, IncN and IncU from environmental microbial communities (Brown et al., 2013). These so far cryptic plasmids have no apparent benefit to the host and are still propagated in absence of selective pressure (Fox et al., 2008). A recently discovered group of BHR plasmids are the PromA plasmids, most of which were isolated by exogenous plasmid capture (Schneiker et al., 2001; Tauch et al., 2002; Van der Auwera et al., 2009; Li et al., 2014; Thomas et al., 2017; Yanagiya et al., 2018), hence originated from unknown hosts. Exogenous plasmid isolation allows capturing conjugative as well as mobilizable plasmids from environmental microorganisms by means of biparental and triparental matings without the need to cultivate the host (Smalla et al., 2015). A few PromA plasmids also originated from proteobacterial isolates (Ito and Iizuka, 1971; Mela et al., 2008; Van der Auwera et al., 2009). With the exception of pSFA231 (Li et al., 2014), pMOL98 (Van der Auwera et al., 2009), and pSB102 (Schneiker et al., 2001) which carry heavy metal resistance genes, all 12 completely sequenced PromA plasmids identified to date are cryptic plasmids with no clear indication of their ecological role or possible benefit for the host organism. It was hypothesized that the main role of these plasmids is to mobilize other plasmids (Zhang et al., 2015).

Recently, we have described two PromA plasmids, pPBL-H6-2 and pPBS-H4-2 from two Variovorax strains with the metabolic capability to degrade the phenylurea herbicide linuron (Öztürk et al., 2019). Variovorax is a genus that is isolated at high frequency from enrichments that use linuron as sole source of carbon energy. In the linuron-degrading Variovorax sp. strains isolated to date, the initial step of linuron degradation to 3,4-dichloroaniline (DCA) is performed by the linuron amidases encoded by the hylA or libA genes, followed by the dcaQA1A2BR catabolic cluster coding for the enzymes that convert DCA to 4,5-dichlorocatechol. The catechol intermediate is further degraded to Krebs cycle intermediates by the enzymes encoded by the ccdCFDER gene cluster (Bers et al., 2011, 2013). The two Variovorax PromA plasmids belong to the PromA γ subgroup together with the plasmids pSN1104-11 and pSN1104-34 (Yanagiya et al., 2018) that were exogenously isolated from the microbial granules of an anaerobic waste water treatment plant. pPBS-H4-2 is the first PromA plasmid that carries catabolic genes, i.e., it carries a stretch of DNA containing the hylA gene and the ccd cluster and several IS1071 elements, of which two border the cargo at both ends. In contrast, pPBL-H6-2 only contains one copy of IS1071 as cargo. The catabolic genes of pPBS-H4-2 were identical to those of Variovorax sp. WDL1. In WDL1, the catabolic genes are located on a megaplasmid (pWDL1-1) rather than on PromA plasmids. Two mutually-exclusive versions of this plasmid occur in the WDL1 population, one carrying the hylA gene and the ccd cluster that are encompassed by separate IS1071 insertion elements, and the other carrying the dca cluster instead of the hylA gene, again flanked by IS1071 insertion elements (Albers et al., 2018; Öztürk et al., 2019).

In this study, we report the characterization of three new linuron catabolic PromA γ plasmids. In contrast to pPBL-H6-2 and pPBS-H4-2, these plasmids did not originate from Variovorax. Two of the new plasmids were isolated from two different linuron degrading Hydrogenophaga strains, PBL-H3 and BPS33. Hydrogenophaga sp. strain PBL-H3 was isolated from a potato field near Halen, Belgium (Breugelmans et al., 2007) and Hydrogenophaga sp. strain BPS33 from the matrix of an on farm biopurification system (BPS) operated by Inagro, near Roeselare, Belgium, in this study. The genus Hydrogenophaga belongs to the family of Comamonadaceae, and was formerly classified as Pseudomonas (Willems et al., 1989). Although some members of this genus are marked by their ability to oxidize hydrogen (Willems et al., 1989), Hydrogenophaga is not a genus that is frequently associated with xenobiotic degradation. Exceptions comprise Hydrogenophaga intermedia S1 and PMC, which mineralize 4-aminobenzenesulfonate in two-species consortia (Gan et al., 2011) and the pyrene-degrading Hydrogenophaga sp. PYR1 (Yan et al., 2017). The third new PromA plasmid is plasmid pEN1, which was obtained by biparental exogenous isolation from a BPS operating on a farm near Kortrijk, Belgium (Dealtry et al., 2016), selecting for mercury resistant transconjugants of the recipient strain. Here, we compare the full sequences of three new plasmids with each other and with other previously reported PromA plasmids including those discovered in the linuron degrading Variovorax in order to deduce their evolution and the role that PromA plasmids play in the dissemination of linuron degradation genes in different genera and environments.



MATERIALS AND METHODS


Chemicals

Linuron ([3-(3,4-dichlorophenyl)-1-methoxy-1-methyl urea] PESTANAL®, analytical standard) was purchased from Sigma Aldrich. [phenyl-U-14C] Linuron (16.93 mCi mmol–1, radio- chemical purity > 95%) was purchased from Izotop.



Isolation of Hydrogenophaga sp. BPS33

BPS33 was isolated from the matrix of a BPS located at research institute Inagro in Rumbeke-Beitem, Belgium (50°54′07.9″N 3°07′28.2″E). The BPS had received linuron and other pesticides for 2 years. The sample was collected from the upper 10 cm of the top container, and stored at 4°C until further use. The isolation procedure followed the protocol previously described by Breugelmans et al. (2007). Briefly, 1 g of the matrix material was inoculated into 50 mineral medium MMO (Dejonghe et al., 2003) containing 20 mg/L linuron. Degradation of linuron was monitored using HPLC as described before (Horemans et al., 2014). After linuron was degraded, dilutions of the enrichment culture were plated on R2A medium (Breugelmans et al., 2007) containing 20 mg/L linuron. Resulting colonies were inoculated into 2.5 mL 96-well plates containing 500 μL of MMO with 20 mg/L linuron, and colonies that degraded linuron were identified via 16S rRNA gene sequencing with primers 27F and 1492R (primers listed in Supplementary Table S2). Both BPS33 and PBL-H3 used in this study were routinely cultivated in R2B medium supplemented with 20 mg/L linuron. Prior to genome sequencing, the linuron mineralization capacity of both cultures was determined as described before (Breugelmans et al., 2007). Each mineralization test contained 108 colony forming units of BPS33 or PBL-H3 in 40 mL MMO medium and a total radioactivity of 0.009 mCi mL–1.



Isolation of pEN1 by Exogenous Capture

Plasmid pEN1 was exogenously captured from BPS material (collected from Kortrijk, Belgium) spiked with linuron in a microcosm experiment as described by Dealtry et al. (2016). In brief, Pseudomonas putida KT2442:gfp was used as a recipient strain for plasmids conferring mercury chloride resistance (20 μg mL–1). Biparental mating was performed with a bacterial suspension extracted from the BPS matrix 25 days after linuron spiking.



Genome Sequencing

DNA was isolated using Qiagen Genomic-tip 100/G (Qiagen, Hilden, Germany) according to the instructions of the manufacturer. SMRTbellTM template library was prepared according to the instructions from PacificBiosciences, Menlo Park, CA, United States, following the Procedure and Checklist – Greater Than 10 kbp Template Preparation. Briefly, for preparation of 15 kbp libraries 8 μg genomic DNA and 1.4 μg plasmid DNA was sheared using g-tubesTM from Covaris, Woburn, MA, United States, according to the manufacturer’s instructions. DNA was end-repaired and ligated overnight to hairpin adapters applying components from the DNA/Polymerase Binding Kit P6 from Pacific Biosciences, Menlo Park, CA, United States. Reactions were carried out according to the manufacturer’s instructions. For the bacterial DNAs BluePippinTM Size-Selection to greater than 4 kbp was performed according to the manufacturer’s instructions (Sage Science, Beverly, MA, United States). Conditions for annealing of sequencing primers and binding of polymerase to purified SMRTbellTM template were assessed with the Calculator in RS Remote, PacificBiosciences, Menlo Park, CA, United States. One SMRT cell was sequenced per strain/plasmid on the PacBio RSII (PacificBiosciences, Menlo Park, CA, United States) taking one 240 min movies.

For the bacterial DNA libraries for sequencing on Illumina platform were prepared applying Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA, United States) with small modifications (Baym et al., 2015). Samples were sequenced on NextSeqTM 500.

Bacterial long read genome assemblies were performed applying the RS_HGAP_Assembly.3 protocol included in SMRT Portal version 2.3.0 applying target genome sizes of 10 Mbp. For BPS33, the genome assembly directly revealed the chromosomal and both plasmid sequences. In case of PBL-H3, the assembly revealed the chromosomal sequence misassembled together with the 107 kbp plasmid. Thus, this plasmid sequence was separated from the chromosome and processed independently. Nevertheless, the 319 kbp plasmid was detected as separate contig. Further artificial contigs with low coverage and/or included in other replicons were removed from the assembly. All remaining contigs were circularized; particularly assembly redundancies at the ends of the contigs were removed. Replicons were adjusted to dnaA (chromosome) or repA-parA (all plasmids) as the first gene. Error-correction was performed by a mapping of the Illumina short reads onto finished genomes using bwa v. 0.6.2 in paired-end (sampe) mode using default setting (Li and Durbin, 2009) with subsequent variant and consensus calling using VarScan v. 2.3.6 (parameters: mpileup2cns –min-coverage 10 –min-reads2 6 –min-avg-qual 20 –min-var-freq 0.8 –min-freq-for-hom 0.75 –p-value 0.01 –strand-filter 1 –variants 1 –output-vcf 1) (Koboldt et al., 2012). A consensus concordance of QV60 could be reached. Automated genome annotation was carried out using Prokka v. 1.8 (Seemann, 2014). The hylA-containing plasmid pPBL-H3-2 was assembled using a target genome size of 200 kbp. Interestingly, only 25% of the plasmid population was shown to carry the transposon-based insertion based on plasmid coverage analysis.



Assembly of pPBL-H3-2 Variants B2 and B4

The pPBL-H3-2 variants were assembled using the pBPS33-2 as a scaffold, as these two plasmids carried identical catabolic genes, and the pBPS33-2 carried a correctly assembled complete dca cluster. The PBL-H3 Illumina paired-end reads were mapped to pBPS33-2 using BWA-MEM v. 0.7.17.1 with standard settings (Li and Durbin, 2009) implemented in the Galaxy platform (Afgan et al., 2016). A consensus of the dca cluster genes together with the flanking regions was generated using samtools v. 2.1.4 mpileup with standard settings (Li et al., 2009). This consensus was aligned to pPBL-H3-2 (B2). The flanking regions matched pPBL-H3-2 (B2) perfectly, with hylA and the associated genes being located between these flanking sequences instead of the dca cluster. The consensus sequence with the dca cluster, acquired from the mpileup was inserted in the place of the hylA cluster in pPBL-H3-2 (B2) to obtain pPBL-H3-2 (B4). The new plasmid was annotated as described before. The assembly procedure is illustrated in Supplementary Figure S1.



Comparative Genomics Analysis

Both phylogenetic trees and dDDH values were computed on the Type (Strain) Genome Server (TYGS) (Meier-Kolthoff and Goker, 2019). In brief, the TYGS analysis was subdivided into the following steps: The 16S rRNA gene sequences were extracted from the genomes using RNAmmer (Lagesen et al., 2007). All pairwise comparisons among the set of genomes were conducted using GBDP and intergenomic distances inferred under the algorithm “trimming” and distance formula d5 (Meier-Kolthoff et al., 2013). Hundred distance replicates were calculated. Digital DDH values and confidence intervals were calculated using the recommended settings of the GGDC 2.1 (Meier-Kolthoff et al., 2013). The resulting intergenomic distances were used to infer a balanced minimum evolution tree with branch support via FASTME 2.1.4 including SPR postprocessing (Lefort et al., 2015). Branch support was inferred from 100 pseudo-bootstrap replicates each. The trees were rooted at the midpoint and visualized with iTOL (Letunic and Bork, 2019). For constructing the phylogenetic trees, six type strains and six additional Hydrogenophaga genomes were used to determine the phylogenetic position of the two linuron-degrading Hydrogenophaga strains within the genus. A dDDH species cutoff of 70% was applied as described before (Liu et al., 2015). The list of genomes included in the study is given in Supplementary Table S1.

The alignment of the PromA plasmids was performed with AliTV v. 1.0.6 (Ankenbrand et al., 2017). Codon usage frequencies were calculated with Comparem v 0.0.23 (Parks, 2018), the PCA with R v. 3.5.2 (R Core Team, 2019) and FactoMineR v. 1.41 (Lê et al., 2008).

The plasmid sequences were categorized under known plasmid groups based on the amino acid and nucleotide identity of their backbone genes to known plasmids, using BLAST against the NCBI nr database (Altschul et al., 1990). To elucidate the phylogeny of the PromA plasmids, Proteinortho v. 6.0.11 (Lechner et al., 2011) was used to extract the plasmid core proteins from all PromA plasmids sequenced to date. The core amino acid sequences [RepA, ParA, Ssb, TrbB (VirB11), TraG (VirD4), TraC (VirB4), TraK (VirB9), TraB (VirB10), TraL (VirB3), TrbJ (VirB8), TraE (VirB5), TraA (VirB1), RepB, KorA, TraS (VirD2), TrbC (VirB2), ArdC] were concatenated and aligned with MAFFT v. 7.453 (Katoh and Standley, 2013) and the maximum likelihood (ML) tree was calculated with RaxML v. 8.2.12 (Stamatakis, 2014) using the under the PROTCATAUTO model and 1000 bootstrap replicates. The tree was rooted at midpoint and visualized with iTOL (Letunic and Bork, 2019). The genomic locations of the IS1071 elements and catabolic genes were determined and the genes were visualized using Geneious v. 11.0.4.



Quantification of 16S rRNA Gene, Plasmids, and Catabolic Genes by Real-Time Quantitative PCR (qPCR)

The PCR and qPCR primer sequences used in this study are listed in Supplementary Table S2. For the qPCR analysis, the strains BPS33 and PBL-H3 were grown to OD600 as described above. DNA extraction was made from 2 mL of culture as previously described (Larsen et al., 2007). Each reaction contained 10 ng of template DNA. qPCR reactions were performed with the ABsolute QPCR Mix (Thermo Fisher) on a Roche LightCycler 480 II. The qPCRs for 16S rRNA gene (Lopez-Gutierrez et al., 2004), hylA (Horemans et al., 2016), and dcaQ (Albers et al., 2018) quantification were performed as previously described. The qPCR targeting korB was performed, as previously described, except that the Taqman probe was omitted (Jechalke et al., 2013). Each PCR reaction to generate the templates for the qPCR standard curves contained 10 ng template DNA (BPS33 gDNA), 1× Dream Taq Green buffer (Thermo Fisher), 0.2 M of each dNTP, 0.1 μM of each primer and 1.25 U of Dream Taq DNA polymerase (Thermo Fisher) in a final volume of 50 μl. The amplification was performed as follows: Initial denaturation of 95°C for 3 min, 40 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, extension at 72°C for 1 min, followed by a final extension at 72°C for 15 min. All conventional PCR reactions were performed with an Applied Biosystems Veriti 96-well thermal cycler. The products were purified with the DNA Clean & Concentrator 25 kit (Zymo) and quantified with the Qubit BR DNA assay (Thermo Fisher Scientific).



RESULTS


Phylogenetic Analysis of the PromA Plasmids

Hydrogenophaga plasmids pPBL-H3-2, pBPS33-2, and exogenously captured pEN1, were completely sequenced. The general features of plasmids pEN1, pPBL-H3-2, and pBPS33-2 are given in Table 1.


TABLE 1. Statistics of the genomes and plasmids sequenced in this study.

[image: Table 1]A whole-sequence alignment revealed that the plasmids pEN1, pBPS33-2, and pPBL-H3-2 have a high sequence identity and synteny to the previously described plasmids pPBS-H4-2 and pPBL-H6-2 from linuron-degrading Variovorax sp. (Öztürk et al., 2019; Figure 1). The core protein-based phylogenetic analysis showed that these plasmids all belong to the PromA γ group, together with the plasmids pSN1104-11 and pSN1104-34 (Yanagiya et al., 2018; Figure 2).
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FIGURE 1. Alignment of PromA γ plasmids. Alignment identities are shown for an identity of 90–100%. Each plasmid is aligned to the one above.
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FIGURE 2. Core protein-based phylogeny of PromA plasmids. The branches are scaled in terms of the expected number of substitutions per site. The numbers above the branches are support values when larger than 60% from ML. n.k., not known.


The repA sequences, as well as the conjugal-transfer-related gene sequences of the PromA γ plasmids were highly conserved, with 99% nucleotide sequence identity. Codon usage-based clustering showed that the catabolic PromA γ plasmids clustered together and separately from the non-catabolic ones (Figure 3 and Supplementary Table S3). The average codon usage of the plasmid backbone genes of pPBL-H3-2 B2 and B4, pBPS33-2, and pPBS-H4-2 was significantly different to that of their respective catabolic clusters. When the IS1071 elements were removed from the catabolic plasmid sequences, these clustered with other PromA γ plasmids. It was also observed that the codon usage of the hosts (BPS33, PBS-H4, and PBL-H3) were different from these of both the cargo genes and plasmid backbone genes. The codon usage profiles of different PromA groups did not always follow the phylogeny, as the closely related PromA γ and δ group plasmids had a significantly different codon usage.
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FIGURE 3. PCA of the codon usage frequencies of the PromA plasmids. PromA γ plasmids were included as whole plasmids, as well as only backbone genes (PromA γ backbone genes), all genes excluding cargo genes (All PromA γ genes outside IS1071), IS1071-associated replication/partitioning genes (IS1071-rep genes), IS1071-associated catabolic genes including the IS1071 TnpA (all catabolic genes + IS1071) as well as the three PromA γ host chromosomes.




Catabolic Potential of the PromA Plasmids

The newly sequenced PromA plasmids pBPS33-2, pPBL-H3-2, and pEN1 all carry genes related to linuron degradation. After the assembly of the PBL-H3 genome, it was observed that the genome did not contain the dca cluster, which was not expected due to the capacity of this strain to mineralize linuron. A BLAST search against the unassembled PacBio reads indeed revealed the presence of the same dca cluster as the one present on pBPS33-2 in the PBL-H3 genome. The new assembly, which makes use of the similarity between the two plasmids as described in the Materials and Methods section, revealed that PBL-H3 had two different versions of the pPBL-H3-2 within the population, named as pPBL-H3-2 (B2) and pPBL-H3-2 (B4). Both pPBL-H3-2 (B2) and pPBL-H3-2 (B4) are identical except that the pPBL-H3-2 (B4) locus carrying hylA gene and associated open reading frames (ORFs), is replaced by the dca gene cluster and associated ORFs (Figure 4). Plasmids pPBL-H3-2 (B2) and (B4) both carry the ccdCFDER genes that are 99% identical to those previously identified in Variovorax sp. WDL1 and PBS-H4. Both loci have 99% nucleotide identity and complete synteny to their WDL1/PBS-H4 counterparts.


[image: image]

FIGURE 4. Comparison of catabolic clusters between plasmids pPBL-H3-2 (B4) and (B2). Shaded regions represent the ORFs that are different between the two plasmids. Broken arrows indicate truncated ORFs.


Plasmid pBPS33-2 carries all the genes necessary for linuron degradation. The hylA, dcaQA1A2BR, and ccdCFDER genes have 99% nucleotide identity and complete synteny to those previously identified in Variovorax sp. WDL1 and PBS-H4. The plasmid pEN1 on the other hand only contains hylA and associated ORFs. The hylA gene on all plasmids truncates a dcaQ gene, with the junction being identical to the hylA-dcaQ junction in pPBS-H4-2 (Öztürk et al., 2019). In contrast, pEN1 carries a hylA-dcaQ junction identical to that on pWDL1-1, in Variovorax sp. WDL1 (Albers et al., 2018; Öztürk et al., 2019). As previously reported for pWDL1-1 and pPBS-H4-2, the catabolic clusters on the newly sequenced PromA plasmids are flanked by IS1071 insertion elements, forming putative composite transposons. In pBPS33-2, the ccd and dca clusters are adjacent to each other, with one IS1071 in between. The IS1071 element associated with hylA is separated from the dca and ccd and flanked by two additional IS1071 elements. In all cases, IS1071 are complete and contain inverted repeats (IRs) at both ends of the IS1071 transposases.

In addition to the catabolic clusters related to linuron degradation, pBPS33-2 carries an extra IS1071 element flanking genes that encode for four proteins putatively involved in the meta-pathway of phenol degradation and three putative multidrug efflux pump proteins, with an intermittent single copy of an IS91 insertion sequence, encompassing 19 kbp in total (pBPS33-213860–33156).



PromA Plasmid Associated IS1071 Insertion Elements and Their Genomic Organization

The catabolic PromA plasmids have a high number of IS1071 elements, some of which are associated with the catabolic clusters. IS1071 elements are absent in the non-catabolic PromA plasmids, with the exception of pPBL-H6-2 (Öztürk et al., 2019). The IS1071 element sequences are largely similar to the classical structure (Sota et al., 2006); except that some elements seem to code for truncated transposases due to a premature stop codon (Figure 5). Plasmid pBPS33-2 has six IS1071 elements, the highest number among all PromA plasmids described so far, followed by five in pPBS-H4-2, four in pPBL-H3-2, two in pEN1 and one in pPBL-H6-2.
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FIGURE 5. The synteny of the IS1071 insertion sites on various PromA γ plasmids. The bases between the IS1071 elements were deleted for simplicity and the IS1071-associated cargo was represented by single ORFs, functions of which are indicated in the legend. Broken arrows represent truncated IS1071 tnpA ORFs. The IS1071-flanking plasmid backbone genes are numbered 1–4: (1) repB (2) mobA (3) trbM (4) traS. Light green arrows represent conjugation-related genes, and purple arrows represent replication/partitioning genes.


The first IS1071 insertion sites relative to repA among the plasmids pBPS33-2, pPBL-H3-2, and pPBS-H4-2 are the same, being adjacent to the plasmid mobility genes mobC and traS and the 3′ end of the last IS1071 element being flanked by the backbone trbM gene (Figure 5 and Supplementary Figure S2). pPBL-H6-2 contains a single IS1071 element without cargo genes. For pBPS33-2, pPBL-H3-2 (B2/B4), and pPBS-H4-2, the insertion site has multiple IS1071 insertions, with multiple catabolic clusters and other accessory genes inserted consecutively separated by an IS1071 element including IRs. Interestingly, some genes that related to DNA replication and plasmid maintenance functions made also part of the IS1071 associated cargo. These are genes encoding the plasmid replication initiation proteins RepA and RepB (two ORFs, named repB1 and repB2) (100% amino acid identity to WP_068682750.1, WP_068682748.1, and WP_068682748.1, respectively), segregation protein ParB (100% amino acid identity to WP_011114060.1) and tyrosine recombinase XerC (100% amino acid identity to WP_068682758.1) on the first IS1071-flanked region (present in pPBL-H3-2 (B2/B4) and pBPS-H4-2) and toxin/antitoxin system proteins KlcA/DinJ/YafQ (100% amino acid identity to WP_011114069.1, WP_011114070.1, and WP_011114071.1, respectively), segregation protein ParA (100% amino acid identity to CDS81791.1) and plasmid partitioning proteins KorB (100% amino acid identity to WP_011114060.1) and KfrA (truncated copy) on the second IS1071-flanked region [present in pBPS33-2, pPBL-H3-2 (B2/B4), and pBPS-H4-2] (Supplementary Figure S2). The non-catabolic PromA γ plasmids lack the IS1071-associated plasmid replication-related genes as well as the toxin/antitoxin system genes altogether. On the other hand, all PromA γ plasmids have copies of repA, parA and parB genes, on their backbone which are not flanked by IS1071 elements and are unrelated to those flanked by the IS1071 elements on the catabolic plasmids. In addition to these accessory genes, six putative transposases and thirteen hypothetical proteins were found in the IS1071-flanked region in pPBS-H4-2 and pPBL-H3-2 (B2/B4), which are conserved among those plasmids. Six ORFs encoding hypothetical proteins are present in pBPS33-2. These are absent in the other PromA γ plasmids. The first IS1071-associated putative replication/segregation gene cluster as well as the transposase homologs align at 99% nucleotide identity with the entire length of the unclassified 24 kbp plasmid pWDL1-4 (Supplementary Figure S3) identified in the linuron-degrading Variovorax sp. WDL1 (Öztürk et al., 2019). Plasmid pWDL1-4 carries one copy of IS1071 with a small insertion at position 1092, resulting in a truncated TnpA. The second IS1071-associated locus aligned in its full length to various IncP-1 group plasmids such as pAKD33 (JN106174) (Sen et al., 2011) and pTT11 (MH392242.1). On pTT11, these genes were also preceded by an IS1071 transposase. In case of the plasmids pPBL-H3-2 (B2/B4), pPBS33-2 and pPBS-H4-2, however, the kfrA gene was interrupted at position 396 by an IS1071 element, which was present in its full length in the IncP-1 plasmids.

The insertion site of the IS1071 composite transposon carrying the hylA locus in pEN1 is an exception among the PromA plasmids. This transposon lies between the backbone genes repB and mobA. This site is located before the first insertion site of the other catabolic plasmids relative to repA, and exists in other PromA γ plasmids, but with four nucleotide differences. The left IR of the first IS1071 element on pEN1 has twelve nucleotide differences to the previously described IS1071 left IR (Sota et al., 2006). The left IR of the second IS1071 on pEN1, just like all the other left IRs on the other catabolic PromA plasmids, is identical to what was previously described (Sota et al., 2007).

In pPBL-H3-2 (B2/B4), the IS1071 element flanking the right side of the hylA/dca catabolic cluster encodes a truncated variant of the IS1071 transposase, which is not the case in pBPS33-2 and pPBS-H4-2, where both IS1071 transposases are intact (Figure 5). On PBL-H3-2 (B2/B4) and pBPS33-2 the ccd cluster is adjacent to the hylA/dca clusters, with one IS1071 element in between. The left flanking IS1071 transposase of the ccd cluster appears truncated in all PromA plasmids at identical nucleotide positions. In all cases, truncations were caused by an immature stop codon as a result of a point mutation. This truncated transposase was not present in the pWDL1-1 of Variovorax sp. WDL1.



PromA Plasmid and Catabolic Gene Copy Numbers in Hydrogenophaga

As there were two variants of the pPBL-H3-2 present in the PBL-H3 population, the question arose whether each version is represented in equal numbers, and how this compares to the BPS33 population where only one plasmid version could be assembled. The copy numbers of the genes encoding KorB (single copy plasmid backbone gene), HylA, DcaQ, as well as 16S rRNA were determined to elucidate both the number of PromA plasmid copies per cell and the proportions of PromA plasmids that carry the catabolic genes. Cultures of PBL-H3 and BPS33 contained approximately 10 copies of the PromA plasmids per cell. The hylA and dcaQ gene copy numbers in both strains were similar, at about one copy per 100 cells, i.e., about one copy per 1000 PromA plasmid copies.



General Genome Characteristics and Phylogeny

The general genome characteristics of the two Hydrogenophaga strains are summarized in Table 1. Prior to sequencing, the ability of both strains to mineralize linuron was confirmed as described in the Materials and Methods section. Both genomes comprise one chromosome and two plasmids.

To the date of this publication, 22 Hydrogenophaga genomes have been deposited to GenBank, five of which are complete genomes. The complete list of genomes included in the phylogenetic analysis is given in Supplementary Table S1. The full genomes have a size of 4.39–6.32 Mbp, with GC contents ranging from 61 to 70%. BPS33 has the largest genome of them with 6.32 Mbp. This is an exceptional size, Hydrogenophaga genome next to it being 5.23 Mbp. Apart from the linuron-degrading strains sequenced in this study, only Hydrogenophaga pseudoflava DSM 1084 (pDSM1084, NZ_CP037868.1, 45.2 kbp) contains plasmids.

Phylogenetic analysis revealed a distant relation of PBL-H3 and BPS33 to each other (Figure 6 and Supplementary Figure S4). The computed DNA-DNA hybridization of 25.7% confirms that these two isolates are different species. The isolates do not belong to any type species.


[image: image]

FIGURE 6. Phylogeny of Hydrogenophaga sp. strains based on fully sequenced genomes based on whole genome sequences. The linuron-degrading Hydrogenophaga sp. PBL-H3 and BPS33 sequenced in this study are marked in bold. The branch lengths are scaled in terms of GBDP distance formula d5. The numbers above branches are GBDP pseudo-bootstrap support values > 60% from 100 replications.


Both Hydrogenophaga strains carry megaplasmids, pBPS33-1 and pPBL-H3-1, in addition to the PromA plasmids, which could not be assigned to any known plasmid class. The plasmids do not share any similarity and have no similarity to megaplasmids previously identified in Variovorax (Öztürk et al., 2019) or any other plasmid from Hydrogenophaga.



DISCUSSION

In this study, we have investigated the genetic basis of linuron degradation by the two Hydrogenophaga strains PBL-H3 and BPS33, and the role of PromA plasmids in the dissemination of catabolic genes in different environments. This study builds up on the previous finding that PromA plasmids can carry catabolic genes as opposed to being solely cryptic plasmids (Öztürk et al., 2019). We have described possible hot spots for transposon insertion, and the origin of non-catabolic IS1071-associated genes located on these plasmids. The genomes of two linuron-degrading Hydrogenophaga strains were completely sequenced and chromosomes and plasmids were circularized. These strains were sampled from two different environments, and although they belong to the same genus, they are distantly related to each other. The linuron-degrading Variovorax strains were very closely related to each other despite belonging to different species (Öztürk et al., 2019). Within the genus Hydrogenophaga, however, the ability to acquire xenobiotic degradation genes seems to be independent of the host phylogeny.

The PromA plasmids pPBL-H3-2 and pBPS33-2 are the sole carriers of linuron-related catabolic clusters in both strains analyzed in this study. This was also the case for Variovorax sp. PBS-H4, although this strain lacks the dca cluster genes that are required for complete linuron mineralization (Öztürk et al., 2019). The catabolic PromA plasmids have a nearly identical backbone to the previously described PromA γ plasmids isolated in Japan (Yanagiya et al., 2018). It has been reported before that BHR plasmids isolated from different geographic locations can be highly conserved (Heuer et al., 2004; Chen et al., 2015; Li et al., 2016), however, some degree of divergence in the backbone structures of PromA plasmid groups were reported before (Li et al., 2014). In this case, the nearly identical backbone genes indicate that these plasmids had a recent common ancestor, probably without any accessory genes. Interestingly, the PromA plasmids of Hydrogenophaga sp. PBL-H3 (B2) and Variovorax sp. PBS-H4, which were isolated from the same soil sample, have a high synteny of their cargo genes and are 99% identical over their entire length including the backbone genes, indicating that these plasmids can possibly be transferred between these two genera in the same environment. The codon usage distribution of the catabolic genes is significantly different to the codon usage of the backbone genes, and the codon usage of neither the plasmids nor the catabolic genes seem to be adapted to their host. This emphasizes the mobile character of these elements.

IS1071 elements were associated with all catabolic clusters related to linuron degradation on all plasmids. Remarkably, all catabolic clusters were nearly identical to what has previously been described for Variovorax (Öztürk et al., 2019), both in terms of gene identity and synteny. This demonstrates that even among different genera and environments, the linuron degradation pathways rely on a limited genetic repertoire, and that the role of IS1071 elements to transfer these genes is not limited to a certain genus or environment. The cargo associated by IS1071 elements on these plasmids, however, were not limited to catabolic genes. Putative plasmid backbone genes involved in plasmid replication and maintenance as well as hypothetical proteins were also associated with IS1071 elements, which were absent in the PromA plasmids without IS1071 elements. The nearest relatives of the plasmid backbone genes associated with IS1071 elements originated from different organisms and plasmids, among which are IncP-1 plasmids (parAB) but also non-linuron-degrading Variovorax chromosomes (repAB). Interestingly, two composite transposons flanked by IS1071 elements on plasmids pPBL-H3-2 (B2/B4), pPBS-H4-2 and one on pBPS33-2 show high synteny and similarity to the backbones of previously sequenced plasmids. Cointegration of replicons was reported to be the first step in IS1071 transposition, which is then resolved by the host’s recombination system (Nakatsu et al., 1991; Ng and Wyndham, 1993). It is therefore possible that the catabolic PromA plasmids evolved by cointegrating IS1071 elements and associated clusters from other catabolic plasmids, and that the IS1071-associated replication/partitioning genes are the remnants of such a recombination event.

The identical cargo insertion sites on the PromA γ plasmids indicate hot spots for transposon insertion. Hot spots were previously reported for IncP-1 plasmids (Thorsted et al., 1996; Sota et al., 2007; Dunon et al., 2018). The insertion of transposons at specific sites might contribute to plasmid stability (Sota et al., 2007). The hot spot on our PromA γ plasmids is located between the genes encoding the relaxase TraS and conjugal transfer protein TrbM, which is different from the parA locus that was previously shown to be the insertion site of pSFA231 (Li et al., 2014), pMOL98 (Van der Auwera et al., 2009), and pSB102 (Schneiker et al., 2001), as well using PCR-based methods in environmental DNA (Dias et al., 2018).

Different to other catabolic PromA plasmids, pPBL-H3-2 existed as two variants, one carrying the hylA gene and associated ORFs, and the other the dca cluster. Isogenic subpopulations carrying either hylA or dca loci were reported for Variovorax sp. WDL1 before (Albers et al., 2018). It was proposed that the existence of two subpopulations may be an adaptation to linuron degradation in a consortium, where linuron is degraded to DCA by the hylA-carrying Variovorax, while the DCA degradation is performed by the other consortium members (Albers et al., 2018). Indeed, WDL1 degrades linuron less efficiently on its own than when it is a part of a consortium (Dejonghe et al., 2003). Like WDL1, PBL-H3 also tended to accumulate DCA when growing on linuron on its own, but performed much better in a consortium with other DCA degraders (Breugelmans et al., 2007). Thus, this Hydrogenophaga strain might be adapted to degrading linuron in a consortium in a similar way to WDL1. The major difference between WDL1 and PBL-H3 is that, while with WDL1 the majority of the population has either the hylA gene or the dca cluster (Albers et al., 2018), subpopulations containing either gene are much underrepresented in the PBL-H3 population.

The hylA gene and dca cluster carrying PromA plasmids are underrepresented by almost 100-fold compared to the total number of PromA plasmids in both Hydrogenophaga species. The mobile elements associated with these catabolic clusters seem to be unstable, and are lost from most of the PromA plasmid copies in both populations. The loss of catabolic clusters from plasmids, both in the presence and absence of other C sources than the xenobiotic compound, was shown in various studies (Takahashi et al., 2009; Changey et al., 2011; Horemans et al., 2017). In case of plasmid pADP1 from Pseudomonas huttiensis, it was observed that the loss of a 47 kbp upstream atrazine catabolic region via an ISPps1-mediated homologous recombination event led to an overall fitness increase in the host when growing on the atrazine downstream degradation product cyanuric acid. This was proposed to be due to the loss of a burden constituted by this region, either by lessening the cost of plasmid replication or by reducing the energetic cost of basal gene expression (Changey et al., 2011). It is also possible in the case of PromA plasmids that the loss of an inessential catabolic region during growth on complex media increases host fitness, causing the non-degrading members of the community to overgrow the degrading ones.

The results show that even among different genera, the genes for complete linuron mineralization are highly conserved, being acquired through horizontal gene transfer which is mediated by BHR plasmids. PromA γ plasmids, in addition to the previously known IncP-1 plasmids, are carriers of IS1071 elements and associated catabolic pathways, being present in different contaminated ecosystems. In contrast to the linuron-degrading Variovorax species, where the degradation genes are also found on megaplasmids as well as BHR plasmids (Öztürk et al., 2019), the Hydrogenophaga catabolic genes are only found on BHR plasmids, pointing toward a more recent acquisition of these gene clusters. The results in addition demonstrate that the PromA γ plasmids can possibly be transferred between the two different genera, Hydrogenophaga and Variovorax in the same environment.
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Staphylococcus aureus is considered one of the most important foodborne bacterial pathogens causing food poisoning and related illnesses. S. aureus strains harbor plasmids encoding genes for virulence and antimicrobial resistance, but few studies have investigated S. aureus plasmids, especially megaplasmids, in isolates from retail meats. Furthermore, knowledge about the distribution of genes encoding replication (rep) initiation proteins in food isolates is lacking. In this study, the prevalence of plasmids in S. aureus strains isolated from retail meats purchased in Oklahoma was investigated; furthermore, we evaluated associations between rep families, selected virulence and antimicrobial resistance genes, and food source origin. Two hundred and twenty-two S. aureus isolates from chicken (n = 55), beef liver (n = 43), pork (n = 42), chicken liver (n = 29), beef (n = 24), turkey (n = 22), and chicken gizzards (n = 7) were subjected to plasmid screening with alkaline lysis and PFGE to detect small-to-medium sized and large plasmids, respectively. The S. aureus isolates contained variable sizes of plasmids, and PFGE was superior to alkaline lysis in detecting large megaplasmids. A total of 26 rep families were identified by PCR, and the most dominant rep families were rep10 and rep7 in 164 isolates (89%), rep21 in 124 isolates (56%), and rep12 in 99 isolates (45%). Relationships between selected rep genes, antimicrobial resistance and virulence genes, and meat sources were detected. In conclusion, S. aureus strains isolated from retail meats harbor plasmids with various sizes and there is an association between rep genes on these plasmids and the meat source or the antimicrobial resistance of the strains harboring them.
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INTRODUCTION

Staphylococcus aureus was discovered by the surgeon Sir Alexander Ogston in sepsis and abscess (Ogston, 1882), and has continued to be one of the most prominent and well-studied human pathogens in hospital and community infections. S. aureus occurs in the microflora of humans and animals, both on the skin and in the respiratory tract; however, it is also an opportunistic pathogen causing diseases that vary widely in severity (DeLeo and Chambers, 2009).

In the United States, S. aureus is one of the top foodborne pathogens and causes an estimated 241,000 illnesses per year (Scallan et al., 2011). Many food products become contaminated with S. aureus due to its ability to tolerate and grow under different stressful environments (Kadariya et al., 2014), and this can result in staphylococcal food poisoning due to the production of S. aureus enterotoxins (Argudín et al., 2010). On the other hand, multiple studies in the US have revealed a high prevalence of multidrug-resistant S. aureus strains (MDR) in retail meats (Waters et al., 2011; O’Brien et al., 2012; Jackson et al., 2013) indicating the potential threat for acquisition of virulent strains by meat industry workers. Furthermore, contaminated meat consumers might be at risk for MDR S. aureus colonization, and in rare cases may develop severe infections (Kluytmans et al., 1995) or act as healthy carriers for S. aureus transmission (Fritz et al., 2009). The meat production process can also contribute to the contamination of retail meats via workers, food animals, meat processing surfaces and equipment (Kadariya et al., 2014).

In the food chain, horizontal gene transfer (HGT) of mobile genetic elements (MGEs) is the most significant mechanism for exchange of antimicrobial resistance and virulence determinants in bacterial populations (Aarestrup et al., 2008). In S. aureus, MGEs can be categorized into plasmids, transposons, insertion sequences, bacteriophages, pathogenicity islands, and chromosomal cassettes (Malachowa and DeLeo, 2010). S. aureus plasmids can confer resistance to antimicrobials, biocides, and heavy metals (Jensen and Lyon, 2009) and may encode host survival elements, virulence factors, and toxins (Malachowa and DeLeo, 2010). The acquisition of these different genetic elements in a single large plasmid can enhance adaptation and dissemination of S. aureus in different environments due to co-selective advantage (Wall et al., 2016). A recent study investigating ST239 MRSA strains evolution over the last 32 years revealed that plasmids coevolved with strains and enhanced resistance to multiple antibiotics (Baines et al., 2019).

The classification of plasmids by replicon typing has been a useful tool to investigate the dynamics of these molecules within bacterial populations in different ecological niches (Orlek et al., 2017). This system originally classified plasmids in vitro according to incompatibility (Inc.) groups, which is defined as the inability of plasmids with the same replication machinery to be hosted by the same bacterial cell (Novick, 1987). Inc. groups have been identified in Enterobacteriaceae (n = 27 Inc. groups), Pseudomonas (n = 14), and Staphylococcus (n = 18) (Shintani et al., 2015). PCR based replicon typing (PBRT) methods that target different replicon sequences have replaced the classic Inc. scheme. More recently, a PBRT scheme was developed for enterococci and staphylococci, which included 26 rep families and 10 unique families (Jensen et al., 2010; Lozano et al., 2012).

Despite years of study, our current understanding of plasmids and how they are distributed within S. aureus populations remains lacking. Most studies that have characterized S. aureus plasmids have been biased toward clinical strains, especially MRSA (Caddick et al., 2005; Kadlec and Schwarz, 2010; Shahkarami et al., 2014); whereas, those focusing on food or retail meats are extremely limited with respect to the role of extrachromosomal DNA. Furthermore, the ambiguity surrounding plasmid distribution in different species is likely due to inconsistent replicon typing schemes. Shintani et al. (2015) reported that only 8.4% of publicly available plasmids could be classified by the 26 rep families, and only few plasmids were classified by both rep family and Inc. group. Additionally, studies that used rep families for investigating S. aureus plasmids were biased toward European geographical origin and did not include diverse sources. For example, Lozano et al. (2012) investigated 92 S. aureus isolates originating from Spain and Denmark; only five isolates were from food sources (pigs). In another study, the sequences of 243 S. aureus plasmids available from the public domain were analyzed, but the source of the strains harboring the plasmids was largely unknown (McCarthy and Lindsay, 2012).

The aims of this study were several-fold. One objective was to determine the prevalence of plasmids in 222 S. aureus strains isolated from various Oklahoma retail meats. The aim was to understand how S. aureus plasmids are distributed in various ecological niches that are different from human and animal isolates. Secondly, the 222 strains were screened for various rep families to determine plasmid diversity. Finally, we sought to investigate possible links between rep families, retail meat origin, and antimicrobial resistance.



MATERIALS AND METHODS


Strains Used for Plasmid Isolation

A total of 222 S. aureus strains were used in this study and were previously isolated from the following retail meats: chicken (n = 55), beef liver (n = 43), pork (n = 42), chicken liver (n = 29), beef (n = 24), turkey (n = 22), and chicken gizzards (n = 7). These strains were previously isolated and screened for antimicrobial susceptibility to 16 different antibiotics (Abdalrahman et al., 2015a, b; Abdalrahman and Fakhr, 2015). Resistance of these 222 S. aureus strains to the following twelve antimicrobials (azithromycin, ciprofloxacin, gentamicin, oxacillin, tetracycline, vancomycin, trimethoprim/sulfamethazole, clindamycin, penicillin, erythromycin, rifampin, and chloramphenicol) were reassessed following the most recent CLSI published breakpoints to determine any possible association with rep types (CLSI, 2019).



Isolation of Small Plasmids by Alkaline Lysis

Plasmids were isolated using a modified midi-preparation method as described previously for small plasmids (<60 kb) (Sambrook and Russell, 2001). Briefly, cells were grown in 15–20 ml of Luria Broth (LB) (Becton Dickinson, Sparks, MD, United States) with agitation at 200 rpm at 37°C for 12–16 h. Cells were harvested by centrifugation at 5,000 rpm for 6 min, and pellets were re-suspended in 500 μl Tris-EDTA buffer (TE) (10 mM Tris, 1 mM EDTA, pH 8) (Amresco, Solon, OH, United States) and 3 μl of lysostaphin stock solution (1 mg/ml lysostaphin in 20 mM sodium acetate, pH 4.5) (Sigma-Aldrich, St. Louis, MO, United States). After a 30-min incubation at 37°C in the water bath, 6 ml of alkaline lysis solution of pH 12.4 (TE buffer containing 0.1 N NaOH and 0.5% SDS) was added and mixed by inversion until the cell suspension was clear. A 3 ml solution of 3.0 M sodium Acetate, pH 5.2 (Sigma-Aldrich) was added, and the suspension was centrifuged at 6,000 rpm for 10 min at room temperature. The supernatant was then transferred to a fresh 50 ml tube, mixed with 9 ml of isopropanol and centrifuged for 30 min at 10,000 rpm. After the supernatant was discarded, the plasmid DNA pellet was rinsed with 70% ethanol (5 ml), resuspended in 250 μl of TE buffer and then stored at −20°C. Plasmids were electrophoretically separated in 0.8% agarose gels (VWR, Radnor, PA, United States) at 120 V for 2.75 h; E. coli strains NCTC 50192 and 50193 and a 100 bp DNA ladder (Bioneer corporation, Alameda, CA, United States) were used as references and size standards, respectively. Gels were stained with ethidium bromide, and images were captured using a Bio-Rad Gel DocTM XR UV gel documentation system (Bio-Rad, Hercules, CA, United States).



Detection of Large Plasmids by Pulsed Field Gel Electrophoresis

Large plasmids (>60 kb) were screened by PFGE using protocols supplied by the CDC Pulse Net (McDougal et al., 2003; Marasini and Fakhr, 2014). Strains were grown in Typtic Soy Agar (TSA) (Himedia, Mumbai, India) at 37°C for 16–18 h, harvested by centrifugation, and resuspended in cell suspension buffer (CSB) (100 mM Tris, 100 mM EDTA, PH 8.0) to an OD of 0.9–1.1 at 610 nm. The adjusted cell suspension (200 μl) was centrifuged at 13,000 rpm for 3–4 min, the supernatant was decanted, and the pellet was resuspended in TE buffer (300 μl). The adjusted cell suspension incubated at 37°C for 10 min and then supplemented with 4 μl lysostaphin stock solution and 300 μl of 1.8% SeaKem Gold agarose (Lonza, Allendale, NJ, United States) in TE buffer (equilibrated to 55°C). This mixture was dispensed into the wells of plug molds and allowed to solidify at room temperature for 10–15 min. Plugs were then removed and transferred to a tube containing 3 ml of EC lysis buffer (6 mM Tris HCl, 1 M NaCl, 100 mM EDTA, 0.5% Brij 58, 0.2% sodium deoxycholate, 0.5% sodium lauroylsarcosine). After a 4-h incubation at 37°C, the EC lysis buffer was decanted and TE buffer (4 ml) was added; tubes were then agitated for 30 min at room temperature. The buffer was removed, and the washing was repeated three more times; after the final wash, 4 ml of TE buffer was added and samples were stored at 4°C. A small section was excised from the plugs and linearized with S1 nuclease as described previously (Marasini and Fakhr, 2014). The plugs were inserted into 1% agarose wells in TBE buffer and electrophoresed with XbaI Salmonella serovar Braenderup H9812 for 14 h in 0.5 X TBE as described (Marasini and Fakhr, 2014). Gels were stained and DNA bands were visualized as described above.



PCR Analysis of rep Genes

Total DNA was extracted by single cell lysing buffer (SCLB) as described previously (Marmur, 1961; Noormohamed and Fakhr, 2012). One colony from each TSA plate was mixed with 40 μl SCLB containing 1 ml of TE and 10 μl of 5 mg/ml proteinase K (Amresco, Solon, OH, United States). This mixture was incubated for 10 min at the following temperatures; 80, 55, and 95°C. Mixtures were then diluted (1:2) in double distilled water (80 μl) and centrifuged for 1 min at 4500 rpm. DNA samples were then screened for rep genes using seven multiplex PCRs for 26 different primers (Integrated DNA Technologies, Coralville, IA, United States) (Supplementary Table S1). These primers targeted rep genes of defined plasmid groups previously detected in Gram positive taxa (Jensen et al., 2010; Lozano et al., 2012). PCR reactions consisted of the following: Master Mix, 10 μl; sterile distilled water, 4 μl; primers, 1 μl each, and DNA template, 2 μl. Multiplex PCR was conducted as described (Abdalrahman and Fakhr, 2015), and stored at −20°C after PCR. Multiplex PCR products (10 μl) were loaded into 2% agarose gels containing 1X TAE buffer and separated by electrophoresis (140 V, 80 min); gels were stained and DNA bands were visualized as described above.



Statistical Analysis

A Chi-Square test of independence was performed to evaluate associations between plasmid rep families and meat sources (Sokal and Rohlf, 1995). This test posits that the occurrence of a rep-type in a meat-type is simply the relative-frequency of a particular rep-type × the relative-frequency of reps in particular meat type (multiplied by the sample size). The statistic calculation is that of any chi-square (X2 = ∑(oi−ei)2/ei) where oi = observed cell value and ei = expected cell value). This tests limits the number of cells that can have very small expected values, so we eliminated rep-types that were very rare (1, 3, 9, 10b), and the meat type with very few samples (chicken gizzards).



RESULTS


Prevalence of Plasmids in S. aureus Strains

The plasmid content of 222 S. aureus isolates (55 chicken, 43 beef liver, 42 pork, 29 chicken liver, 24 beef, 22 turkeys, and 7 chicken gizzard) was analyzed using both alkaline lysis and PFGE (Table 1). PFGE was helpful in detecting large plasmids (Supplementary Figure S1), which were generally undetectable using the alkaline lysis method (Figure 1). For instance, among the 222 S. aureus isolates, alkaline lysis method (TENS) detected 542 plasmids smaller than 90 kb while PFGE identified only 151 plasmids within that size range. On the other hand, PFGE identified 91 plasmids larger than 90 kb. None of these plasmids have been detected by TENS method (Figure 1).


TABLE 1. The prevalence of plasmids in S. aureus isolated from various retail meats by alkaline lysis (TENS) and PFGE.
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FIGURE 1. The distribution of plasmids in the 222 S. aureus isolates according to plasmid size and method of detection, TENS and PFGE. Each method type is denoted by a different color, as shown in the color code at the right. The horizontal axis distributes plasmids according to the size windows shown. The vertical axis denotes the number of plasmids in each size window. Here, more plasmids were seen than the number of isolates as some isolates contained multiple plasmids.


Applying both methods, all 222 S. aureus strains contained plasmids, with an average of four plasmids per isolate (Figure 2). Small-to-medium sized plasmids (1–60 kb) were most abundant among the isolates (Figure 3). For example, 184/222 of S. aureus strains contained 1–30 kb plasmids and 170/222 isolates harbored 30–60 kb plasmids. On the other hand, larger plasmids were less common among isolates; 43/222 of S. aureus trains harbored 60–90 kb plasmids, 35/222 contained 90–120 kb plasmids, and 49/222 harbored > 120 kb plasmids (Figure 3).
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FIGURE 2. The distribution of number of plasmids detected per a single S. aureus isolate applying TENS and PFGE methods. Each colored slice in the pie chart refers to counts of isolates with particular plasmid numbers. In case the same plasmid size were detected by both methods, only one plasmid was counted.
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FIGURE 3. The distribution of detected plasmids in S. aureus isolates according to plasmid sizes applying TENS and PFGE methods. In case the same plasmid size were detected by both methods, only one plasmid was counted.


Using PFGE, the highest prevalence of large plasmids (>60 kb) consecutively was; turkey isolates (12/22), chicken liver (15/29), chicken (27/55), pork (19/42), beef liver (19/43), beef (8/24), and 36 chicken gizzard (1/7) (Table 1). Furthermore, PFGE method was able to detect plasmids of size up to 336 kb (data not shown).



Plasmid rep Types

A total of 26 rep types (1, 2, 3, 4, 5, 6, 7, 7b, 8, 9, 10, 10b, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24) were tested on the 222 S. aureus isolates (Supplementary Table S1). Seventeen rep types were detected among isolates while nine rep types were absent. When investigating the occurrence of a rep type on a single isolate, several S. aureus isolates harbored more than one rep type (Figure 4). One S. aureus isolates contained up to 10 rep types, while the majority of isolates were carrying four different rep types (Figure 4). Based on the assumption of one rep type per plasmid, some isolates showed more plasmids than rep types and vice versa. The most dominant rep types among S. aureus strains were rep10 andrep7 (n = 164), rep21 (n = 125), rep12 (n = 99), rep7b (n = 77), rep13 (n = 62), rep16 (n = 55), rep22 (n = 43), and rep20 (n = 40). Other rep types had a lower prevalence including rep5 (n = 31), rep19 (n = 19), rep15 (n = 18), rep6 (n = 17), rep9 (n = 9), rep1 (n = 3), rep3 (n = 1), and rep10b (n = 1). Positive amplicons were not identified for rep2, rep4, rep8, rep11, rep14, rep17, rep18, rep23 or rep24.


[image: image]

FIGURE 4. The variation in numbers of plasmid rep types per a single S. aureus isolate. The frequency refers to counts of isolates with particular rep type numbers. Here, more rep types were seen than the number of isolates as some isolates contained more than one rep type.




Distribution of rep Types According to Meat Origin

To test whether an association exists between S. aureus rep-types and meat origin, a chi-square test of independence was performed as described in the section “Materials and Methods.” Due to small sample size, chicken gizzard isolates were eliminated (which was n = 22 reps of any type), as well as rep 1 (n = 3), rep 3 (n = 1), rep 9 (n = 9) and rep 10b (n = 1) isolates of any meat origin. Distribution of rep-types was found not to be independent of meat origin (X2 = 232.3, df = 60, P < 0.0001).

Based on the results of the chi-square test of independence we wondered whether the significance of the test was due to (1) a rather uniform departure from expected across all cells of the test (cell = rep-type by meat-type), or (2) a situation where a few cells departed greatly from expected values, but most did not. To this end we created a heat-map depicting deviation of individual chi-square cell values to use as a visual guide (Table 2). The chi-square cell values are those which we had summed to give the chi-square statistic [i.e., the cell value is (oi−ei)2/ei]. Approximately 75% of the test of independence chi-square value (i.e., X2 = 232.3) was generated by about 27% (n = 21) of the individual chi square cell values. Thus, deviation from expected cell values did not appear to be uniformly distributed across table cells.


TABLE 2. Data used for the chi-square test of independence between rep-type and meat origin.

[image: Table 2]The visual results led us to test for significant departure from expect separately in each of the 27 cells identified in the heat-map. We used a binomial model based on the expected value of a cell to calculate the mean and standard error, and the Holm–Bonferroni method to control the familywise error associated with multiple comparisons (Holm, 1979). We used a familywise error of α = 0.05). This is a conservative test (prone to Type I errors: false negative), but slightly less so that the Bonferroni test (Holm, 1979). Even so, significant departures from expected were seen for rep 7b in beef liver, rep 7b in pork, rep 5 in turkey, and rep 16 in turkey. If the familywise error is relaxed to α = 0.06 then rep 16 in beef lever is also significant.

There were significant differences between some rep types and observed and expected frequencies for a certain meat origin, thus indicating a strong relationship (Table 2) (Figure 5). For example, a large, positive difference was observed for the following rep types and meat origins: rep5 and rep16, turkey; rep7b and rep19, beef liver; rep6, pork; and rep7b, chicken liver. Similarly, the absence of rep types in a specific meat origin was not random but instead more likely due to a strong interdependency between rep type and meat origin. Examples that support this statement include the absence of the following rep groups from selected meat origins: rep7b in pork and chicken isolates; rep16 in beef liver; rep21 in turkey; and rep22 and rep15 in beef liver isolates. Some rep types exhibited a reduced relationship (or lack of relationship) with meat sources including rep12 (beef liver; turkey), rep15 (chicken), rep20 (pork), rep6 (turkey; chicken and beef liver isolates), rep5 (beef liver), and rep7b (beef). Although rep types assigned to rep7 and rep10 occurred frequently in all meat types, there was not a significant association with a particular meat origin. Similarly, the frequency of rep13 was equal for the different meat types.
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FIGURE 5. The distribution of 13 rep families in S. aureus from six different meat sources. This chart is a visual representative for the chi-square results in Table 2.




Distribution of Antimicrobial Resistance and Virulence Genes in rep Types

The 222 S. aureus strains used in this study were previously screened for antimicrobial susceptibility to 16 different antibiotics (Abdalrahman et al., 2015a, b; Abdalrahman and Fakhr, 2015). Resistance of these 222 S. aureus strains to the following twelve antimicrobials (azithromycin, ciprofloxacin, gentamicin, oxacillin, tetracycline, vancomycin, trimethoprim/sulfamethazole, clindamycin, penicillin, erythromycin, rifampin, and chloramphenicol) were reassessed following the most recent CLSI published breakpoints to determine any possible association with rep types (CLSI, 2019). The distribution of antimicrobial resistance in these 222 S. aureus isolates was as follows: penicillin, PenR (n = 159), tetracycline, TetR (n = 143), azithromycin, AzmR (n = 107), erythromycin, EryR (n = 105), oxacillin, OxaR (n = 88), ciprofloxacin, CipR (n = 68), vancomycin, VanR (n = 66), gentamicin, GenR (n = 62), rifampin, RifR (n = 50), clindamycin, CliR (n = 48), trimethoprim/sulfamethoxazole, SxtR (n = 37), and chloramphenicol, ChlR (n = 28) (Abdalrahman et al., 2015a, b; Abdalrahman and Fakhr, 2015). Furthermore, these isolates were evaluated for the presence of 18 genes encoding toxins including hemolysins (hla, n = 195; hld, n = 195; hlb, n = 95), enterotoxins (sei, n = 45; seg, n = 31; seh, n = 15; sej, n = 2; sea, n = 1; seb, n = 1; sec, n = 1; sed, n = 1; see; n = 1), toxic shock syndrome toxin-1 (tst, n = 9), leucocidins (lukE-lukD, n = 73; lukM, n = 0), Panton-Valentine leucocidin (PVL) (lukS-lukF, n = 8), and exfoliative toxins (eta and etb, n = 0).

The distribution of antimicrobial resistance genes in rep types is shown in Figure 6. All rep1 isolates were OxaR PenR TetR, but were sensitive to chloramphenicol. In isolates with rep5 amplicons, 97% were PenR, and most were also resistant to TetR (77%), OxaR (71%), EryR AzmR (61%). Strains with rep6 plasmids exhibited resistance to PenR TetR (94%) and EryR AzmR (71%). Similarly, 75 and 67% of rep7 isolates were resistant to PenR and TetR, respectively. Over 50% of isolates with rep7b amplicons were PenR TetR, with lower levels of resistance for other antimicrobial agents. Furthermore, rep7b was frequently identified in isolates resistant to Azm, Oxa, and Pen (89%); Ery, and Tet (78%); and Cip, and Sxt (67%). The rep10 and rep12 plasmids exhibited high levels of resistance to Pen (70–72%) and Tet (66–67%). rep13 exhibited PenR TetR. All rep15 strains were PenR and also showed resistance to CliR (94%), and GenR (72%). rep16 amplicons were highly resistant to Pen (84%), and also demonstrated 62-67% resistance to Oxa, Azm, Tet, and Ery. Isolates containing rep19 were PenR (79%), while resistance to other antibiotics was less frequent. Isolates with rep20 plasmids were PenR (98%), TetR (73%), and AzmR EryR (60%). For isolates with rep21 plasmids, PenR (93%), were predominant, followed by resistance to Tet (79%), Ery (65%), and Oxa Ery (63%).
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FIGURE 6. Stacked column bar graph showing the relative abundance of S. aureus isolates with antimicrobial resistance according to rep type. Antimicrobial resistance is differentiated by color as shown.


Although each rep type had a distinct resistance profile, PenR was common and ChlR, RifR and VanR were infrequent. Among AzmR isolates, the most dominant types were rep9 (89%); rep6 (71%); and rep5,rep16, rep20, andrep22 (60–65%). For isolates resistant to Cip and Sxt, rep9 was predominant (67% CipR SxtR), and rep15 was prevalent for CliR (97%) and GenR (72%). Oxacillin resistance was common in rep9 (89%), rep5 (71%), rep16 (67%), and rep22 (63%) amplicons. The rep6 amplicon was predominant among TetR and OxaR isolates (94% and 88%); while rep15 and rep19 were rare in TetR (11%) isolates. In EryR isolates, rep9 occurred at a high frequency (78%) compared to other rep types.

In general, toxin genes were relatively rare in S. aureus except for those encoding hemolysin; hla and hld were predominant among all rep types, except rep3 and rep10b. (Figure 7). While the distribution of hla and hld in rep isolates was similar (74–100%), hlb was more abundant in rep7b isolates (78%). Only isolates containing rep5,rep7, rep10 and rep20 were positive for enterotoxin genes sea, seb, and see (Figure 7). The sec gene was present in rep7 and rep12, sed was identified in rep7b, rep10,rep12, rep19, and rep21, and sej was in isolates containing rep7, rep7b, rep10, rep12–13, rep19, and rep21. Interestingly, seg and sei were identified in all rep types except rep3 and rep10b, and seh was present in all rep isolates with the exception of rep1,rep3, rep5, rep10b, rep15, and rep19.
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FIGURE 7. Stacked column bar graph showing the relative abundance of virulent S. aureus isolates according to the rep type. Isolates are denoted by different colors according to toxin genes as shown.


The toxic shock syndrome toxin 1 gene (tst) was identified in S. aureus isolates with rep7, rep10, rep12–13, rep15–16, rep19, and rep20–22 amplicons. The leucocidin genes, lukE-lukD, were associated with all rep types but rep3 and rep10b. The rep9,rep15, and rep16 plasmids were the most prevalent types carrying lukE-lukD (61, 56, and 53%, respectively). The PVL genes, lukS-lukF, were found exclusively in S. aureus isolates containing rep7, rep10, rep13, rep15–16, rep19, and rep21–22. It is important to note that while these PVL and lukS-lukF genes may be associated with strains carrying plasmids with the above-mentioned rep-types, these toxin genes may not be carried on these plasmids.



DISCUSSION

Our understanding of S. aureus plasmids is biased toward clinical strains, and limited information is available regarding plasmids harbored by foodborne S. aureus, especially in retail meats. Furthermore, no standardized typing approach is available to classify plasmids from various bacterial species. In this study, a PCR-based approach targeting rep genes was used to investigate plasmids in 222 S. aureus isolated from seven different retail meats; the aim was to expand the current plasmid classification system for gram-positive bacteria and to analyze the distribution and prevalence of these plasmids.

Many genes associated with S. aureus survival and persistence are plasmid-encoded, including those associated with antimicrobial resistance, biofilm formation and toxin production (Bukowski et al., 2019). In this study, the plasmids in S. aureus strains from retail meats exhibited diverse rep types, which might confer a selective advantage. In other words, the presence of multiple plasmids encoding different virulence factors or resistance traits provide a selective advantage for the bacterial host in different environments (Carattoli, 2013). Some isolates contained plasmids that were not assigned to a rep type; this might be due to the presence of novel or mutated rep genes that were not be identified by the primers (Yano et al., 2016). On the other hand, some strains harbored more rep sequences than number of plasmids; this can be explained by plasmid integration or fusion with another plasmid (Monk and Foster, 2012), existence of more than one plasmid of a given size, or failure to identify a plasmid by alkaline lysis and PFGE. While the occurrence of rep genes likely indicates the presence of a particular plasmid type, definite conclusions cannot be derived and caution must be applied. Future studies using a whole genome sequencing approach are therefore recommended.

The majority of isolates in the present study harbored plasmids > 20 kb; large plasmids are key contributors to HGT and host adaptation to different environments (Haaber et al., 2017). Indeed, our study revealed a high occurrence of large plasmids in S. aureus populations isolated from retail meats. Large plasmids often encode a diverse range of virulence genes and genetic modules to ensure their stability within the host and facilitate transfer to other bacteria (Shearer et al., 2011). Recent studies demonstrated that larger plasmids undergo mutations in genes encoding plasmid replication initiation proteins to increase adaptation to bacterial hosts (Yano et al., 2016) or may acquire stabilizing traits from other resident plasmids (Loftie-Eaton et al., 2016). It is important to mention that S. aureus carries an efficient restriction-modification system to prevent the entry of unrecognizable DNA (Waldron and Lindsay, 2006); however, conjugative plasmids may avoid the S. aureus restriction system by losing restriction sites (Roberts et al., 2013). Although they play an important role in host survival, virulence, and gene exchange, the larger plasmids in S. aureus remain poorly studied. For example, a recent study showed that only the origin of replication in small plasmids was required for transfer to co-resident conjugative plasmids (O’Brien et al., 2012).

Our study shows that rep families are diverse among S. aureus meat isolates, and some rep types were more abundant than others. The two dominant rep families, rep7 and rep10, had no significant association with a particular meat product. These findings agree with a European study that reported identical rep families in S. aureus strains from humans, animals, and food (Lozano et al., 2012). Many commensal S. aureus strains can be shared between humans and food animals that can serve as reservoirs for rep plasmid families (Smith, 2015). Interestingly, the rep7b and rep12 types were fairly abundant in this study and were significantly linked to S. aureus isolated from liver. In the slaughterhouse, edible offal (internal organs) are prepared in the early stage of slaughtering, and many studies have suggested improper human processing and handling as primary sources for offal contamination (Im et al., 2016; Rouger et al., 2017). It is important to note that typing of S. aureus isolates was not conducted in this current study, and this is critical to accurately track the source of identified plasmids in retail meats.

In this study, selected rep families showed a remarkable specificity for certain meat origins, thus indicating that food animals can serve as reservoirs for these plasmids. We found that rep5 and rep16 were dominant types in turkey, rep6 in pork and turkey, rep15 in chicken, and rep20 in pork isolates. S. aureus strains occur as commensal organisms on the skin, nose and mucous membranes of food animals (Lozano et al., 2012) and food production animals are often colonized with specific S. aureus strains (Wall et al., 2016). When exposed to the selective pressure of antimicrobial use, S. aureus adapts by acquiring genes from other organisms and can become more persistent in the livestock production system. This was supported by the observed correlation between the above-mentioned rep families and isolates resistant to antimicrobials commonly used in food animals (e.g., Sxt and Tet). Another interesting result in the current study was the link between the rep6 type and multiple food animals, whereas other rep families were exclusive to a single source. In contrast to other rep types, the rep6 family is prevalent in broad-host-range plasmids (Jensen et al., 2010), which confirms the role of plasmids in distributing genes in S. aureus isolates. Although our study was restricted to S. aureus strains from retail meats, it suggests the potential role of food animals as a source for S. aureus plasmids in the meat pyramid.

Meat products may also become contaminated with S. aureus strains that harbor plasmids that originated from other gram-positive organisms. Surprisingly, rep3 and rep12 plasmid families were detected in the S. aureus strains analyzed in this study. These rep families were previously found in Bacillus spp. and are thought to have a narrow host range (Jensen et al., 2010). It is also noteworthy that the rep1 andrep9 amplicons, which were previously detected in few S. aureus strains, are naturally occurring in Enterococcus spp. (Jensen et al., 2010; Lozano et al., 2012). Plasmid transfer from Enterococcus or Bacillus spp. to S. aureus is not unusual and has been observed in previous studies (Gryczan et al., 1978; Zhu et al., 2010). Moreover, S. aureus produces a peptide known to induce bacterial clumping, which initiates HGT of Enterococcus spp. plasmids (Clewell et al., 1985). Other factors can also promote HGT between S. aureus strains such as the occurrence of other bacterial species with S. aureus strains. Both Bacillus and Enterococcus spp. are widespread in the farm environment and can be disseminated to the slaughterhouse by incoming animal carcasses or meat industry workers (Gutiérrez et al., 2012); HGT can occur in biofilms that form within meat production facilities or during colonization of livestock dermis or nasal cavities (Coimbra-E-Souza et al., 2019). Furthermore, the aforementioned plasmid families could harbor biological features that favor HGT into S. aureus strains. For example, the rep12 amplicon type is found in B. thuringiensis pBMB67 plasmids that encode conjugal transfer genes (Chao et al., 2007; Shintani et al., 2015), while the rep9 type was detected in E. faecalis conjugative plasmids (Jensen et al., 2010). Our findings support the contention that intergeneric transfer of plasmids occurs in the meat production chain under selection pressure. Thus, further research is needed to understand the conditions that promote plasmid transfer – if any – in the meat production industry with the aim of limiting the dissemination of antimicrobial resistance and virulence genes in meat-associated bacteria.

An association between rep families and antimicrobial resistance was observed in our study. McCarthy and Lindsay (2012) found a strong association between plasmid groups containing the rep15 sequence and the occurrence of tetK; whereas another study found the same rep type in TetR S. aureus isolates (Lozano et al., 2012). In our study, there was a high prevalence of the rep15 type in TetR strains. Furthermore, the association between rep6 andrep15 types and SxtR, the rep7b type and CipR, and the rep19 type and β-lactam resistance was in agreement with other studies and may indicate that the antimicrobial genes are plasmid-encoded (Lozano et al., 2012; McCarthy and Lindsay, 2012). On the other hand, many rep families were associated with rifamycin-resistant S. aureus. Although Rif resistance generally occurs due to chromosomal mutations (Zhou et al., 2012), it can also be plasmid-mediated (Arlet et al., 2001; Girlich et al., 2001). The mechanistic basis of RifR in our isolates and the role of rep types are worthy of future study.

The excessive use of antibiotics in humans and food animals is a driving force for spreading and maintaining virulent strains and their plasmids (Zurfluh et al., 2014; Wall et al., 2016). Thereby, knowledge of plasmid types carried by resistant strains is pivotal in controlling or impacting plasmid-mediated dissemination of antibiotic resistance. Nevertheless, our data must be interpreted with caution because the resistance profiles for S. aureus isolates were phenotypic; further analysis is required to confirm the association between certain rep families and the resistance of S. aureus in meat products.

The application of the rep typing scheme is a valuable tool for improving knowledge of plasmid dissemination and distribution in S. aureus inhabiting various environments, particularly the meat production system. Furthermore, links between rep families and specific genes would be helpful in future efforts designed to limit the dissemination of virulent strains in the meat pyramid. This study has confirmed the presence of plasmids with diverse sizes in multidrug-resistant S. aureus, which indicates that meat products might play a possible role in disseminating these strains and their plasmids to human consumers. Moreover, our results suggest that multiple sources and factors contribute to the spread and maintenance of plasmid-bearing S. aureus strains in the food chain.
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FIGURE S1 |
Detection of plasmids in S. aureus isolates by Pulsed Field Gel Electrophoresis (PFGE). Red arrows in lanes 2, 5, 9, and 10 show large plasmids approximately 152 kb (lanes 2, 5) and 120 kb (lanes 9, 10). Yellow arrows indicate plasmids approximately 70 kb (lane 7) and 65 kb (lane 11). Small plasmids approximately 20 kb are shown in lanes 2, 3, 5, 9, and 10 (blue arrows). Lane 9 contains the Salmonella serovar Braenderup H9812 marker.

TABLE S1 |
rep primers and multiplexes used for PCR.
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The newly emerging NDM-5 confers increased antibiotic resistance and attracts extensive global attention, but the prevalence, dissemination mechanism, and clinical significance of NDM-5 among clinical Escherichia coli (E. coli) infections have not been thoroughly characterized to date. In the present study, 109 unique carbapenem-resistant E. coli (CR-EC) isolates were collected in Southwest China, from 2013 to 2017, among which 41 (37.61%) CR-EC isolates were identified as NDM-5-producers, with most isolates carrying the IncF-type plasmids. Molecular epidemiological studies revealed ST167 being the most common sequence type (ST). Moreover, we described the first report of a clinical CR-EC isolate co-harboring blaKPC–2 and blaNDM–5, which showed a higher level of resistance to carbapenems. In addition, blaNDM–5 plasmid transformation and conjugation indicated that blaNDM–5 itself did confer resistance to carbapenems. Complete sequencing of the blaNDM–5-harboring IncF plasmid revealed highly conserved regions (bleMBL-trpF-tat) and some transposons around blaNDM–5. Our findings revealed a new potential threat of NDM-5-postive CR-EC in mainland China and emphasized an urgent need to control their further spread.
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INTRODUCTION

In recent years, accumulating researches have shed light on the dissemination of carbapenem-resistant Escherichia coli (E. coli) (CR-EC) worldwide, mainly due to the acquisition of carbapenemase-related genes located on several mobile resistance elements (Janvier et al., 2013; Cheng et al., 2016; Giufre et al., 2018).

Among the major geographically widespread carbapenemases, blaNDM has gained further worldwide attention for its high-level resistance to many clinically available β-lactams and the incredible horizontal transfer between different isolates. Since the first report of NDM-positive isolate in 2008 (Yong et al., 2009), 24 variants of NDM enzymes have been identified to date (Wu et al., 2019). NDM-5, which differed from NDM-1 by increased carbapenemase activity and substitutions at positions 88 (Val→Leu) and 154 (Met→Leu), was first identified in a CR-EC strain in United Kingdom (Hornsey et al., 2011).

Notably, one of the major reasons for the rapid emergence and spread of NDM-5 is its location on different incompatibility typing plasmids (Feng et al., 2018; Wang et al., 2018). Various plasmid incompatibility typing groups carrying blaNDM–5 have been reported worldwide with the most prevalent being IncFIA/B and IncX3 in Korea (Baek et al., 2019), IncFIA and IncFIB in Egypt (Gamal et al., 2016), IncFIA and IncFK in India (Ahmad et al., 2018), and IncFII in the United States (Rojas et al., 2017). Previous studies in China have shown several sporadic cases of clinical infections linked to ST167-type E. coli carrying the blaNDM–5 gene, which was mainly located on the IncX3 plasmid (Chen et al., 2014; Yang et al., 2014; Li et al., 2018; Sun et al., 2019). Unexpectedly, our initial study revealed that the epidemic incompatibility type of NDM-5 plasmid in our region is IncF, representing a new potential threat of carbapenem resistance Enterobacteriaceae (CRE) in China.

More importantly, the coproduction of NDM-5 and other carbapenemases in a single isolate is worthy of special concern, since it has been demonstrated to confer a higher-level resistance to carbapenems (Gamal et al., 2016; Rojas et al., 2017). To the best of our knowledge, this is the first report of clinical E. coli strains simultaneously producing NDM-5 and KPC-2 carbapenemases.

Therefore, the present study was initiated: (i) to describe the prevalence of clinical CR-EC isolates collected successively for approximately 5 years, (ii) to identify the resistance mechanisms among these CR-EC strains, and (iii) to explore the genetic context of blaNDM–5 to further elucidate the mechanisms involved in antibiotic resistance gene transferring.



MATERIALS AND METHODS


Bacterial Strains

This retrospective study was performed in the First Affiliated Hospital of Chongqing Medical University and associated two branch hospitals in Southwestern China. 109 non-repetitive nosocomial CR-EC strains were collected between 2013 and 2017. All the isolates were identified at the species level by the VITEK MS (bioMérieux, Hazelwood, MO, United States) automated system, and routine antimicrobial susceptibility testing was performed by using the VITEK2 compact (bioMérieux, Inc., Durham, NC, United States) system. According to the breakpoint recommendations by the Clinical and Laboratory Standards Institute, 2017 (CLSI-2017), isolates which were non-susceptible to at least one of the carbapenems by the broth microdilution method, with the criteria of minimum inhibitory concentration (MIC) of ≥2 μg/mL for ertapenem (ETP), ≥4 μg/mL for imipenem (IPM), or ≥4 μg/mL for meropenem (MEM), were included in the study.



Antibiotics and in vitro Susceptibility Testing

All the isolates were tested for antibiotic susceptibilities to ceftazidime (CAZ), ceftriaxone (CRO), cefepime (FEP), gentamicin (GM), tobramycin (TOB), ciprofloxacin (CIP), and levofloxacin (LEV) by using AST GN13 cards on the VITEK2 compact system. MICs for ETP, IPM, MEM, colistin (CS), Aztreonam (ATM), and tigecycline (TGC) were determined using the broth microdilution method. MIC results were interpreted according to CLSI-2017 breakpoint recommendations. Non-carbapenemase-producing E. coli strain ATCC 25922 was served as a quality-control strain.



DNA Amplification and Analysis

Total DNA was extracted by boiling centrifugation method (Green and Sambrook, 2017). Briefly, single colonies were picked from overnight culture of each E. coli isolate, resuspended in 200 μl of sterile distilled water, and boiled at 100°C for 10 min. After centrifugation at 15,000 × g for 15 min, supernatants were collected and stored at −20 C (Rahman et al., 2014). The potential presence of carbapenemase genes, including blaKPC, blaNDM, blaVIM, blaIMP, blaOXA–23, blaOXA–24, and blaOXA–48, were detected by polymerase chain reaction (PCR),and all the variants of these carbapenemase genes were confirmed by sequencing (Wang et al., 2018). Furthermore, ESBL genes, such as blaCTXM, blaTME, blaSHV, and blaOXA–1, AmpC genes, such as blaACC, blaFOX, blaMOX, blaDHA, blaCIT, and blaEBC, porin genes, such as ompF and ompC were also determined by using primers as described previously (Supplementary Table S1). All the amplified PCR products were gel purified and sequenced by the Sanger method, while the plasmids were sequenced by the next-generation high throughput sequencing on the Illumina Hiseq 2000 (Illumina Inc., San Diego, CA, United States) platform.



Conjugation, Transformation, and Plasmid Analysis

To assess whether the carbapenemase-producing genes were located on the plasmids, conjugation with E. coli EC600 and transformation with E. coli DH5α were repeatedly conducted. For conjugative assays, the rifampin-resistant E. coli EC600 strain was use as the recipient, and the transconjugants were selected on Mueller-Hinton agar plates supplemented with a combination of 32 μg/ml ampicillin and 512 μg/ml rifampin. For transformation assays, the transformants were selected on Mueller-Hinton agar plates containing 2 μg/ml MEM (Jia et al., 2018). Both the transconjugants and transformants were tested for antimicrobial susceptibilities by the VITEK2 compact system, and MICs for ETP, IPM, MEM, colistin (CS), and tigecycline (TGC) were further determined by the broth microdilution method. The presence of resistance determinants were confirmed by PCR.

Plasmids carrying blaNDM were extracted from transconjugants using a QIAGEN Plasmid Mini Kit (QIAGEN, Germany) according to the manufacturer’s instructions. To investigate the genetic context around the blaNDM–5 gene, we first chose the plasmid pNDM5-1001 which was extracted from transconjugant and harbored a blaNDM–5 gene for sequencing. The whole plasmid sequence was obtained on the HiSeq 2000 platform (Illumina Inc., San Diego, CA, United States) generating 400 bp paired-end reads. Then, the derived reads were trimmed and assembled using SOAP de novo v2.041, and gaps were closed through PCR and Sanger sequencing. Sequence analysis was done by both the ORF Finder2 and the BLAST functions3. The genomes of the plasmids were annotated by GeneMarkS4. The circular map of the pNDM5-1001 plasmid was generated using the Snap Gene server5.

A comparison of pNDM5-1001 and four other related plasmids pGUE_NDM (accession number JQ364967.1), pNDM5-020007 (accession number CP025626.1), pNDM-5-IT (accession number MG649062.1), and pNDM-BJ01 (accession number JQ001791.1) was performed with Mauve6.

Incompatibility typing of the blaNDM plasmid was performed by PCR-based replicon typing (Carattoli et al., 2005).



Genetic Environments of blaNDM-Carrying Plasmids

The genetic environment of blaNDM was established by PCR as described previously (Zhang et al., 2016). Primers were designed based on the reported blaNDM flanking sequences to determine the genetic background of the blaNDM-harboring strains (Supplementary Tables S2, S3). PCR experiments were performed using the same thermocycling conditions for all strains as follows: one cycle of 94°C for 5 min; followed by 35 cycles of 94°C for 35 s, 56°C for 45 s, and 72°C for 1 min; and a final cycle at 72°C for 10 min. The amplified products were sequenced and compared with the similar sequences deposited in the BLAST database, and the DNA sequences obtained were compared with those available in the NCBI GenBank database.



Multi-Locus Sequence Typing (MLST) and Pulsed-Field Gel Electrophoresis (PFGE)

Multi-locus sequence typing (MLST) was performed by the amplifications of the internal fragments of seven housekeeping genes of carbapenemase-producing E. coli isolates (adk, fumC, icd, purA, gyrB, recA, and mdh) according to the database7. The clonal relationships of the isolates harboring the blaNDM–5 gene were further determined by pulsed-field gel electrophoresis (PFGE). Briefly, genomic DNA of the blaNDM–5-positive E. coli isolates was prepared in agarose blocks and digested with restriction enzyme XbaI. DNA fragments were separated using a CHEF II D-Mapper XA PFGE system (Bio-Rad, Hercules, California, CA, United States) with running conditions as described previously (Jain et al., 2018).



Ethical Considerations

The data and samples analyzed in the present study were obtained in accordance with the standards and approved by the Chongqing Medical University Institutional Review Board and Biomedical Ethics Committee. For this study, samples were collected at the microbiology laboratory of our hospital, with no contact with the patients. This study was retrospective and there was no patient identification performed during data collection. Therefore, the ethics committee determined that informed consent was not required.



Statistical Analysis

All analyses were performed using SPSS v.25.0 software (SPSS Inc., Chicago, IL, United States). Univariate analyses were performed separately for each of the variables. All variables with a P value of ≤0.05 in the univariate analyses were considered for inclusion in the multivariate logistic regression model. The odds ratio (OR) and 95% confidence interval (CI) were calculated to evaluate the strength of any association. Categorical variables were calculated using a chi-square test or Fisher’s exact test as appropriate. Continuous variables were calculated using Student t test (normally distributed variables) and Wilcoxon rank-sum test (non-normally distributed variables) as appropriate. For all calculations, statistical significance was defined at P < 0.05 for 2-tailed tests.



RESULTS


General Characteristics and Antimicrobial Susceptibility of CR-EC Isolates

As shown in Table 1, a total of 109 non-repetitive CR-EC strains were isolated from 2013 to 2017 in our hospitals. These non-duplicated isolates were mainly isolated from urine, followed by the respiratory tract samples, drainage, secretion, blood, and other sources including bile and ascites. For the antimicrobial susceptibility of these isolates, our study showed the highest non-susceptible rate to ETP (97.3%), with 57.8% and 55.9% non-susceptible rates to imipenem and meropenem, respectively. Almost all the CR-EC isolates showed resistances to cephalosporins, especially to CRO, CAZ and FEP. Although NDM does not normally show activity against the monobactams such as aztreonam, CR-EC isolates showed high resistances to aztreonam, about 88.9%, probably due to the high prevalence of blaCTX–M among these isolates (Table 1). Moreover, over half of the CR-EC strains exhibited resistance to aminoglycoside and gentamycin. However, these CR-EC isolates were mostly susceptible to tigecycline and colistin. Compared with carbapenemase-negative isolates, our research revealed that a significantly greater proportion of carbapenemase-positive E. coli isolates were resistant to most antibiotics, including ETP, imipenem, meropenem, FEP, CIP, and LEV. Notably, 86.2% (94/109) of the CR-EC isolates were identified to be multi-drug resistant (MDR) as they were resistant to three or more classes of antimicrobial agents.


TABLE 1. Antimicrobial susceptibility of CR-EC isolates with or without carbapenemases.
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Genotypic Distribution of the CR-EC Isolates

Among the 109 CR-EC isolates, 50 (45.9%) strains were demonstrated to be carbapenemase-producers, and most notably, all the 50 strains were positive for NDM, among which 41 (82.0%) of them were NDM-5-positive, 8 (16.0%) were NDM-1-positive, and 1 (2.0%) was NDM-9-positive. Notably, there was one isolate co-harboring blaNDM–5 and blaKPC–2. In addition to the production of carbapenemases, 76.2% (83/109) of the isolates were demonstrated to be ESBLs-positive, and blaCTX–M was the most prevalent ESBLs gene in the CR-EC isolates, with blaCTX–M–1 being the most prevalent (42.2%, 46/109) subtype, followed by blaCTX–M–9 (22.9%, 25/109) and blaCTX–M–15 (21.1%, 23/109) subtypes. Notably, all the 50 NDM-positive isolates were demonstrated to be co-harboring ESBLs. Besides blaCTX–M, blaTEM (exclusively blaTEM–1) also showed a high prevalence (32.1%, 35/109). However, no AmpC positive strains were identified. In addition, loss of expression of OmpC and OmpF were not common in CR-EC isolates, only accounting for 24.8% (27/109) and 19.3% (21/109) of these isolates. Notably, 45.9% (50/109) of the isolates were demonstrated to be co-harboring carbapenemases and ESBLs; and 11.0% (12/109) of the isolates co-produced carbapenemases and ESBLs with OMPs loss (Table 2). Most of the patients carrying NDM-producers were from ICU (28%, 14/50), the hepatological surgery department (12%, 6/50), and the gastrointestinal surgery department (8%, 4/50). Patients who didn’t carry NDM-producers were mostly from the hepatological surgery department (23.7%, 14/59), the urinary surgery department (11.86%, 7/59), and the gastrointestinal surgery department (10.16%, 6/59). It was interesting that isolates carrying the blaNDM–5 gene were mostly from sputum (10/50, 20.0%), urine (8/50, 16.0%), and blood (6/50, 12.0%), nevertheless, NDM negative isolates were mostly from urine (20/59, 33.8%), bile (7/59, 11.8%), and sputum (7/59, 11.8%).


TABLE 2. Presence of antibiotic resistance genes in clinical carbapenemase-positive and carbapenemase-negative CR-EC isolates.
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Characteristics of the Isolated CR-EC Strains Carrying blaNDM–5

The blaNDM–5-carrying CR-EC isolates were found to be more resistant to carbapenems than CR-EC isolates carrying other blaNDM subtypes. While PCR assays demonstrated that blaNDM–5 was successfully transferred by both conjugation and transformation experiments in all the CR-EC isolates carrying the blaNDM–5 gene, multiple attempts to co-transfer or co-conjugate blaKPC–2 and blaNDM–5 failed, and no transconjugants or transformants co-harboring blaKPC–2 and blaNDM–5 were detected. Notably, all of the transconjugants and transformants acquired multi-drug resistance phenotypes similar to those of the donors except for reduced MICs to carbapenems and cephalosporins, and still remained susceptible to colistin and tigecycline. According to the plasmid replicon typing results, plasmid types of the transconjugants and transformants harboring blaNDM were IncF (33/50, 66.0%), IncX (11/50, 22.0%), IncH (3/50, 6.0%), and IncA/C (1/50, 2.0%). For chromosomal characteristics, the most prevalent sequence types (STs) was ST167 (12/50, 24.0%), followed by ST410 (5/50, 10.0%) and ST354 (3/50, 6.0%). Some rare ST types, including ST973 and ST746, were also witnessed, only accounting for 4.0% of the isolates, respectively. Notably, 16.0% of the CR-EC isolates still remain unknown ST types. PFGE was performed on all the 41 blaNDM–5-positive isolates, and all but 2 (E. coli-34 and E. coli-1002) of these strains showed a different PFGE band pattern (Table 3 and Figure 1).


TABLE 3. Profiles of plasmids and corresponding average carbapenem MICs in 50 blaNDM-positive E. coli clinical isolates.
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FIGURE 1. Dendrogram analysis and molecular epidemiology of NDM-5 positive Escherichia coli isolates. The dendrogram is based on the similarity of PFGE patterns from 41 blaNDM–5 positive clinical E. coli isolates. The right columns illustrate results of source, date, PFGE, MLST, ESBLs, and plasmid types.




Sequence Analysis of Plasmid Containing blaNDM–5

High throughput sequencing analysis was conducted on E. coli-1001, a strain co-harboring blaKPC–2 and blaNDM–5 genes. The 139-kb pNDM-5-1001 plasmid was identified to be of the IncF replicon type: containing FIA and FIB replicons, and also co-harboring blaCTX–M15, blaOXA–1, aminoglycoside resistance genes [aac(6’)-I, aac(6’)-II], and tetracycline resistance gene (tet). Within the pNDM-5-1001 plasmid, blaNDM–5 was bracketed by two insertion sequences IS26, containing the ISCR1 element and some other resistance genes (Figure 2). Further sequence alignments based on BLAST revealed that the plasmid sequence showed the most similar nucleotide sequences to those of the following previously reported plasmids: pGUE-NDM (accession number JQ364967.1) from an E. coli strain, pNDM5-020007 (accession number CP025626.1) from an E. coli strain, and pNDM-5-IT (GenBank accession No. MG649062.1) from an E. coli strain, but less similar to pNDM-BJ01 (GenBank accession No. JQ001791) from an Acinetobacter lwoffii (A. lwoffii) strain, which is the first NDM-expressing plasmid known to have been fully sequenced in China. The identical regions, including the replicon, stabilization elements, toxin-antitoxin systems (sopA and sopB) and virulence factors (arcA, arcB, arc, and arcD), were highly conserved (Figure 2).
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FIGURE 2. Schematic map of plasmid pNDM-5-1001 and comparative analysis of plasmid pNDM-5-1001 with other three blaNDM–5-carrying plasmids and pNDM-BJ01. Reference sequences: pNDM-BJ01 from an Acinetobacter lwoffii strain (GenBank accession No. JQ001791), pNDM-5-IT from an E. coli strain (GenBank accession No. MG649062.1), pGUE_NDM from an E. coli strain (GenBank accession number JQ364967.1), and pNDM5-020007 from an E. coli strain (GenBank accession number CP025626.1).


For genetic environments, 50 NDM-positive isolates were divided into five different types (A to E) based on the analysis of genetic structures, among which type A was the most common (n = 25), followed by type E (n = 9), type B (n = 8), type D (n = 5), and type C (n = 3). For type A, the flanking genetic structure of the blaNDM–5 gene was composed of an IS3000 and incomplete ISAba125 interrupted by IS5 located upstream, and the genes bleMBL (bleomycin resistance gene), trpF (phosphoribosylanthranilate isomerase), tat (DsbC superfamily protein), dct, IS26, and umD. Type B had a complete deletion of IS3000 and ISAba125; type C and type D only had IS3000 and IS26, respectively. Type E, another prevalent type which was different from type A, harbored another insertion sequence (ISCR1), followed by the sul gene (sulfonamide-resistant dihydropteroate synthase), the QacED1 (quaternary ammonium compound resistance protein), the AadA2 (aminoglycoside nucleotidyltransferase), the dfrA12 (dihydrofolate reductase), and the IntI1 (class 1 integron integrase) genes downstream, the MphR (Macrolide 2′-phosphotransferase), the Mrx (major facilitator family protein transporter), and the Mph [Mph(A) family macrolide 2′-phosphotransferase] upstream (Figure 3). As for the blaKPC–2 gene, we did not extract a KPC-2-expressing plasmid in this isolate. Moreover, multiple transformation and transconjugation experiments by the blaKPC–2-carrying bacteria failed. Thus, we speculated that the blaKPC–2 gene was most likely to be located on the chromosome.
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FIGURE 3. Comparison of the genetic elements surrounding the blaNDM–5 gene identified in this study with the other similar sequences. Reference sequences: pNDM-BJ01 (GenBank accession No. JQ001791) from an A. lwoffii strain, p744T-NDM5 (GenBank accession No. MF547511.1) from an E. coli strain, and pNDM-5-IT (GenBank accession No. MG649062.1) from an E. coli strain.




DISCUSSION

In the present study, 37.61% (41/109) of the CR-EC isolates were identified to be NDM-5-producers, with most isolates carrying the IncF-type plasmids and ST167 being the most common ST type. Moreover, a clinical carbapenem-resistant E. coli isolate co-harboring blaKPC–2 and blaNDM–5 was reported for the first time, with the characterizations of its genetic environment. Our findings revealed a new potential threat of NDM-5-postive CR-EC in mainland China, emphasizing an urgent need to control their further spread.

Some conclusions of this study were noteworthy.

First, our results revealed that the main carbapenem resistance mechanism of the CR-EC isolates collected in our hospital could be attributed to the productions of carbapenemases and ESBL/AmpC enzymes combined with porin deficiencies. Notably, while NDM-1 subtype was reported to be the most prevalent from previous studies in China (Tuem et al., 2018; Markovska et al., 2019), NDM-5 was observed to be prevalent among the CR-EC isolates. Most importantly, our study revealed that the most prevalent epidemic incompatibility type of the blaNDM–5-carrying plasmids in our region is IncF (such as IncFIA, IncFIB, and IncFII), which was substantially different from those reported by the other NDM-5 studies (IncA/C and IncX3-type) (Huang et al., 2016; Li et al., 2018), indicating that a new molecular epidemiological CR-EC will be prevalent in China. In addition, a more recent study from eastern China have shown several blaNDM–5-positive E. coli infections linked to ST167-type CR-EC (Sun et al., 2019), which was also located on the IncX3 plasmid. Moreover, comparisions of the susceptibility results revealed that the E. coli isolates carrying the blaNDM–5 gene were more resistant than those with blaNDM–1 or blaNDM–9.

Second, we reported for the first time a clinical E. coli strain co-producing NDM-5 and KPC-2, which was isolated from sputum of a patient with respiratory infection. This isolate showed high-level resistances to many antibiotics, but remained susceptible to both tigecycline and colistin. Moreover, while the blaNDM–5 gene was demonstrated to be located on separate IncF-type plasmids, the blaKPC–2 gene failed to transfer into a recipient isolate with repeated experiments. To further determine the location of the blaKPC–2 gene, we performed high-throughput plasmid sequencing and did not find the blaKPC–2 gene in plasmid sequencing results, indicating that the blaKPC–2 gene might be located on the chromosome.

Third, we found five different types of blaNDM gene environments. Of the greatest interest was that all the NDM-producers all carried the highly conserved regions (blaNDM-bleMBL-trpF-tat) surrounding the blaNDM gene, suggesting that these four genes were important elements that produced resistances and were not lost during NDM-5 transmission. To the best of our knowledge, this is also the first report of Type C in China, which showed a similar genetic context to pNDM-5-IT from Italy. However, none of these patients in our study had a history of traveling abroad. As previous researches have demonstrated that the rolling circle replication of ISCR1 element could produce the upstream adjacent antibiotic resistance genes, which could be rescued through recombination between homologous fragments (Li et al., 2014; Cheng et al., 2016), we speculated that the ISCR1 element in type C could be an important gene assisting blaNDM spread via rolling circle transposition.



CONCLUSION

In summary, the present study revealed a new emergence of NDM-5-producing CR-EC in a teaching hospital in Chongqing, China, described the first report of a blaKPC–2 and blaNDM–5-coharboring E. coli isolate, and indicated for the first time that the IncF-type plasmids may contribute to the prevalence of blaNDM–5, highlighting an urgent need to develop effective measures to prevent and control the further spread of blaNDM–5 in China.
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Antimicrobial resistance (AMR) is a significant global threat to both public health and the environment. The emergence and expansion of AMR is sustained by the enormous diversity and mobility of antimicrobial resistance genes (ARGs). Different mechanisms of horizontal gene transfer (HGT), including conjugation, transduction, and transformation, have facilitated the accumulation and dissemination of ARGs in Gram-negative and Gram-positive bacteria. This has resulted in the development of multidrug resistance in some bacteria. The most clinically significant ARGs are usually located on different mobile genetic elements (MGEs) that can move intracellularly (between the bacterial chromosome and plasmids) or intercellularly (within the same species or between different species or genera). Resistance plasmids play a central role both in HGT and as support elements for other MGEs, in which ARGs are assembled by transposition and recombination mechanisms. Considering the crucial role of MGEs in the acquisition and transmission of ARGs, a potential strategy to control AMR is to eliminate MGEs. This review discusses current progress on the development of chemical and biological approaches for the elimination of ARG carriers.
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INTRODUCTION

The discovery of antibiotics and their clinical use is one of the greatest achievements in medical history. However, the acquisition and dissemination of antimicrobial resistance genes (ARGs) is a severe global problem that emerged in the post-antibiotic era (Friedman et al., 2016; Thaden et al., 2017). The acute limitation of currently available therapeutic options against common infections is responsible for increased rates of morbidity and mortality, longer treatment duration, higher hospitalization costs, and distrust in the efficacy of modern medical practices (Bennett, 2008; Shokoohizadeh et al., 2013; Jiang et al., 2017; Sultan et al., 2018). The most common antimicrobial-resistant bacterial pathogens associated with nosocomial infections were initially gathered under the acronym “ESKAPE” (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species), which was subsequently proposed to be updated to “ESCAPE” (E. faecium, S. aureus, Clostridium difficile, A. baumannii, P. aeruginosa, and Enterobacteriaceae) (Grundmann et al., 2006; Santajit and Indrawattana, 2016; Penes et al., 2017; World Health Organization [WHO], 2017).

The phenomenon of antimicrobial resistance (AMR) is not new as ARGs have evolved over millions of years (Shlaes et al., 1997). However, AMR is amplified in the presence of the selective pressure exerted by antibiotics (Pelgrift and Friedman, 2013). Between 2000 and 2010, global antibiotic use increased by 36%, and in the case of carbapenems reached 45% (Van Boeckel et al., 2014). Inappropriate use of antibiotics in animals also contributes to rising AMR. The global consumption of antibiotics in animal feed was estimated to be 131,109 tons in 2013, and is expected to reach 200,235 tons in 2030 (Van Boeckel et al., 2017). Incomplete microbe elimination, facilitated by microbiostatic drugs that inhibit multiplication of microbes without killing them, favors the development of drug resistance. Furthermore, incorrect administration of microbicidal drugs in terms of dosing intervals and concentration also contributes to the occurrence of AMR. The dosing interval is essential for antibiotics with a short elimination half-life, such as beta-lactams, tetracyclines, clindamycin, and the majority of macrolides; while concentration is a critical parameter for antibiotics such as vancomycin, aminoglycosides, azalides, ketolides, and quinolones (Gao et al., 2011). Genetic resistance of clinically significant pathogens is amplified by the ability of bacteria to form biofilms on viable tissues or inert substrates; these biofilms exhibit high phenotypic resistance or tolerance to high doses of antimicrobial agents (Giedraitiene et al., 2011). As a result of the selective pressure exerted by antibiotics, bacterial genomes are reshaping, and bacteria adapt and survive in the presence of antibiotics (van Elsas and Bailey, 2002). There are multiple mechanisms of adaptation of resistant bacteria to antibiotics and elucidating these mechanisms will enable the development of effective novel therapies to tackle the increasing threat of resistance.

An important strategy for combating AMR is to diminish the mobilization and persistence of ARGs in bacterial populations. This review highlights current progress in the development of chemical and biological approaches for the elimination of resistance plasmids. Such plasmids play a central role both in horizontal gene transfer (HGT) and as support for other mobile genetic elements (MGEs), in which ARGs are assembled through transposition and recombination mechanisms; the resulting MGEs can then move between chromosomes and plasmids or between plasmids. We will first describe the main MGEs involved in the global dissemination of antibiotic resistance, and then discuss current progress on the development of novel antimicrobial strategies aimed at elimination of MGEs, with a focus on resistance plasmids.



ROLE OF MGES IN THE ACQUISITION AND TRANSMISSION OF AMR

Resistance to antimicrobials can be acquired through spontaneous mutations in chromosomal genes or by HGT of ARGs. The bacterial genome includes the genomic backbone or core genome, to which a variety of MGEs, termed the accessory genome, is added, and together this comprises the bacterial pan-genome (Guimaraes et al., 2015). The term resistome refers to the part of the pan-genome that contains ARGs, both in commensal and pathogenic bacteria (D’Costa et al., 2006; Landecker, 2016). Many ARGs can move between the bacterial chromosome and plasmids, within the same species or between different species or even genera, through different mobilization mechanisms (conjugation, transduction, and transformation) (Figure 1). HGT is the primary driver of multidrug resistance (MDR) in both Gram-negative and Gram-positive bacteria. MGEs (except for gene cassettes and miniature inverted-repeat transposable elements; MITEs) are DNA fragments encoding enzymes and other proteins that mediate intracellular or intercellular mobility. Intracellular mobility occurs within the same cell, from a chromosome to a plasmid or between plasmids. This type of mobility can be achieved by non-conjugative transposons, gene cassettes, and insertion sequence common region (ISCR) elements. These MGEs are mobilized by recombination but can involve replication. Intercellular mobility is achieved by MGE elements that are capable of self-replication and conjugative transfer, such as plasmids and conjugative transposons (Frost et al., 2005; Bennett, 2008; Ilangovan et al., 2015; Partridge et al., 2018). The versatility of MGEs justified the replacement of the constant genome paradigm with that of the fluid genome (Shapiro, 1985; Pinilla-Redondo et al., 2018).
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FIGURE 1. Schematic representation of the predominant HTG mechanisms involved in the acquisition and dissemination of genetic material such as ARG. From top to bottom: Conjugation, DNA transfer between a donor cell (left) and a recipient cell (right) mediated by plasmids; Transduction, transfer of bacterial DNA between a donor cell (left) and a recipient cell (right) mediated by phages; Transformation, release of DNA by a donor cell (left) and uptake by a recipient cell (right).


The majority of clinically significant ARGs are located on MGEs. To effectively fight AMR, we need to unravel the role of MGEs in the dissemination of antibiotic resistance among clinically important pathogens.


Plasmids

Plasmids have a vital role in the accumulation and transfer of ARGs, mainly in Gram-negative bacteria, and are involved in the acquisition of resistance to most antibiotic classes, including β-lactams, aminoglycosides, tetracyclines, chloramphenicol, sulfonamides, trimethoprim, macrolides, polymyxins, and quinolones (Carattoli, 2013; Shintani et al., 2015). Plasmids, either circular or linear, are stable replicons with a complex replication apparatus (Shintani et al., 2015). Generally, plasmids are physically distinct from the primary bacterial chromosome and replicate independently; however, most of the components required for replication are provided by the host (Garcillan-Barcia and de la Cruz, 2008; Guglielmini et al., 2014). Plasmids conferring MDR are usually conjugative, capable of initiating not only their own transfer but also that of other plasmids, and possess mechanisms to control their copy-number in the cell and/or replication ability (Frost et al., 2005; Nordstrom, 2006). Plasmids guarantee transmission through different mechanisms like active partitioning systems, random segregation, or post-segregational killing (Million-Weaver and Camps, 2014). Besides conjugative plasmids, another category of plasmids are mobilizable plasmids, which are smaller in size and not self-transmissible, but they can transfer DNA to a particular host in the presence of conjugative plasmids; this transfer occurs both vertically and by HGT (Bennett, 2008).

The first classification of plasmids was based on incompatibility (Inc) groups (the mechanism that prevents the existence of plasmids with the same replication mechanism within the same bacterial cell); specific incompatibility groups were described in Enterobacteriaceae, Pseudomonas spp., and Gram-positive staphylococci (Frost et al., 2005). In MDR strains of P. aeruginosa, a series of plasmids (pS04 90, pBM41, p14057 A, and p14057 B) encoding carbapenemase resistance have been highlighted (Liu et al., 2018; Shi et al., 2018; van der Zee et al., 2018). Strains of A. baumannii show plasmid-encoded resistance to carbapenems (Cameranesi et al., 2018; Leungtongkam et al., 2018; Silva et al., 2018), aminoglycosides (armA) (Upadhyay et al., 2018), colistin (Jaidane et al., 2018), sulfonamides, or streptomycin (Hamidian et al., 2016). In addition, plasmids conferring resistance to various classes of antibiotics have been found in Staphylococcus spp. (Mugnier et al., 2009; Ruiz-Martinez et al., 2011; Hamidian et al., 2016; Holmes et al., 2016; Liu et al., 2016, 2018; Becker et al., 2018; Cameranesi et al., 2018; Fessler et al., 2018; Jaidane et al., 2018; Leungtongkam et al., 2018; Shi et al., 2018; Silva et al., 2018; Upadhyay et al., 2018; van der Zee et al., 2018). Resistance plasmids exhibit a high degree of plasticity, which is translated into an increased frequency of insertions, deletions, and changes in DNA (Kado, 2014). Plasmids may also harbor ARGs encoding efflux pumps that confer an MDR phenotype such as quinolone resistance (Jacoby et al., 2014).

Further to their direct role in HGT, plasmids can also contribute to the acquisition and dissemination of ARGs to other MGEs in which ARGs are assembled via transposition and recombination mechanisms (Stanisich, 1988; Bennett, 2004, 2008). Some of the MGE frequently involved in the acquisition of clinically relevant ARGs are briefly described below and summarized in Figure 2.
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FIGURE 2. Schematic representation of the predominant MGEs involved in acquisition and dissemination of ARGs. (A), IS element (IR: inverted repeats; tnp: transposase gene). (B), Tn3 complex transposon (tnpB: resolvase gene; ARG-antibiotic resistance gene). (C), composite transposon. (D), class I integron and the acquisition of a gene cassette (Int1: integrase gene; att1: recombination site of the integron; qacEδ: truncated segment belonging to a gene that encodes resistance to quaternary ammonium compounds; sul1: sulfonamide resistance gene; orf5/orf6: open reading frames, attC: recombination site of the gene cassette). (E), the mechanism of acquiring adjacent DNA by ISCR elements (oriIS: origin of replication; terIS: end of replication; a second stop sign is located after the ARG, allowing transposition of the entire segment by recombination). (F), complex class 1 integrons (Int1: integrase gene, followed by the attI site; VR1/VR2: variable regions e.g., ARGs, followed by the attC site).




Insertion Sequences

Insertion sequences (IS) are the smallest (0.7–2.5 Kb) and simplest transposable elements found in bacteria (Mahillon and Chandler, 1998; Aminov, 2011). These elements are usually flanked by short, mostly inverted repeats, which sometimes generate direct target duplications (DR) when they are integrated into the target DNA (Siguier et al., 2015). IS differ from transposons by the absence of cargo or passenger genes, which are responsible for functions other than mobilization. Currently, there are more than 4500 IS listed in dedicated databases like ISFinder (Siguier et al., 2015; Vandecraen et al., 2017). IS are involved in AMR through their ability to transfer ARGs, but also by their ability to modulate the expression of ARGs; this occurs following integration of IS within the ARGs, or by the IS providing an active promoter for ARGs (Siguier et al., 2006; Partridge et al., 2018). For example, IS can increase expression of efflux pumps (Olliver et al., 2005; Siguier et al., 2015). The role of IS in antibiotic resistance has been highlighted by numerous studies, particularly those related to resistance to colistin and carbapenem. The most common mechanism for the development of colistin resistance is inactivation of the gene mgrB in K. pneumoniae, following the transposition of different types of IS, such as IS903, ISKpn26, IS10R, and IS5 (Cannatelli et al., 2014; Berglund et al., 2018). In colistin-resistant strains of Klebsiella sp., alteration of mgrB and phoP gene sequences by different IS, such as ISKpn14, ISKpn28, IS903, IS5, and IS3, can sometimes induce a pandrug-resistance phenotype (Giordano et al., 2018; Uz Zaman et al., 2018). IS also play a vital role in carbapenem resistance through a mechanism similar to that of colistin resistance but involving the inactivation of oprD and omp genes (Lev et al., 2017; Bocharova et al., 2019). The oprD gene is inactivated by the insertion of ISPpu-21 (Shariati et al., 2018). In addition to the IS themselves, there are other similar transposable elements (TEs) that harbor transposase genes (autonomous) or depend on host cell elements (non-autonomous) (Siguier et al., 2015). When IS elements are carrying passenger genes, they are termed IS transporters (tISs) (Siguier et al., 2006). In contrast to complex transposons that exist only as a single copy in a specific replicon, IS can be present as multiple copies, thus contributing to the accumulation of ARGs (Rankin et al., 2011).



Resistance Transposons

Transposons (Tn) are a category of MGEs that carry ARGs. Many Tn have the ability to jump from/to different locations in the genome, and are capable of mediating the mobility of both intramolecular and intermolecular ARG (Bennett, 2004, 2008; Babakhani and Oloomi, 2018). Bacterial Tn can be divided into two types, composite (two IS elements flanking a central gene) and complex (containing the tnpA gene encoding transposase, the tnpR gene encoding resolvase, as well as one or more cargo genes) (Genilloud et al., 1988; Bennett, 2008; Partridge, 2011). MITEs and palindrome-associated transposable elements (PATEs) are included in the category of non-autonomous derivatives (Siguier et al., 2015). The predominant ARG-containing Tn whose transmission is a challenge when treating infections are Tn5 (encoding resistance to neomycin and kanamycin in A. baumannii and P. aeruginosa), Tn10 (encoding tetracycline resistance), Tn9, Tn903, Tn1525, and Tn2350 (Genilloud et al., 1988; Partridge, 2011).



Integrons

Integrons are MGEs that have the ability to accumulate gene cassettes, including ARGs, and to disseminate them through other MGEs. Sedentary integrons are DNA elements found in the chromosomes of many species and were initially discovered due to their association with AMR (Mazel, 2006; Partridge et al., 2009). In contrast to sedentary integrons, mobile resistance integrons are often found in plasmids (Ponce-Rivas et al., 2012). The role of these elements in the acquisition and dissemination of ARGs is crucial, especially in Gram-negative bacteria (Ponce-Rivas et al., 2012), but they are also present in Gram-positive bacteria (Nandi et al., 2004). Integrons contain the gene encoding integrase (IntI), an enzyme that allows the incorporation of circular DNA segments by site-specific recombination (Cambray et al., 2010). They also harbor a specific integration site, at which one or more gene cassettes can be inserted by the integrase (Recchia and Hall, 1995; Bennett, 2008; Partridge et al., 2009). Gene cassettes are usually small DNA fragments of 500–1000 base pairs, which can be mobilized by integrase. Generally, the gene cassettes comprise a single open reading frame (ORF) followed by a short recombination site termed attC (formerly “59 bases element”). Since the majority of these cassettes are promoterless, expression of their genes depends on the integron promoter (Bennett, 1999, 2008). Gene cassettes contain ARGs encoding resistance to different antibiotic classes (Recchia and Hall, 1995; Nordmann and Poirel, 2002), as well as antiseptics and disinfectants (Recchia and Hall, 1995; Bennett, 2008). Integrons are divided into several classes (class 1, class 2, and class 3) depending on the amino acid sequence of the IntI enzyme. Class 1 integrons, which are typically associated with plasmids, are most commonly encountered in clinical isolates from hospitals and elderly care facilities, but have also been found in food production chain isolates (e.g., cattle farm isolates) (Belaynehe et al., 2018; Faghri et al., 2018; Rajpara et al., 2018). ISCRs are transposable elements that are a similar size to IS elements, are often associated with class 1 integrons, and are capable of mobilizing adjacent DNA via a rolling-circle mechanism (Bennett, 2008). When ISCR elements are associated with class 1 integrons, they form complex class 1 integrons (Bennett, 2008; Toleman and Walsh, 2008, 2011).



Genomic Islands

In addition to classical MGEs, such as conjugative plasmids or resistance transposons, an additional category of MGEs is a series of genomic islands that are capable of mediating their own excision, called integrative and conjugative elements (ICE) (Burrus et al., 2002; Burrus and Waldor, 2004; Dobrindt et al., 2004; Juhas et al., 2009; Wozniak and Waldor, 2010). The concept of pathogenicity islands (PAIs) was first described in 1980 by Hacker et al. (1983) who analyzed the virulence mechanisms of strains of E. coli isolated from urine cultures and observed the presence of unstable chromosomal regions bearing different virulence characteristics. Studies on multiple genomic islands have identified several common and essential features of these chromosomal regions: they are DNA segments with a size of 10–200 kb; they insert within tRNA genes; they contain directly repeated recognition sequences; and they contain cryptic genes encoding factors involved in integration, insertion, or transfer (Hacker et al., 1990).



Integrative and Conjugative Elements

Integrative and conjugative elements (ICE) were first described in 1946 by Lederberg and Tatum (1946), and are responsible for HGT of most resistance and virulence factors (Llosa et al., 2002; Burrus and Waldor, 2004; Fernandez-Lopez et al., 2006; de la Cruz et al., 2010; Smillie et al., 2010). ICE are 18–600 kbp in size and share several common characteristics with genomic islands, including insertion at a specific site, association with phage integrase genes, and being flanked by inverted repeats (Toleman and Walsh, 2011). Excision and integration of ICE are accomplished through a recombinase, often termed an integrase. The integrases associated with ICE are tyrosine or serine recombinases, and are homologous to the integrases found in temperate phages (Wozniak and Waldor, 2010). The insertion site for ICE in the bacterial chromosome is attB and is usually located in the gene encoding tRNA, hence the ICE attachment site is termed att (Grindley et al., 2006). Some ICE have low specificity for the att site, and thus may have an affinity for other sites (Bedzyk et al., 1992; Roberts and Mullany, 2009). Similar to conjugative plasmids, the excision and transfer of ICE are mediated by a type IV secretion system, but in contrast to the conjugative plasmids, which are capable of autonomous replication, ICE integrate into the chromosome and replicate with it (Burrus, 2017). However, some ICE are capable of autonomous plasmid-like replication (Johnson and Grossman, 2015). When ICE are mobilizing bacterial DNA, such as genomic islands, they are termed integrative mobilization elements (IME) (Gonzalez-Candelas and Francino, 2012). In terms of ICE conjugation, the transfer mechanism is similar to that encountered in plasmids. In the case of plasmids, the relaxase enzyme binds to the DNA and introduces a break in oriT to initiate rolling-circle replication. Relaxase remains bound to the single-stranded DNA and forms a complex with a specific coupling protein that allows the translocation of DNA into the recipient cell (Lanka and Wilkins, 1995). ICE mediate the acquisition of genes conferring selective advantages such as resistance to antibiotics or heavy metals, degradation of some compounds, increased bacterial fitness, ability to achieve symbiosis, use of alternative carbon sources, expression of virulence factors such as type III and IV secretion systems, which play an essential role in regulating contact with host cells, disruption of signal transduction, or promotion of apoptosis (Roberts and Smith, 1980; Shoemaker et al., 1980; Mays et al., 1982; Magot, 1983; Hochhut et al., 1997; Ravatn et al., 1998; Nishi et al., 2000; Dobrindt et al., 2004; Schmidt and Hensel, 2004).

Integrative and conjugative elements play a vital role in the acquisition and intercellular transmission of ARGs. Through their own integration and mobilization apparatus, these elements have the ability to mobilize adjacent sequences, including genomic islands or composite transposons carrying ARGs (Delavat et al., 2017). Examples include Tn10 found in ICEHpaT3T1 from Haemophilus parainfluenzae and ICEHin1056 from H. influenzae, containing tetracycline and chloramphenicol resistance genes (Juhas et al., 2007); R391, a plasmid of the SXT ICE family that carries kanamycin resistance genes (Pembroke et al., 2002), and ICEPmiJpn1 described in Proteus mirabilis and encoding resistance to broad-spectrum beta-lactamases (Harada et al., 2010; Mata et al., 2011). There are also a number of ICE encountered in H. influenzae (ICEHin1056, ICEHin299, ICEHin2866, ICEHpa8f, ICEHin028, ICEHinB) (Juhas et al., 2007). ICEEc2, identified in E. coli, contains Tn7, which can be mobilized independently, and class 2 integrons. Tn7 carries dfrA1, sat2, and aadA1, which are responsible for resistance to trimethoprim, streptothricin, and streptomycin/spectinomycin, respectively (Roche et al., 2010). Another large ICE family is ICETn4371 found in Beta- and Gamma-Proteobacteria. Members of this ICE family, such as ICETn43716061 found in P. aeruginosa, display transfer mechanisms similar to IncP plasmids and carry different ARGs (Castanheira et al., 2007). The Tn21 transposon subfamily, containing pKLC102/PAPI-1 and PAGI-2/PAGI-3 (P. aeruginosa-pathogenicity island-type ICE) carbapenem resistance genes are integrated into tRNALys and tRNAGly (Klockgether et al., 2007). The Tn4371 family in P. aeruginosa (e.g., ICETn43716061) also carries carbapenem ARGs (Fonseca et al., 2015). Tn916-type elements that encode tetracycline or minocycline resistance, via the tet(M) gene, may embed additional ARGs for other antibiotics such as macrolides, lincosamides, and streptogramins (MLS) and kanamycin/neomycin in the case of Tn1545 (Cochetti et al., 2008). Roberts et al. (2008) observed that the majority of transposable elements, including composite transposons, mobilizable transposons, ICE, and genomic islands, possess similar transposition mechanisms (serine or tyrosine recombinases). Consequently, it was suggested that all these elements capable of integration and conjugation should be called conjugative transposons, even though most of them integrate into a single specific site (Roberts et al., 2008). The term “conjugative transposon” was first used by Franke and Clewell (1981) when characterizing the Tn916 element from E. faecalis (Franke and Clewell, 1981; Brochet et al., 2009).




TARGETING MGES TO COMBAT ANTIBIOTIC RESISTANCE

The ability of bacteria to adapt to all currently available antibiotics has led to an acute need for new, more effective antibiotics or the development of alternative therapeutic strategies (Seal et al., 2018). MGEs, especially those containing resistance plasmids, transposons, and integrons, play a crucial role in the accumulation and dissemination of ARGs in both the clinical and environmental sectors. Consequently, there is a strong argument for considering that one potential strategy to control AMR is through the elimination of these MGEs. In the field of medicine, the concept of “curing” refers to various clinical techniques applied to repair a defective system (Kennedy, 1981; Dow, 1990). In terms of AMR, “curing” is predominantly used to describe the process of removing ARGs from bacterial populations, and compounds used for this purpose are called “curing agents.” Considering that most ARGs and virulence factors are located on plasmids, the term “curing” has been associated with the removal of plasmids since 1971 (Bouanchaud and Chabbert, 1971). Over the past half-century, several studies have focused on testing antibacterial compounds, such as detergents, biocides, intercalary agents, and nanoparticles (Table 1), bacteriophage- and microbiota-based therapies, or the CRISPR system for curing resistance plasmids (Buckner et al., 2018).


TABLE 1. Plasmid curing compounds.
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Chemical Strategies for Removing MGEs

Chemical agents used for the elimination of resistance elements in bacteria act through several mechanisms, including replication blockage, DNA breaks, or inhibition of conjugation (Tables 1, 2). The effectiveness of the agent varies depending on the bacterial strain, presence of plasmids, and growth conditions.


TABLE 2. Conjugation inhibitors and their targets for the elimination of antibiotic resistance.
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Detergents have been used to remove resistance plasmids since 1972. Sodium dodecyl sulfate (SDS) has shown excellent efficiency in removing resistance plasmids in both Gram-positive (e.g., the penicillin resistance plasmid from S. aureus) and Gram-negative (e.g., E. coli and P. aeruginosa) bacteria (Sonstein and Baldwin, 1972; Keyhani et al., 2006; Raja and Selvam, 2009; Zaman et al., 2010). However, high concentrations of SDS are required, which result in gastrointestinal side effects and thus prohibit the use of SDS in humans and animals (Buckner et al., 2018). Another class of compounds used to remove resistance plasmids are the intercalating agents, such as ethidium bromide, acridine-orange, and acriflavine. Elimination of resistance plasmids by ethidium bromide has been demonstrated in Gram-positive (Lactobacillus acidophilus) and Gram-negative (E. coli, Enterobacter aerogenes) bacteria, as well as in actinomycetes (Streptomycetes) (Crameri et al., 1986; Karthikeyan and Santosh, 2010; Zaman et al., 2010; Pulcrano et al., 2016). Acridine-orange and acriflavine have successfully cured resistance plasmids in E. coli (Zaman et al., 2010), Salmonella spp. and Shigella spp. (Adetosoye and Rotilu, 1985), Lactobacillus spp. (Chassy et al., 1978), Oenococcus oeni (Mesas et al., 2004), and S. aureus (Ojo et al., 2014). However, the use of intercalating agents is associated with the risk of mutagenic effects. Furthermore, intercalating agents appear to be inefficient in eliminating large plasmids, such as those found in Rhizobium spp. and Agrobacterium spp. (Rosenberg et al., 1981). Biocides such as triclosan (irgasan) or fusidic acid have been used since 1998 for the successful removal of resistance plasmids in Gram-negative (E. coli) and Gram-positive (methicillin-resistant S. aureus) bacteria (Irish et al., 1998; Riber et al., 2016).

Recently, nanoparticles have been proposed as potential tools to combat bacterial resistance (Jones et al., 2010; Bavya et al., 2019). An advantage of using nanoparticles is that they simultaneously target multiple structures, decreasing the risk of selecting/acquiring resistance to them (Zhang et al., 2010). Nanoparticles exert their antibacterial effects through multiple mechanisms, including destruction of the bacterial membrane with elimination of cytoplasmic components, inactivation of DNA or protein binding, and release of reactive oxygen species. Blocking the function of cellular components leads to oxidative stress, electrolyte imbalance, enzyme inhibition, and finally, cell death (Huang et al., 2011; Knetsch and Koole, 2011; Wang et al., 2017). Due to their effects on DNA integrity (double-strand breaks, deaminations, alkylating agent formation, and inhibition of DNA repair enzymes) (Schairer et al., 2012; Nejdl et al., 2017), different nanoparticles might also be regarded as MGE curing agents. Another advantage of using nanoparticles is that their antibacterial action can be maintained for an extended period of time with no loss in stability (Cheow and Hadinoto, 2014). Platinum and copper nanoparticles are instrumental in the elimination of resistance plasmids as they interact with the supercoiled plasmid DNA or with topoisomerases involved in replication, transcription, and recombination processes, ultimately leading to elimination of the plasmids (Lakshmi et al., 1988; Lakshmi and Polasa, 1991; Antonoglou et al., 2019). Copper nanoparticles have also been used in plasmid DNA degradation experiments as well as for blocking plasmid conjugation (Chatterjee et al., 2014; Klumper et al., 2017). Despite the potential for metal nanoparticles to be used as weapons against AMR, bacteria are capable of developing resistance to the nanoparticles themselves, probably facilitated by the global use of metals in fields such as agriculture, animal feed supplements, and disinfectant production (Gupta and Silver, 1998; Rai et al., 2012). Bacterial resistance to silver, copper, and zinc nanoparticles has been highlighted in both Gram-negative and Gram-positive bacteria isolated from inert surfaces, soil, or the intestinal contents of animals fed with zinc and copper supplements (Cason et al., 1966; Santo et al., 2010; Altimira et al., 2012; Yazdankhah et al., 2014; Poole, 2017; Xu et al., 2017). Genes conferring resistance to metals are usually located on plasmids, posing a significant risk of very rapid dissemination through HGT (Dupont et al., 2011). Furthermore, the co-existence of antibiotic resistance and metal resistance genes within the same MGE is a possible mechanism for selecting antibiotic resistance (Poole, 2017). Another type of nanoparticle, the organic nanoparticles such as chitosan nanoparticles, demonstrate resistance curing activity by affecting the integrity of plasmid DNA and the conjugation capacity (Bozkir and Saka, 2004).

Conjugation is involved in the dissemination of plasmids and other MGEs such as conjugative transposons and ICE. Since most MGEs use the same proteins for their transfer, HGT could be blocked by conjugation inhibitors (COINs) (de la Cruz et al., 2010; Baquero et al., 2011; Table 1). Many experiments have demonstrated that intercalating agents, heterocyclic compounds, acridine dyes, quinolones, and unsaturated fatty acids such as linoleic and linolenic acid can act as COINs (Hahn and Ciak, 1976; Adetosoye and Rotilu, 1985; Michel-Briand and Laporte, 1985; Molnar et al., 1992; Fernandez-Lopez et al., 2005). A possible target of COINs is relaxase, the most critical enzyme in the conjugation process as it cuts the plasmid at the oriT origin. Inhibiting conjugation by targeting relaxase has been demonstrated for bisphosphonates (etidronate, clodronate) and for specifically designed antibodies (Garcillan-Barcia et al., 2007; Lujan et al., 2007). Another potential target of COINs is to limit or block the site-specific recombinase enzymes that have a central role in the transposition process (Fennewald and Capobianco, 1984). However, some COINs are unable to translocate the bacterial cell membrane, hence research has been directed toward the discovery of new classes of permeable compounds (Wigle et al., 2009).

Chemical agents have been successfully used to remove resistance plasmids, but use of these compounds to limit antibiotic resistance in humans is problematic. As stated previously, high concentrations of SDS are required to remove resistance plasmids and this results in gastrointestinal side effects such as colitis; consequently, SDS use is banned in humans and animals (Raja and Selvam, 2009). Studies have demonstrated that intercalating agents are effective in eliminating resistance plasmids (Chassy et al., 1978; Mesas et al., 2004; Ojo et al., 2014; Pulcrano et al., 2016), but the risk of mutagenic effects must be considered. Nanoparticles are another weapon against bacterial resistance, but the main impediment to their use in humans is the lack of information regarding their safety and how they affect the biological integrity of organisms, particularly in terms of producing toxicological, cytotoxic, and genotoxic effects (Li T. et al., 2018). Nanoparticles are predominantly used in doses below the threshold concentrations; thus, they are not considered harmful to the body. However, bioaccumulation of nanoparticles in the body following long-term exposure is well known (Hasan et al., 2018). Therefore, further research on long-term nanoparticle toxicity and carcinogenesis is needed. Quinolones inhibit bacterial DNA replication by interfering with DNA-gyrase activity, and numerous studies have highlighted the plasmid-curing effect of quinolones in E. coli in vitro and in vivo assays (Weisser and Wiedemann, 1985; Michel-Briand et al., 1986; Courtright et al., 1988; Fu et al., 1988; Selan et al., 1988). Despite these results, the use of quinolones to eliminate plasmids containing ARGs may lead to a fitness advantage in plasmid-containing cells and would therefore select for plasmid maintenance. Phenothiazines, such as chlorpromazine, also have plasmid-curing activity in E. coli (Molnar et al., 1976) and methicillin-resistant S. aureus (Costa et al., 2010). Although the role of these chemical agents has been demonstrated in vitro, further studies are needed to clarify the efficacy of these compounds in vivo. In the case of chlorpromazine, the concentration required in the intestine to remove resistance plasmids is considerable (Maier et al., 2018). For this reason, it is necessary to develop strategies that allow targeted delivery of these chemical agents and avoid oral administration in order to increase their efficiency and reduce the risk of toxicity.



Biological Strategies for Removing MGEs


Bacteriophages

Bacteriophages are viral parasites capable of infecting bacteria by recognizing surface receptors, injecting their genetic material into the host, and replicating using the host cellular machinery. Phages exert ecological and genetic effects on bacteria at the population level, and these effects can impact plasmid stability (Thompson, 1994). This is due to epistatic interactions between the cost of chromosomal phage-resistant mutations and the cost of maintaining plasmids (Buckling and Rainey, 2002). Although phage-mediated transfer of ARGs between bacteria has been demonstrated for numerous bacterial species, the transduction occurs at a low rate (between 10–6 and 10–9 transductants/pfu). One exception is methicillin-resistant S. aureus that contains a category of MGEs called phage-inducible chromosomal islands (PICIs), which are associated with the highest transduction frequency (10–1 transductants/pfu) (Calero-Caceres and Muniesa, 2016; Torres-Barcelo, 2018). Phages may enhance the persistence of ARGs as an adaptation strategy to restrictive environmental conditions, e.g., wastewater aggressively treated using UV, temperature, or pH. However, genetically modified phages could be used to increase antibiotic susceptibility of resistant strains. The alarming increase in resistance has also led to the revival of phage therapy in order to sensitize resistant bacteria by eliminating resistance and virulence factors (Lin et al., 2017). Jalasvuori et al. (2011) showed that the PRD1 phage determined the loss of RP4 and RN3 resistance plasmids from strains of E. coli and Salmonella spp. and inhibited the conjugation ability of the remaining resistant bacteria. Another study demonstrated that the M13KE filamentous phage could block plasmid conjugation by interacting with the conjugative F pilus in E. coli. Furthermore, addition of the M13 phage g3p minor protein results in complete inhibition of conjugation, suggesting this protein has an essential role in the process (Lin et al., 2011). Harrison et al. (2015) eliminated the pQBR103 megaplasmid in P. fluorescens using the SBW252 lytic phage. Recently, Chan et al. (2016) revealed that the OMKO1 phage isolated from P. aeruginosa could sensitize antibiotic-resistant strains to erythromycin, ceftazidime, tetracycline, and ciprofloxacin. Together, these studies demonstrate the possibility of using phages to reduce the prevalence of resistance plasmids in bacterial populations as well as to block plasmid conjugation. In addition, phages can be successfully used to increase the sensitivity of bacterial strains to antibiotics.

Seemingly successful experimental trials using phages to treat pediatric dysentery (Summers, 2004), cholera and skin infections (Abedon et al., 2011), and bubonic plague (Summers, 2004) sparked interest in phage therapy both in Europe and the United States. However, attempts to repeat these trials and achieve positive results failed; this was due to an incomplete understanding of phage biology, and because of the large-scale development of a wide range of antibiotics that could be used to treat these infections. Experimental data obtained from the use of phage therapy in animals, as well as data from observational studies conducted in humans, were not followed by clinical studies to confirm the therapeutic value of phages. However, in recent years, the abusive use of broad-spectrum antibiotics (Ventola, 2015), as well as the rapid evolution and dissemination of resistant bacteria (Kumarasamy et al., 2010), has stimulated research into phage therapy (Lin et al., 2017), and data from promising clinical trials have been published. Schooley et al. (2017) have used phagotherapy in a patient with necrotic pancreatitis caused by a MDR strain of A. baumannii. Other studies have obtained favorable results for the phagotherapy of an aortic graft infection with P. aeruginosa (Chan et al., 2018), pneumonia caused by a MDR strain of P. aeruginosa in a cystic fibrosis patient (Law et al., 2019), a Mycobacterium abscessus infection in a patient with cystic fibrosis (Dedrick et al., 2019), and periprosthetic, musculoskeletal, and lung infections (Maddocks et al., 2019; Onsea et al., 2019; Tkhilaishvili et al., 2019). Contrary to these studies, there are reports of the inefficiency of phages in treating bacterial infections (Sarker et al., 2016; Jault et al., 2019), which suggests that the clinical use of phages requires standardization. One of the greatest challenges in phage therapy is the selection of bacterial strains that are resistant to phage action (Azam and Tanji, 2019; Taylor et al., 2019; Yuan et al., 2019). Further studies are required to clearly understand phage biology and elucidate the mechanisms leading to the emergence of phage resistance.



Incompatibility-Based Plasmid Curing and Toxin/Antitoxin Systems

Plasmid incompatibility is generally defined as the inability of two co-resident plasmids to be stably inherited in the absence of outside selection. Thus, if the introduction of a second plasmid destabilizes transmission of the first plasmid, the two plasmids are incompatible. This occurs because the two plasmids share the same replication and partitioning mechanisms. Consequently, under the influence of selective pressure, the resident plasmid can be eliminated (Novick, 1987). Elimination of plasmids based on incompatibility has historically been used to elucidate the mechanisms involved in elimination, and to study the interactions between the plasmid and the host (Uraji et al., 2002). One of the main disadvantages of incompatibility-based plasmid curing methods is the need for repeated cloning and detailed knowledge of the target plasmid. Also a significant problem in the construction of interference plasmids is the requirement to know the replication and partition control region before curing, as well as the need to include additional plasmid genes (Ni et al., 2008). This incompatibility-based strategy has been employed in a variety of bacteria. In L. acidophilus, L. plantarum, and L. pentosus it was used to eliminate approximately 2.3-kb resident plasmids (Bringel et al., 1989; Posno et al., 1991). Ni et al. (2008) used plasmid incompatibility to study the role of plasmids in the pathogenesis of Yersinia pestis. The technique has also been used to remove strains of Bacillus anthracis carrying high pathogenicity plasmids, thus allowing observation of their role in capsule formation and toxin production (Wang et al., 2011; Liu et al., 2012). Hale et al. (2010) constructed a plasmid incompatibility system called pCURE to eliminate F-like plasmids and IncP-1α from E. coli. This system comprises elements of repression (transcriptional repressor, antisense RNA), the origin of replication to compete for essential steps, as well as an antitoxin repressor to control the toxin/antitoxin system (Hale et al., 2010). Toxin/antitoxin systems, also known as post-segregational cell killing or addiction systems, are components of natural plasmids that ensure their persistence in bacterial populations by blocking the growth of daughter cells that do not inherit the plasmid. These systems consist of a labile antitoxin that quenches the activity of the stable toxin. Blocking antitoxin gene expression upon plasmid loss leads to faster depletion of the antitoxin than the toxin, which de-represses toxin activity, and ultimately results in programmed cell death (Hayes, 2003). Recently, Kamruzzaman et al. (2017) constructed incompatibility plasmids in combination with genes encoding antitoxins and replicons, in order to eliminate the blaIMP–4 and blaCMY–2 genes, in both in vitro and in vivo experimental models. Target plasmids were eliminated in the presence of antibiotics for selecting for the interference plasmid (Kamruzzaman et al., 2017).

Successful in vitro elimination of plasmids through incompatibility systems suggests that this strategy could be applied in vivo, to both humans and animals. However, in order to achieve this desideratum, in-depth research is necessary to overcome current limitations of the system, such as the need for repeated cloning, detailed characterization of target plasmids, and prior knowledge of replication and segregation control regions (Ni et al., 2008). Moreover, the requirement to use antibiotics to select eliminated plasmids may be a significant disadvantage to the method. Another aspect that needs further research is the interaction between the interference and resistance plasmids, including the reduction of antibiotic selection.




Utilization of CRISPR/Cas System to Eliminate MGEs Involved in AMR

As stated above, strategies to remove MGEs based on chemical compounds, phages, or incompatibility based-curing plasmid systems have many limitations. All previously described strategies require several stages of bacterial growth in the presence of stressor agents, such as high temperature or intercalating agents, which may lead to unwanted mutations. Therefore, novel approaches for the elimination of MGEs involved in AMR have been proposed.

An attractive alternative strategy for combating bacterial resistance uses the CRISPR (Clustered Regularly Interspaced Short Palindromic Repeat) system, which was initially described in 1987 by Ishino et al. (1987). CRISPR/Cas is an immune defense system in bacteria that is capable of recognizing foreign nucleic acids and destroying them through associated caspases. One of the significant advantages of this system is its high specificity. This is due to the existence of short repetitive sequences in CRISPR loci that are separated from each other by single sequences of 26–72 pairs derived from MGEs such as plasmids or transposons (Li H. Y. et al., 2018). The CRISPR/Cas mechanism of defense against foreign genetic elements is accomplished in three stages: acquisition, expression, and interference (Crawley et al., 2018). The acquisition stage comprises the insertion of single sequences (spacers) derived from MGEs into repetitive loci of the host chromosome; these sequences are separated from each other by repetitive sequences. The expression stage involves transcribing the complex of repetitive and spacer sequences into a single RNA transcript that will be further processed by caspases in short CRISPR RNAs. In the final stage, the interference phase, foreign nucleic acids are identified based on complementarity with CRISPR RNAs, and their degradation is executed by caspases (Walker and Hatoum-Aslan, 2017). Discrimination between self and non-self is accomplished through sequences from the foreign nucleic acid called protospacers. These sequences are positioned between short DNA sequences (2–6 bp) called protospacer adjacent motifs (PAMs). Cas9 (CRISPR-associated protein 9) will not cleave to a protospacer sequence unless there is a neighboring PAM. CRISPR loci do not contain PAMs, hence direct target recognition is achieved by the CRISPR system without the risk of degrading its own nucleic acid (Marraffini and Sontheimer, 2010; Figure 3). The CRISPR system is classified into six main types and 33 subtypes. Each type has several structural and functional characteristics, but the most distinctive feature is the cas genes and proteins they encode, which play an essential role in recognizing and degrading invading nucleic acids. The number of cas genes ranges from 4 to 20, and the diversity of the corresponding Cas proteins form an ensemble of properties that are essential to the CRISPR immune mechanism (Makarova and Koonin, 2015).
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FIGURE 3. Schematic representation of CRISPR-based plasmid system capable of removing MGE-like resistance plasmids. This system contains two sgRNA transcripts, the cas9 nuclease, and other structural elements. Firstly, sgRNA forms a complex with cas nuclease. The sgRNA transcripts guide cas9 nuclease to introduce double-stranded breaks at the ends of the target DNA, leading to cleavage. Direct target recognition is achieved through recognition of protospacer adjacent motifs (PAM), short DNA sequences that are not found in CRISPR loci, so there is no risk of self-degradation (So et al., 2017). Subsequently, the gap is filled through homologous recombination by an editing template. This system can be used to edit the genome of several antibiotic-resistant bacterial strains, leading to the removal of resistance determinants.


The idea that the CRISPR system could acquire new repetitive nucleic acid sequences of extrachromosomal origin, mainly from phages and plasmids, significantly increased interest in using the system to limit HGT by blocking plasmid conjugation (Bolotin et al., 2005; Pourcel et al., 2005). Subsequently, there have been numerous studies on this topic. The first study of this type was conducted by Marraffini and Sontheimer (2008). The authors attempted to use the CRISPR system interference to block the conjugation of plasmids in S. epidermidis. S. epidermidis strains contain a CRISPR locus containing a homolog spc1 spacer with a region encoding the nickase gene found in conjugative plasmids from this strains (Diep et al., 2006). Silent mutations were introduced into the target gene of the pG0400 conjugate plasmid, generating a mutant plasmid (pG0). Both wild-type and mutant plasmids were tested for conjugation ability. In the control strain, which lacked the CRISPR locus and spc1 complementary to the nickase gene, the conjugation frequency was similar for both plasmids. In the strain harboring the CRISPR locus, only the mutated plasmid with the modified sequence was transferred by conjugation. This demonstrated that the CRISPR system could block plasmid conjugation in a site-specific manner. Furthermore, based on the complementarity between the spc1 spacer and the nickase gene region, the authors showed that CRISPR interference could block plasmid transformation (Marraffini and Sontheimer, 2008). Jiang et al. (2013) showed that the CRISPR system could edit the genome of E. coli. An A to C transversion was introduced in the rpsL gene and a pCRISPR:rpsL plasmid harboring a spacer that would guide dual-RNA:Cas9 cleavage of the wild-type rpsL gene was constructed. Following incubation of the strain of interest with the plasmid, deletion of the rpsL gene was observed (Jiang et al., 2013). Removal of ARGs was also demonstrated by Citorik et al. (2014), using a variant of the CRISPR system encountered in S. pyogenes. The authors built plasmids in which they introduced the CRISPR elements as well as a copy of the blaSHV–18 and blaNDM–1 target genes, conferring resistance to extended-spectrum beta-lactam antibiotics. Elimination of blaSHV–18 and blaNDM–1 plasmids was achieved by packaging the CRISPR elements into a bacteriophage. Following treatment of clinical isolates of E. coli bearing the target plasmids with the constructed phage, a significant reduction in viable bacterial cells was observed (Citorik et al., 2014). Removal of kanamycin resistance genes through the CRISPR system has been demonstrated by Bikard et al. (2014) for strains of S. aureus.

Yosef et al. (2015) introduced the CRISPR elements (cas genes, and spacer sequences targeting the blaNDM-1 and blaCTX-M-15 genes) into a lysogenic phage, and following lysogenization of the resistant bacteria with the constructed phage, elimination of resistance plasmids was observed. The CRISPR system had exhibited the ability to not only remove resistance plasmids, but also to block their HGT (Yosef et al., 2015). Kim et al. (2016) designed a CRISPR plasmid capable of recognizing the blaTEM and blaSHV genes from strains of E. coli producing extended-spectrum β-lactamases. Following transformation of bacterial cells with the CRISPR plasmid, elimination of plasmid-encoding beta-lactamase production was observed, demonstrating the action of caspase at the level of the blaTEM and blaSHV target regions. Furthermore, after elimination of the resistance plasmid, the bacterial strains became sensitive to a series of other antibiotics to which they have previously shown resistance (Kim et al., 2016). Wang et al. (2019) constructed a pMBLcas9 plasmid expressing Cas9, used to clone target single-guide RNAs (sgRNAs) for plasmid curing. The recombinant plasmid pMBLcas9-sgRNA was transferred by conjugation into two clinical isolates of E. coli. In this study, four native plasmids in isolate 14EC033 and two native plasmids in isolate 14EC007 were successfully eliminated in a stepwise manner using pMBLcas9. In addition, two native plasmids in 14EC007 were simultaneously eliminated by tandemly cloning multiple sgRNA in pMBLcas9, sensitizing isolate 14EC007 to polymyxin and carbenicillin (Wang et al., 2019). In Zymomonas mobilis strain ZM4 the resistance plasmids pZZM402 and pZZM403 were eliminated by targeting the replicase-encoding gene which, once inactivated, impairs plasmid replication and leads to subsequent elimination (Cao et al., 2017). The CRISPR system was also used to target some conserved regions within the ColE1 replicons encountered in 91% of the plasmids found in the databases. Lauritsen et al. (2017) constructed a vector in which they introduced all required CRISPR elements as well as two complementary RNA sequences with the conserved regions that guide the cascade nine nuclease to introduce double-strand breaks. This induced elimination of resistance plasmids in E. coli and other bacteria possessing replicons with conserved regions that are targets for the CRISPR system (Lauritsen et al., 2017). CRISPR systems have been designed and delivered in E. coli via transformation and conjugation to eliminate the plasmid-borne mcr-1 gene (Sun et al., 2017; Dong et al., 2019). Efficient editing of a target locus using a CRISPR-based system was achieved in S. aureus (Liu et al., 2017), B. subtilis (So et al., 2017), E. faecalis (Hullahalli et al., 2017), and E. coli (Lauritsen et al., 2018). In summary, this array of studies conducted on various bacterial strains demonstrates the utility of the CRISPR system to eliminate resistance plasmids, as well as blocking HGT of the plasmids. The CRISPR system can also be used for antibiotic sensitization of resistant strains.

Many protocols for plasmid curing/ARG elimination using CRISPR have been proposed (Table 3). However, there are some limitations of this strategy. These limitations include: a known target plasmid replication mechanism is required,; there is a risk of chromosomal ARG acquisition in the interfering plasmid (Kamruzzaman et al., 2017); and the majority of the studies demonstrating the ability of the CRISPR system to eliminate resistance plasmids, as well as to block the dissemination of ARGs by HTG, were performed in vitro. The efficiency of the CRISPR system to eliminate ARGs has been demonstrated in vivo in different mammalian models. Price et al. (2019) revealed that the E. faecalis CRISPR system could block dissemination of resistance plasmids in the mouse gut. However, it remains to be established how much can be extrapolated from these studies to other mammalian organisms. Successful oral administration of phages for targeting bacteria in the intestinal tract (Corbellino et al., 2019) has led to the proposal that phages could be used as a vehicle for delivering the CRISPR system into intestinal microbiota to eliminate ARGs. However, this would require a collection of phages specially designed to target ARGs, the optimal concentration would need to be established, and knowledge of several barriers that occur in vivo would be required, such as inactivation of bacteriophages by gastric acid, and neutralization of phages by the spleen and the immune system (Merril et al., 2003).


TABLE 3. Protocols used for plasmid curing/ARGs elimination via CRISPR.
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CONCLUSION

The global increase in antibiotic resistance is a significant challenge in the fields of medicine and microbial ecology. Rapid development of effective strategies to reduce and control bacterial resistance is required. MGEs have a pivotal role in the acquisition and transmission of ARGs in clinical and environmental sectors, and one approach to control resistance is through elimination of these MGEs. Different chemical (biocides, nanoparticles, antibodies) and biological (engineered phages, commensal microbiota) strategies have been developed, with most of the strategies being directed toward curing the resistance plasmids or inhibiting the conjugation process. However, despite the potential array of approaches directed toward elimination of MGEs, these strategies need refining to overcome the challenges identified in this literature survey. These challenges include the cost-efficiency ratio, the narrow bacterial host spectrum, resistance to phages or chemical agents, the need for a known target plasmid replication mechanism, the risk of chromosomal ARG acquisition in the interfering plasmid (CRISPR technology), and the inability to remove big plasmids. Future work should focus on tackling these challenges to develop a successful strategy to combat antibiotic resistance.
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Salmonella enterica cause significant illnesses worldwide. There has been a marked increase in resistance to fluoroquinolones and β-lactams/cephalosporins, antibiotics commonly used to treat salmonellosis. However, S. enterica serovars vary in their resistance to these and other antibiotics. The systemic virulence of some Salmonella serovars is due to a low copy number, IncF plasmid (65–100 kb) that contains the ADP-ribosylating toxin, SpvB. This virulence plasmid is present in only nine Salmonella serovars. It is possible that the spvB-virulence plasmid excludes other plasmids and may explain why antibiotic resistance is slow to develop in certain Salmonella serovars such as S. Enteritidis. The distribution of plasmid entry exclusion genes traS/traT and traY/excA are variable in Salmonella IncF and IncI plasmids, respectively and may account for differences in emergent antimicrobial resistance for some Salmonella serovars. The goal of this study is to determine the contribution of the Salmonella spvB-virulence plasmid in F-plasmid exclusion. From conjugation experiments, S. Typhimurium exhibited lower conjugation frequency with incFI and incFII plasmids when the spvB-virulence plasmid is present. Furthermore, introduction of cloned incFI traS into a “plasmidless” S. Typhimurium LT2 strain and Escherichia coli DH5α excluded incFI plasmid. However, deletion of the virulence plasmid traS did not affect plasmid exclusion significantly compared to a spvB control deletion. In addition, differences in F plasmid conjugation in natural Salmonella isolates did not correlate with IncF or SpvB-virulence plasmid genotype. There appear to be other plasmid or chromosomal genes at play in plasmid exclusion that may be responsible for the slow development of antibiotic resistance in certain serovars.

Keywords: Salmonella, virulence plasmid, antibiotic resistance, entry exclusion, conjugation


INTRODUCTION

Salmonella enterica is responsible for 78 million illnesses and 59 thousand deaths per year, worldwide (Havelaar et al., 2015). Non-typhoid Salmonella are primarily transmitted via fecal contamination of meat, eggs, dairy products, fruits, nuts, and vegetables (De Buyser et al., 2001; Brar and Danyluk, 2018; De Cesare, 2018; Li et al., 2018; Omer et al., 2018). In the United States, S. enterica causes 1 million illnesses each year, resulting in 19 thousand hospitalizations (Scallan et al., 2011). Although most Salmonella infections are largely treatable with antibiotics, a disturbing trend is the rise of multidrug resistant (MDR) Salmonella (Wasyl et al., 2015; Iwamoto et al., 2017; Tyson et al., 2017; Duong et al., 2018), especially to fluoroquinolones, β-lactams, and cephalosporins; antibiotics frequently used to treat these infections (Collard et al., 2007; Tribble, 2017; Duong et al., 2018). According to the National Antimicrobial Resistance Monitoring System (NARMS) 2015 Annual Report, 12.4% of S. enterica isolates tested were resistant to three or more classes of antibiotics [Centers for Disease Control and Prevention (CDC), 2016]. However, Salmonella serovars vary substantially in their susceptibility to antimicrobials tested in the NARMS panel. For example, 77.7% of S. Enteritidis isolates are pan-susceptible compared to just 28.3% of S. Typhi isolates [Centers for Disease Control and Prevention (CDC), 2016].

Mobile genetic elements, such as plasmids and transposons, are responsible for the transmission and subsequent dissemination of antimicrobial resistance (Partridge et al., 2018). However, a few Salmonella serovars such as Enteritidis are slow to develop antimicrobial resistance despite their presence in environments rich in antimicrobial resistance genes (Liljebjelke et al., 2017). The question that arises is why are some Salmonella serovars slow to develop antibiotic resistance compared to others?

Plasmids are often important vehicles for disseminating antibiotic resistance, however some Salmonella serovars are slower in developing antibiotic resistance compared to others. A significant genetic barrier to plasmid transmission and therefore development of antimicrobial resistance may be the resident spvB-virulence plasmid. Like virulence plasmids in E. coli pathovars (Johnson and Nolan, 2009), the Salmonella virulence plasmid belongs to IncF incompatibility group, and specifically contains the FIC and FII replicons present in F and R100 plasmids, respectively (Villa et al., 2010). Similarly, newer β-lactam/cephalosporin and quinolone resistance genes reside on IncF plasmids. Those same resistance genes in Salmonella, however, reside on plasmid incompatibility groups other than IncF (Carattoli, 2009).

Some Salmonella serovars contain a large molecular weight plasmid that enables it to proliferate in the reticuloendothelial system and cause systemic infection (Gulig and Curtiss, 1987). The key virulence factor SpvB is an ADP-ribosylating toxin that interferes with phagocyte function in the host (Lesnick et al., 2001). This plasmid is present in the non-typhoid Salmonella serotypes Abortusovis, Choleraesuis, Derby, Dublin, Enteritidis, Gallinarum/Pullorum, Paratyphi C, and Typhimurium (Boyd and Hartl, 1998; Feng et al., 2012). While the spv operon provides a small, but crucial growth advantage in bovine and human monocyte-derived macrophages (Libby et al., 2000), it does not appear to be essential to Salmonella's ability to cause gastroenteritis (Horiuchi et al., 1991). Other virulence loci present on the virulence plasmid are: the pef genes (plasmid-encoded fimbriae) which mediate adhesion to the small intestine and contributes to fluid accumulation in infant mouse model (Baumler et al., 1996); srgA, SdiA-regulated genes and putative disulphide bond oxidoreductase (Feng et al., 2012); mig-5, a macrophage-inducible gene and putative carbonic anhydrase (Feng et al., 2012); and rck, which encodes a 17-KD outer membrane protein that confers complement resistance (Vandenbosch et al., 1989).

The spvB-virulence plasmid is a conjugative, IncF plasmid (Ahmer et al., 1999; Villa et al., 2010). The F-plasmid, or “Fertility” (F) factor, was the earliest of self-transmissible plasmids studied, and it has served as a model for understanding plasmid replication, partitioning, maintenance, and transfer. This plasmid contains 40 genes clustered together in a 33.3 kb transfer region (tra) that mediates physical transfer of plasmids between bacterial cells. The F plasmid transfer begins when the F pilus makes contact with one or more recipient cells, which leads to the formation of a mating pair aggregate (Frost et al., 1994). The F pilus retracts to bring donor and recipient adhesion sites into contact to form a transfer pore. The OmpA protein along with TraG and TraN stabilize the pore, which leads to the stabilization of the mating pair aggregates (Klimke and Frost, 1998; Anthony et al., 1999). Over time, the mating pair stabilize and they will not disassociate, even with the addition of sodium dodecyl sulfate (SDS) (Achtman et al., 1978). There are two main genes reported to be involved in mating pair stabilization: traN in the outer-membrane and traG in the inner-membrane (Manning et al., 1981; Klimke and Frost, 1998).

Plasmids are similar to bacteriophages in that they are “selfish DNA” that contain attributes that favors their spread and retention within their bacterial host, while excluding similar competing DNA molecules. The distribution of plasmid incompatibility groups, within a bacterial population or microbial community, affects plasmid transmission. Competition for initiation of DNA replication or partitioning between the dividing daughter cells affects the plasmid's persistence within a community of like plasmids (Novick, 1987; Bouet et al., 2007). Plasmids with similar replicons and partitioning apparatus are incompatible. This incompatibility is often tied to exclusion, mechanisms that limit plasmid transfer by disrupting mating aggregates (surface exclusion) or inhibiting DNA transfer in the presence of mating aggregates (entry exclusion) (Garcillan-Barcia and de la Cruz, 2008).

Like lysogenic bacteriophages, plasmids have several mechanisms for preventing “super infection” of its bacterial host with similar plasmids. Plasmid incompatibility, the inability of similar plasmids to coexist in the same bacterial cell, involves either interference with initiation of plasmid replication (Novick, 1987) or partitioning of competing plasmids between daughter cells (Bouet et al., 2007). Another mechanism, exclusion involves interference with plasmid transfer of those belonging to the same incompatibility group. For plasmids belonging to IncF incompatibility group, traS and traT are primarily responsible for this exclusion (Garcillan-Barcia and de la Cruz, 2008). TraT is an outer membrane lipoprotein that blocks conjugation by preventing the formation of stable mating aggregates (Sukupolvi and O'Connor, 1990). TraS, localized in the inner membrane, functions to inhibit DNA transfer even after the formation of stable mating aggregates by recognizing its cognate TraG in the donor cell (Achtman et al., 1979; Firth and Skurray, 1992).

Genomic comparisons of spvB-virulence plasmids in S. Choleraesuis, S. Dublin, and S. Enteritidis, using S. Typhimurium LT2 pSLT as the prototype, self-transmissible virulence plasmid, revealed large deletions within the tra operon, including traS responsible for entry exclusion (Yu et al., 2006; Hong et al., 2008). The S. Choleraesuis, S. Dublin and S. Enteritidis virulence plasmids are neither mobilizable nor self-transmissible due to the absence of oriT and most tra genes (Yu et al., 2006; Hong et al., 2008). As more Salmonella virulence plasmids have been sequenced, there is significant differences with regards to tra gene(s) deletion(s); where most deletions include both entry exclusion genes traS and traT or traS alone (Figure 1A).


[image: Figure 1]
FIGURE 1. Organization of conjugation genes associated with IncF (A) and IncI (B) plasmids in Salmonella isolated from non-domestic animals and water. R64 (IncI) and Salmonella Typhimurium LT2 spvB-virulence plasmid (pSLT; IncF) served as templates for comparing gene organization of Salmonella plasmids. Different colors were used to depict the different classes of conjugation genes. Gene (s) or contiguous plasmid segment missing in Salmonella isolates are denoted as Δ or Δ with dotted line. A solid line was used to connect pil with tra operon in R64, IncI plasmid. Blocks above plasmid backbone for R64 or pSLT denotes gene(s) only present in other Salmonella plasmids. The exclusion genes traS, traT and traY, excA are bracketed in red.


The SpvB virulence plasmid gene, traS is an important genetic barrier to development of plasmid-mediated antimicrobial resistance. If this is the case, natural Salmonella isolates possessing the SpvB virulence plasmid are less likely to acquire other large molecular weight plasmids including those that mediate plasmid-mediated antibiotic resistance. The purpose of this study is to determine whether the Salmonella SpvB-virulence plasmid, and specifically traS, can actively exclude other incF plasmids from entering the cell.



MATERIALS AND METHODS


Bacterial Strains and Plasmids

Table 1 describes bacterial strains and plasmids used in this study. Escherichia coli strains XK1200 and MC4100 served as bacterial hosts for IncFI and IncFII plasmids pOX38-km and R100, respectively. Bacterial cultures were grown overnight at 37°C in Luria-Bertani (LB) medium with appropriate antibiotic at the following concentrations: tetracycline (10 μg/ml), kanamycin (30 μg/ml), nalidixic acid (64 μg/ml), rifampicin (64 μg/ml), and chloramphenicol (64 μg/ml). Salmonella Typhimurium pSLT− strain was constructed by transducing pStLT203 Ω parA::Km (Tinge and Curtiss, 1990) into S. Typhimurium strain LT2 using P22 HT int (Provence and Curtiss, 1994). A kanamycin-resistant, S. Typhimurium transductant was passaged in LB without antibiotics and subsequently screened for sensitivity to kanamycin (Tinge and Curtiss, 1990). Loss of pSLT virulence plasmid was confirmed by polymerase chain reaction (PCR) analysis (Swamy et al., 1996). Defined deletions in traS or spvB were introduced into S. Typhimurium virulence plasmid using λ red recombineering approach described by Datsenko and Wanner (2000). Table 2 describes PCR primers and conditions used to construct λ red knockouts. Escherichia coli and S. Typhimurium LT2 strains were transformed using electroporation protocol described by Dower et al. (1988).


Table 1. Bacterial strains and plasmids.
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Table 2. PCR primers.
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Mating Assay

Conjugations were performed as follows. Bacteria grew as standing overnight cultures at 37°C in Luria-Bertani (LB) broth. The mating mix consisted of overnight cultures of donor strain (5 μl) and recipient strain (50 μl), in 5 ml of 10 mM MgSO4. Cells were collected on a 0.45 μm pore size cellulose filter membrane (Millipore Sigma; St. Louis, MO), and the filter was aseptically placed on Luria-Bertani (LB) plate containing 0.2% glucose and 10 mM MgSO4, cell side up. After overnight incubation at 37°C, a cell suspension was made by aseptically placing the filter in 5 ml of 10 mM MgSO4 and vortexing. The cell suspension was diluted 10-fold and plated on LB plates containing the appropriate antibiotic for selecting recipients or transconjugants. The conjugation frequency was determined from the number of transconjugants divided by recipients; averaging the results of duplicate matings, for three separate trials.



PCR

Web-based software analysis program, Primer3Plus (https://primer3plus.com/cgi-bin/dev/primer3plus.cgi) was used to design primers, targeting Salmonella Typhimurium LT2 virulence plasmid genes spvB and traS genes. See Table 2 for description of primer sequences, PCR conditions, and expected size for PCR amplicons. The University of Georgia Molecular Instrumentation Laboratory synthesized the PCR primers. Genomic DNA was prepared as described by Sambrook et al. (1989). The PCR reaction mix contained 2 mM MgCl2, 0.1 mM primer, 0.2 mM nucleotide and 0.5-unit Taq DNA polymerase (Roche Molecular Biochemicals; Indianapolis, IN). PCR screens were performed using the Rapidcycler hot-air thermocycler (Idaho Technology; Salt Lake City, UT) with denaturation set at 93°C for 1 min; annealing as described in Table 2 for each primer set for 1 s, and primer extension at 72°C for 15 s for 30 cycles. Probes, for DNA: DNA hybridization, were prepared by PCR, substituting standard nucleotides with digoxigenin-labeled nucleotides (Roche Molecular Biochemicals) in the PCR reaction mix.



Plasmid Extraction

Bacterial isolates were streaked from frozen glycerol stocks onto tryptic soy agar (Fisher Scientific) and plates were incubated overnight at 37°C. A bacterial suspension was made by inoculating Superbroth (Provence and Curtiss, 1994) (6 ml) with a single colony. Bacteria grew overnight at 37°C with aeration (235 rpm). Plasmid DNA was extracted from overnight cultures using the FosmidMAX DNA Purification Kit (Epicenter; Grand Island, NY). DNA samples were stored at −20°C. Gel electrophoresis separated plasmid DNA on a 0.5% agarose gel; at 44 V in E buffer (40 mM Tris-acetate, 2 mM sodium EDTA) for 16.5 h (88). Gels were stained with 1 X Sybr Gold (Invitrogen) in 1X TAE (40 mM Tris-acetate, 1 mM EDTA; pH 8.0) buffer while shaking for 30 min at 40 rpm. Gel images, illuminated on UV transilluminator, were captured with Molecular Imager Gel Doc XR System digital camera (BioRad; Hercules, CA).



DNA: DNA Hybridization

Agarose gels were stored at 4°C before DNA transfer to nylon membranes. Gels were treated with HCl, followed with NaOH treatment (Sambrook et al., 1989), before the single stranded DNA was transferred to a nylon membrane using BioRad vacuum blotter. Single stranded DNA was UV-cross linked onto the nylon membranes. Membranes were covered in aluminum foil and stored at −80°C. DNA:DNA hybridization was performed as described by Sambrook et al. (1989) with hybridization and washes performed at 68°C. Bound probe was visualized, on nylon membranes, with anti-digoxigenin alkaline phosphatase conjugate and the nitroblue tetrazolium/5-bromo-4-chloro-3-indolylphosphate substrate as described by the manufacturer (Roche Molecular Biochemicals). The DNA probe generated using FI traS primers is specific for F-plasmid and its F-plasmid derivative pOX38. There is only 47% identity at the nucleotide level between the traS of pSLT and F-plasmid.



Sequencing of Salmonella Genomes

Salmonella enterica strains were sub-cultured from frozen stocks onto Tryptic Soy Agar (TSA) (Fisher Scientific) plates amended with 5% sheep blood and incubated overnight at 37°C. Single isolated colonies were inoculated into Tryptic Soy Broth (TSB) (Fisher Scientific) and incubated overnight at 37°C, with shaking. Cell pellets were harvested by centrifugation at 6,010 × g for 5 min, and genomic DNA was extracted with the QIAcube automated sample preparation platform, using the QIAamp DNA mini protocol (Qiagen, Valencia, CA, USA).

Extracted genomic DNA was quantified using a Qubit 2.0 Fluorometer (Invitrogen- ThermoFisher, Waltham, MA, USA). Genomic DNA was diluted with nuclease-free water and sequencing libraries were prepared using the Nextera XT DNA Library Prep kit (Illumina, San Diego, CA, USA). Whole genome sequencing was performed on the MiSeq benchtop sequencer (Illumina, San Diego, CA, USA), utilizing 2 × 250 bp paired-end V2 chemistry. Raw sequence reads were deposited in the Sequence Read Archive (SRA) at NCBI. Fastq datasets were trimmed for quality, ambiguities (n = 0), and length (l > 150 bp), and then de novo assembled with CLC Genomics Workbench version 9.0 (CLC bio, Aarhus, Denmark). The draft genome sequence assemblies were annotated using Rapid Annotation using Subsystem Technology (RAST) (Aziz et al., 2008). The Salmonella genomes were searched for contigs containing genes annotated as “tra,” including traI. Plasmid incompatibility group was identified based on homology to the conjugative relaxase TraI of published, reference plasmid genomes for the F plasmid (IncF) (NCBI GenBank AP001918.1), R100 (IncF) (NCBI GenBank NC_002134.1), and R64 (IncI) (NCBI GenBank AP005147) (Fernandez-Lopez et al., 2017). Plasmid genome comparisons were limited to those belonging either to IncF or IncI, as these are the most studied conjugative plasmids, especially in terms of understanding entry exclusion (Furuya and Komano, 1994; Garcillan-Barcia and de la Cruz, 2008).



Statistical Analysis

Chi-squared; and paired and unpaired Student tests were used to determine whether differences observed were significant.




RESULTS


Distribution of Conjugative Plasmids in Salmonella Isolated From Non-domestic Animals and Water

Whole genome sequencing was performed on 161 Salmonella isolated from various animal species (reptiles, opossum, racoon, songbirds) and water in order to identify major conjugative plasmids. These isolates were chosen from sources that are not likely to be exposed to antibiotics; and their resident plasmids are more likely to reflect their natural state prior to antibiotic selection pressure. Approximately half of Salmonella isolates (n =161) possessed IncI (34.2%) or IncF plasmids (18.0%) (Figure 1B, Table 3). None of these plasmids possessed genes associated with antimicrobial or heavy metal resistance. Salmonella IncI and incF plasmids possessed plasmid exclusion genes traY/excA and traS,T, respectively. However, of the isolates that possessed one of these two plasmid types, only 10.9 and 13.8% had both plasmid exclusion genes traY/excA or traS,T, respectively (Table 3). Of Salmonella IncF plasmids (n = 29) identified, five possessed spvB (17.9%); the signature gene of Salmonella virulence plasmids. These spvB virulence plasmids, as well as the other IncF plasmids, were variable in the distribution of plasmid exclusion gene traS (Table 3).


Table 3. Distribution of conjugative IncI and IncF plasmids in Salmonella isolated from non-domestic animals and water.
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Plasmid Profile and Prevalence of spvB-virulence Plasmids in S. enterica Serovars S. Dublin, S. Enteritidis, S. Kentucky, and S. Typhimurium Isolated From Domestic Animals

Single and multiple, large molecular weight plasmids (>55 kb) were identified in the S. enterica serovars screened (Figures 2, 3; and summarized in Table 4). The spvB-virulence plasmid was present in Salmonella serovars S. Dublin, S. Enteritidis, and S. Typhimurium, as one of these large sized plasmids (Figure 2). However, none of the S. Dublin spvB-virulence positive isolates contained the entry exclusion gene, traS (Table 4). Ninety-three percent of S. Kentucky isolates contained one or more, large molecular weight plasmids (Table 4), but none were identified as the spvB-virulence plasmid (Figure 3). The prevalence of other large sized plasmids (>55 kb), among spvB-virulence positive isolates varied from 7.7 to 62% among S. enterica serovars screened (Table 4). There was a statistically significant difference in the distribution of these plasmids among S. serovars screened relative to the prevalence of spvB-virulence plasmid and specifically the plasmid's resident traS in these same isolates (Table 4; Chi-Squared test, p < 0.05).


[image: Figure 2]
FIGURE 2. Plasmid profile and identification of spvB-virulence plasmid in S. Dublin and S. Enteritidis isolates. Gel electrophoresis of Salmonella plasmids (A), DNA transfer, and hybridization with spvC DNA probe (B). Lane 1: supercoiled plasmid, VI molecular weight standards (Roche); lane 2: V517 plasmid, molecular weight standards (Macrina et al., 1978); lane 3: S. Typhimurium LT2 (90 kb spvB-virulence plasmid control); lane 4: S. Typhimurium LT2 pSLT− (spvB-virulence plasmid negative control); lane 5: E. coli XK1200 with pOX38-Km; lanes 6–8: S. Dublin isolates 564, 2078, and 2098; lanes 9,10: S. Enteritidis isolates 415 and 98; and lane 11: digoxigenin-labeled l Hind III molecular weight standards (Roche). *Faint, large MW plasmid that did not hybridize with spvC DNA probe.
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FIGURE 3. Plasmid profile and identification of spvB-virulence plasmid in S. Kentucky isolates. Gel electrophoresis of Salmonella plasmids (A), DNA transfer, and hybridization with spvC DNA probe (B). Lane 1: supercoiled plasmid, VI molecular weight standards (Roche); lane 2: V517 plasmid, molecular weight standards (Macrina et al., 1978); lane 3: S. Typhimurium LT2 (90 kb spvB-virulence plasmid control); lane 4: S. Typhimurium LT2 pSLT− (spvB-virulence plasmid negative control); lane 5: E. coli XK1200 with pOX38-Km; lanes 6–11: S. Kentucky isolates 102, 116, 117, 112, 118, and 105; and lane 12: digoxigenin-labeled l Hind III molecular weight standards (Roche).



Table 4. Plasmid composition and prevalence of spvB-virulence plasmids and pSLT traS in S. enterica isolates from domestic animals.
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Contribution of the spvB-virulence Plasmid and Specifically Its Resident traS to Exclusion of IncF Plasmids in S. Typhimurium

The contribution of the recipient strain's genetic background in IncF plasmid transfer, specifically focusing on spvB-virulence plasmid and the plasmid's resident traS was examined. Several S. Typhimurium LT2 strains were created that were negative for spvB-virulence plasmid (pSLT−), or contained targeted deletions in traS or another plasmid gene, unrelated to plasmid transfer exclusion (spvB). In addition to these strain constructs, S. Typhimurium LT2 pSLT− and E. coli DH5α strains with the cloned FI traS (pRS31) (Collard et al., 2007) served as FI plasmid exclusion controls. Conjugation frequency was calculated as transconjugants per recipient (Cottell et al., 2012; Anjum et al., 2016) rather commonly used transconjugants per donor (Klimke and Frost, 1998; Ahmer et al., 1999). The latter calculation describes the plasmid's properties, in a given host, while in this circumstance, the former is preferred in describing plasmid transfer in relation to the recipient strains used in this study. The spvB-virulence plasmid significantly reduced FI and FII plasmid transfer 10 to 100-fold into S. Typhimurium LT2 recipient strain background (Table 5; S. Typhimurium LT2 wild-type strain vs. LT2 pSLT−, p < 0.05). Introduction of pRS31 (FI traS+) into S. Typhimurium LT2 pSLT− strain restored plasmid exclusion of both F plasmids (Table 5; p < 0.05), but exclusion was most pronounced for the FI plasmid pOX38-km in S. Typhimurium LT2 strain [Table 5; Exclusion Index (EI) 22,741.12 vs. 83.78]. Similarly, pRS31 with FI traS+ was able to exclude F1 plasmid pOX38-km from E. coli DH5α and exhibited plasmid specificity in its exclusion of FI vs. FII plasmids (Table 5; Collard et al., 2007). If spvB-virulence plasmid's traS is responsible for F plasmid exclusion in S. Typhimurium LT2, then deletion of this gene is expected to significantly increase plasmid transfer compared to wild-type or S. Typhimurium LT2 strain with a deletion in another, unrelated plasmid gene. The traS deletion did not significantly alter plasmid transfer frequency compared to either the wild type or spvB deletion strain for F plasmids pOX38-km (FI) or R100 (FII) (Table 5).


Table 5. The contribution of the Salmonella spvB-virulence plasmid and the resident plasmid traS on exclusion of IncF plasmids.
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Contribution of the spvB-virulence Plasmid and Specifically Its Resident FII traS to Exclusion of IncF Plasmids in Natural Salmonella Isolates

The ability of spvB-virulence plasmid to exclude F plasmids was examined in natural Salmonella isolates. Critical to this study was the identification of a natural S. Typhimurium clone (Hudson et al., 2000; Hernandez et al., 2012), with and without the spvB-virulence plasmid, and several Salmonella isolates with the virulence plasmid, minus traS (Table 1). The natural isolates exhibited 20 to 700-fold, lower conjugation frequency for FI plasmid compared to the spvB-virulence plasmid positive, S. Typhimurium LT2 control (Table 6). Presence or absence of the virulence plasmid or the plasmid's traS in natural Salmonella isolates did not correlate with changes in conjugation frequency for either F plasmids (Table 6). The virulence plasmid alone does not appear to be a significant barrier to F-plasmid exclusion in these isolates.


Table 6. The contribution of the Salmonella spvB-virulence plasmid on exclusion of IncF plasmids in natural S. enterica isolates.
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F-plasmid Exists Autonomously in S. Typhimurium LT2 Containing IncF, spvB-virulence Plasmid

The spvB-virulence plasmid is comprised of the FIB and FII replicons present in F and R100 plasmids, respectively (Villa et al., 2010). These plasmid replicons play an important role in plasmid incompatibility for IncF group of plasmids (Novick, 1987). Therefore, plasmid incompatibility is expected to affect the persistence of the resident plasmid in wild-type S. Typhimurium LT2 (pSLT+) transconjugants. With continued antibiotic selection pressure on pOX38 and plasmid incompatibility, one expectation is the loss of SpvB-virulence plasmid while another possible outcome is the recombination between the two plasmids. Plasmid recombination was expected to result in change in size of either plasmid and pSLT and F-plasmid specific probes binding to the same-size DNA band(s). On the other hand, if the pSLT and F-plasmid specific probes bound to distinctly different size DNA bands, similar in size to the plasmid controls, then these plasmids existed as separate entities in Salmonella (pSLT+) transconjugants

Kanamycin-resistant, S. Typhimurium LT2 (pSLT+) transconjugants were positive for the SpvB-virulence plasmid. The pSLT and pOX38 controls produced two distinct, DNA bands that most likely represent their relaxed and supercoiled states (Figure 4, lanes 3 and 5, respectively). Salmonella Typhimurium LT2 pSLT+ transconjugants had similar size DNA bands, recognized by pSLT-probe as the virulence plasmid control (Figures 4A,B, lanes 6–8 vs. lane 3). However, one of the two DNA bands recognized by F-plasmid specific probe was absent in S. Typhimurium pSLT+ transconjugants (Figure 4B, lane 5 vs. lanes 6–8).


[image: Figure 4]
FIGURE 4. The contribution of the spvB-virulence plasmid on localization of F-plasmid in S. Typhimurium transconjugants. Gel electrophoresis of Salmonella plasmids (A,C), DNA transfer, and hybridization with spvC (B) or FI traS (D) DNA probes. Lane 1: supercoiled plasmid, VI molecular weight standards (Roche); lane 2: V517 plasmid, molecular weight standards (Macrina et al., 1978); lane 3: S. Typhimurium LT2 (90 kb spvB-virulence plasmid control); lane 4: S. Typhimurium LT2 pSLT− (spvB-virulence plasmid negative control); lane 5: E. coli XK1200 with pOX38-Km; lanes 6–8: S. Typhimurium LT2R transconjugants (pOX38-Km); lanes 9–11: S. Typhimurium LT2 pSLT− transconjugants (pOX38-Km); and lane 12: digoxigenin-labeled l Hind III molecular weight standards (Roche).





DISCUSSION

traS and traT are responsible for F-plasmid exclusion. In genomic comparisons of the virulence plasmid of Salmonella serovars, Choleraesuis, Dublin, Enteritidis, and Kentucky, the most notable genetic difference linking plasmid exclusion to the slow development of plasmid-mediated antibiotic resistance in Salmonella serovars was traS. The distribution of the spvB-virulence plasmid and specifically traS among Salmonella serovars adversely affects the prevalence of other large molecular weight plasmids. The virulence plasmid significantly excluded F plasmid transfer to S. Typhimurium LT2 strain. Introduction of pRS31 containing FI traS into a virulence plasmid-deficient S. Typhimurium LT2 restored exclusion, with plasmid specificity exhibited by traS (Audette et al., 2007). However, the plasmid exclusion was not linked to the plasmid's resident traS as its deletion did not significantly decrease exclusion compared to plasmid gene deletion control, ΔspvB. One possibility is the overnight mating period, even at a 1:10 donor to recipient ratio, favored multiple plasmid transfer events (Simonsen et al., 1990; Anthony et al., 1994), which overwhelmed entry exclusion by traS or traT and therefore masked the impact traS deletion had on plasmid exclusion. While traS was cloned into a low-copy number plasmid, its expression is under plac promoter and in Salmonella, without the plac repressor lacI, this gene is expected to be constitutively expressed. Therefore, overexpression of TraS would explain plasmid exclusion, even under conditions conducive to multiple, repeated plasmid transfers in the recipient population, as transconjugants become new plasmid donors.

It is also possible that traT plays a more significant role in plasmid exclusion. While traT exhibits greater conservation in its amino acid sequence compared to traS of F and R100 plasmids (Harrison et al., 1992), like traS (Garcillan-Barcia and de la Cruz, 2008), traT exhibits plasmid specificity in its exclusion (Harrison et al., 1992). There is significant sequence divergence in F plasmid replicons and tra genes, including traS and traT, where F plasmid evolution in Klebsiella, Salmonella, and Yersinia mirrors the divergence of these genera (Villa et al., 2010). This in part explains how F plasmid pOX38-km can exist as an autonomous replicon in Salmonella host with the FII/FIC virulence plasmid pSLT but does not explain how this plasmid can exclude F plasmids from entry into the Salmonella cell. Maybe the pSLT TraT shares some amino acid sequence or motif with both FI and FII TraT or there is some other plasmid gene(s) responsible for F-plasmid exclusion.

While plasmid exclusion, linked to the virulence plasmid in S. Typhimurium laboratory strain LT2 was observed, similar plasmid exclusion was not observed for natural Salmonella isolates, that varied in their spvB-virulence plasmid or traS genotype. Despite conditions that favor multiple plasmid transfer events (Simonsen et al., 1990; Anthony et al., 1994), conjugation frequencies were significantly lower in natural Salmonella isolates compared to S. Typhimurium LT2 strains. As these isolates were not screened for traT, it is possible that while negative for traS, traT is sufficient for excluding IncF plasmids in these isolates. Another possibility, is that these isolates contain other IncF plasmids (Villa et al., 2010) not recognized by our traS probes. No difference in plasmid exclusion for two genetically related S. Typhimurium isolates ± spvB virulence plasmid was observed. In fact, the spvB-virulence plasmid, negative S. Typhimurium isolate, which one would expect to be more receptive to plasmid acquisition, acquired either IncF plasmids at a much lower frequency compared to LT2, pSLT− control (10−5 to 10−6 vs. 10−2 to 10−3). Another plasmid exclusion mechanism may be involved in some Salmonella serovars or strains. One possible candidate for plasmid exclusion is clustered regularly interspaced short palindromic repeat (CRISPR) system that functions to exclude foreign genetic elements from entering the cell by forming a perfect sequence match between the spacer in CRISPR and the spacer located in invading DNA (Marraffini and Sontheimer, 2008; Shariat et al., 2015). Unraveling the contribution of these candidate genes (traT, CRISPR-cas) to plasmid exclusion will require creating S. Typhimurium strains with single or multiple deletions in targeted genes, and comparative genomics of multi-drug resistant and pan-susceptible Salmonella isolates.



CONCLUSION

Antibiotics have been a great panacea in reducing morbidity and mortality attributed to bacterial infections. Unfortunately, resistance to these “wonder” drugs often quickly follows their introduction (Abraham and Chain, 1988). Usage of antibiotics in agriculture has long been a contentious issue; with fears that antimicrobial resistance has spilled over into human pathogens through the food chain 1975. However, there are several circumstances where there is a disconnect between antibiotic usage and resistance in bacteria colonizing food animals (Idris et al., 2006; Simjee et al., 2007; Smith et al., 2007; Liljebjelke et al., 2017). There is also a disparity in the antimicrobial susceptibility of microbes that inhabit the same environment which may be high in antibiotic resistance gene load (Nandi et al., 2004), and encounter the same selection pressures (e.g., antibiotic usage) (Simjee et al., 2007). This disparity in antimicrobial susceptibility also occurs within the same species, as is the case for S. enterica (Liljebjelke et al., 2017). It appears that several genetic factors are at play that affects the speed at which antibiotic resistance develops and spreads within a bacterial population. A systems-based approach will provide a better understanding of how and when antimicrobial resistance emerges in zoonotic pathogens like Salmonella.
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In this study, we investigated the pattern of antimicrobial resistance in Salmonella enterica serotype Enteritidis isolates in Shanghai, China from 2005 to 2014. We found the first isolates with resistance to the fourth-generation cephalosporin cefepime starting in 2010. Furthermore, we analyzed the epidemic characteristics and mechanisms of underlying cefepime resistance in S. Enteritidis isolates found from 2010. In total, 38 of 2,914 (1.30%) isolates were identified as cefepime-resistant S. Enteritidis (CRSE) isolates by Kirby–Bauer disk diffusion. Two isolates were from animal derived food sources; 36 isolates were from fecal samples of human patients with salmonellosis. Antimicrobial susceptibility testing using the agar dilution method revealed that all CRSE isolates showed additional resistances at least to ceftazidime, cefotaxime, and ampicillin. Additionally, pulsed-field gel electrophoresis (PFGE) profiles indicated that 89.47% of CRSE isolates also displayed similar PFGE patterns. Five types of β-lactamase genes, blaCTX–M (100.00%, 38/38), blaSHV (65.79%, 25/38), blaTEM (52.63%, 20/38), blaACC (18.42%, 7/38), and blaPSE (5.26%, 2/38) were detected by PCR and sequencing. Among blaCTX–M genes, blaCTX–M–55 was the dominant type (84.21%, 32/38). Conjugation and transformation experiments along with plasmid replicon typing revealed that blaCTX–M–55 was located on plasmids of various replicon types with sizes ranging from 76.8 to 138.9 kb. Plasmid sequence analysis also showed that the blaCTX–M–55 gene was mobilized mainly by the ISEcp1-blaCTX–M–55-ORF477 transposition unit and had its own ISEcp1-based promoter, which accelerated the expression and transmission of blaCTX–M–55. Analysis of whole genome sequences (Illumina) of one selected transformant SH12G706-C showed high similarity of the blaCTX–M–55 carrying plasmid with the IncI1 plasmid backbone p628-CTX-M of Klebsiella pneumoniae detected in 2010 in China. The present study demonstrated that the blaCTX–M–55 gene mobilized by ISEcp1- blaCTX–M–55-ORF477 was the main feature shared by CRSE isolates and seems to play an important role for transmission of cefepime resistance. The number of CRSE isolates is rising annually, and the strong dissemination ability of ISEcp1-blaCTX–M–55-ORF477-harboring plasmids among different species represents an important threat to the therapeutic effectiveness of cefepime.

Keywords: antimicrobial susceptibility, cefepime-resistant Salmonella Enteritidis, extended-spectrum β-lactamase genes, pulsed-field gel electrophoresis, transconjugants


INTRODUCTION

Salmonella is one of the most common foodborne pathogens worldwide (Tabu et al., 2012). Gastroenteritis caused in both human and animals by non-typhoid Salmonella (NTS) has become a global public health concern. To date, more than 2,500 Salmonella serotypes have been identified (Yang et al., 2010), and S. Enteritidis is the predominant serotype in many countries (Galanis et al., 2006; Matheson et al., 2010; Zhang et al., 2014a). According to a report by Chinese Centers for Disease Control (CDC), around 792 people died as a result of S. Enteritidis infection annually (Ren et al., 2016).

In general, compared to other NTS serotypes, such as S. Typhimurium or S. Derby, S. Enteritidis is usually self-limiting and shows susceptibility to most clinical first-line medicines (Ke et al., 2014). But antibiotics are needed for complicated cases and are used if the infection spreads or is highly likely to spread from the intestines to the bloodstream and other organs. Third generation cephalosporins have excellent curative effects, but with the abuse and inappropriate use of these antibiotics, an increasing number of S. Enteritidis strains are nowadays resistant, mainly caused by production of extended-spectrum beta-lactamases (ESBLs) (Tenover, 2006). This phenomenon represents an ever-increasing threat to public health and a challenge that must be met by the development of alternative therapeutic strategies. Cefepime, which is the first fourth generation cephalosporin to be approved for use in China, has been reported to show low toxicity and high activity against Enterobacteriaceae that resistant to third-generation cephalosporins (Chapman and Perry, 2003; Yahav et al., 2007). There are some reports stated that cefepime should be used with caution for serious ESBL infections based on its failure on some clinical experiments (Labombardi et al., 2006; Wang et al., 2016; Tamma and Rodriguez-Bano, 2017). But it can be considered for treatment if the MIC ≤ 1 μg/mL and meanwhile taken the patient’s health conditions into consideration, such as the severity of infection, resistance to antibiotics (Patel et al., 2019).

Despite the important role of cefepime in treating ESBL-producing S. Enteritidis infections, the epidemiological data in this field are scarce. Therefore, in this study, we conducted a systematic characterization of the epidemiology of S. Enteritidis infections in Shanghai, China from 2005 to 2014 to clarify the mechanisms underlying the development of cefepime-resistant S. Enteritidis.



MATERIALS AND METHODS


Bacterial Strains

During the period from 2005 to 2014, a total of 2,914 S. Enteritidis isolates were collected by the Shanghai CDC from human diarrhea samples obtained from 134 hospitals and animal-derived food obtained from 123 retail markets. The Salmonella isolates were serotyped according to the White Kauffmann Le Minor scheme (Issenhuth-Jeanjean et al., 2014) or National Food Safety Standard-Food microbiological examination: Salmonella (GB 4789.4–2016) by slide agglutination, using specific O and H antisera (S&A Reagents Lab Ltd., Bangkok, Thailand). All isolates were then transported to the Key Laboratory of Zoonosis Prevention and Control of Guangdong Province in South China Agriculture University by a medium that can keep bacteria alive at room temperature for 12 months (Kemajia, Shanghai, China). The Kirby–Bauer disk diffusion method was used to select the cefepime-resistant S. Enteritidis (CRSE) isolates and characterize their antimicrobial susceptibility profiles. This test was performed on Mueller–Hinton agar with seventeen impregnated disks (Oxoid, United Kingdom) as follows: amoxicillin-clavulanic acid 30 μg (AMC), ampicillin 10 μg (AMP), cefotaxime 30 μg (CTX), ceftazidime 30 μg (CAZ), cefepime 5 μg (FEP), imipenem 10 μg (IPM), amikacin 30 μg (AMK), gentamicin 10 μg (GEN), streptomycin 10 μg (STR), sulfisoxazole 300 μg (SIZ), trimethoprim-sulfamethoxazole 23.75/1.2 μg (SXT), polymyxin B 300 IU (PMB), chloramphenicol 30 μg (CHL), tetracycline 30 μg (TET), nalidixic acid 30 μg (NAL), ciprofloxacin 5 μg (CIP), and ofloxacin 5 μg (OFX). The minimum inhibitory concentrations (MICs) of the selected cefepime-resistant isolates and their transconjugants to three beta-lactam antibiotics (cefotaxime, ceftazidime and cefepime) were determined by agar dilution in accordance with the standards and guidelines described by the Clinical and Laboratory Standards Institute (CLSI). E. coli ATCC 25922 was used as the quality control and the results were interpreted according to the CLSI standards and guidelines 2017.



Detection of Beta-Lactamase Genes

Salmonella isolates showing resistance to cefepime were further subjected to screening for the presence of beta-lactamase genes (blaCTX–M, blaTEM, blaSHV, blaACC, blaOXA, blaPSE, blaVEB, blaPER, and blaGES) by PCR assays (Kiratisin et al., 2008; Usha et al., 2008). All blaCTX–M positive PCR products were sequenced and aligned using GenBank online BLAST software. The primers used in this study are shown in Supplementary Table S1.



Pulsed-Field Gel Electrophoresis (PFGE)

PFGE subtyping of 38 CRSE was performed using XbaI-digestion of genomic DNA according to the protocol recommended by the CDC (Ribot et al., 2006). The PFGE patterns were then compared using BioNumerics software (Version 5.1; Applied-Maths, Sint-Martens-Latem, Belgium).



Conjugation and Transformation Experiments

Conjugation experiments were conducted in Luria-Bertani broth, using CRSE as donor strains and the streptomycin-resistant E. coli strain C600 as the recipient. Cultures of donor and recipient cells in the logarithmic phase (1 and 4 mL, respectively) were mixed and incubated overnight at 37°C without shaking. If conjugation failed the mixture was exposed to a brief pulse of a high-voltage electric field (1.8 kv). 1 mL LB broth was added to the mixture after electric shock to recover the bacteria. E. coli C600 transconjugants/transformants with ESBL genes on plasmids provided by S. Enteritidis were identified on the basis of the ability to generate blue bacterial colonies on CHROMagarTM containing ceftazidime (2 μg/mL) plus streptomycin (3,000 μg/mL, Sigma–Aldrich Co., St Louis, MO, United States). To further verify the transconjugants/transformants, MICs of cefotaxime, ceftazidime, cefepime and the presence of blaCTX–M were determined as described above.



Plasmid Characterization

The incompatibility groups of plasmids harbored by transconjugants/transformants were determined by PCR-based replicon typing using previously reported primers (Carattoli et al., 2005). The sizes of bacterial plasmids carrying blaCTX–M gene were determined by PFGE of S1 nuclease (TaKaRa Biotechnology, Dalian, China)-digested whole genomic DNA; the location of the blaCTX–M gene was determined by Southern blot hybridization using probes for the specific detection of the DIG-labeled blaCTX–M fragment according to the manufacturer’s instructions (DIG High Prime DNA Labeling and Detection Starter Kit I, Roche Applied Science, Mannheim, Germany) (Yang et al., 2012). The genetic context of blaCTX–M was determined by PCR using previously described primers and conditions (Pan et al., 2013).



Sequencing and Analysis of a blaCTX–M–55-Carrying Plasmid

The plasmid that transferred from the blaCTX–M–55 positive S. Enteritidis isolate SH12G706 to E. coli C600 was extracted using the Omega Plasmid BAC/PAC DNA Kit D2156 (Omega, Bio-Tek) and then sent to GENEWIZ (Guangzhou, China) for whole genome de novo sequencing by using Illumina HiSeq sequencing technology. The contigs was assembled using Velvet (version 1.2.10), SSPACE (version 3.0), and GapFiller (version 1–10) software and the annotation of genes was conducted using Non-Redundant Protein, gene ontology and Kyoto encyclopedia of genes and genomes databases. The nucleotide and amino acid sequences were analyzed and compared through BLAST queries against the GenBank database. The datasets generated for this study can be found in the NCBI-Sequence Read Archive (SRA): SRR9734360.



RESULTS


Prevalence of CRSE

In total, 2,914 S. Enteritidis isolates were obtained, of which, 222 isolates were collected in 2010, 679 isolates were collected in 2011, 547 isolates were collected in 2012, 629 isolates were collected in 2013 and 462 isolates were collected in 2014. In total, 2,566 isolates were human-derived, while 348 isolates were from animal-derived food, see detailed information in Table 1. S. Enteritidis could be detected all year-round, but mainly in summer and autumn. Furthermore, adults (men and women) and children were more often to be infected than infants and the elderly. CRSE first appeared in a clinical diarrhea sample in 2010 and more recently, in foodborne source in 2013. Subsequently, 38 CRSE isolates (1.3%; 38/2914) were obtained with increasing frequency year by year; 36 CRSE were from human patients (17 hospitals) and 2 from animal-derived food (chicken wings and duck breast).


TABLE 1. The prevalence of Salmonella Enteritidis isolates showing resistance to cefepime in Shanghai, China from 2005 to 2014.
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Antimicrobial Susceptibility Profiles

The 38 isolates with cefepime resistance were simultaneously resistant to ceftazidime (100%), cefotaxime (100%) and ampicillin (100%) and also showed high resistance to nalidixic acid (97.37%), sulfafurazole (76.32%), streptomycin (63.16%) and trimethoprim-sulfamethoxazole (52.63%), followed by tetracycline (44.74%) and chloramphenicol (28.95%). However, the CRSE isolates were more susceptible to amoxicillin-clavulanic acid (15.79%), gentamicin (13.16%), amikacin (13.16%). They all showed intermediate susceptibility to ciprofloxacin, ofloxacin, polymyxin B and imipenem (Table 2 and Supplementary Table S2).


TABLE 2. Antimicrobial resistance of 38 cefepime-resistant Salmonella Enteritidis isolates.

[image: Table 2]Isolates resistant to cefepime were 100% multidrug-resistant (MDR), with resistance to a minimum of five antibiotics and a maximum of 10 antibiotics and 6 isolates were resistant to ten different antibiotics. The spectrum of resistance types reached 19 with the following three combinations detected in higher proportions, “AMP-CTX-CAZ-FEP-STR-SIZ-SXT-CHL-TET-NAL” (13.16%, 5/38), “AMP-CTX-CAZ-FEP-STR-SIZ-TET-NAL” (13.16%, 5/38), and “AMP-CTX-CAZ-FEP-GEN”(13.16%, 5/38) (Supplementary Table S3).



Prevalence of Beta-Lactamase Genes

The beta-lactamase-encoding genes blaCTX–M (100.00%), blaSHV (65.79%), blaTEM (52.63%), blaACC (5.26%) and blaPSE (5.26%) were identified. Coexistence of two or more genes in a single CRSE was very common. Sequencing of the blaCTX–M genes revealed presence of various types: blaCTX–M–55 (84.21%, 32/38), blaCTX–M–64 (5.26%), blaCTX–M–123 (5.26%), blaCTX–M–3 (2.63%), and blaCTX–M–15 (2.63%).


Pulse Field Gel Electrophoresis (PFGE)

A total of 18 different PFGE patterns were obtained from the 38 CRSE isolates (Figure 1). The similarity ranged from 65.44 to 100%. PFGE genotypes of >85% similarity were grouped into 2 clusters and another two individual isolates. The PFGE genotype of one foodborne isolate with CTX-M-55 (SH14SF008) was identical to four CTX-M-55 producing isolates from clinical samples (SH13G1882, SH14G065, SH14G169, SH14G548). However, several isolates from different years and hospitals also shared the same PFGE genotype (Figure 1).
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FIGURE 1. Dendrogram of pulsed-field gel electrophoresis (PFGE) profiles of 38 cefepime-resistant Salmonella Enteritidis isolates. The blue color represents cluster (A), which includes 34 isolates; the yellow color represents cluster (B), which including 2 isolates; another 2 isolates were not assigned to clusters (A,B).




Plasmid Characterization

In total, 35 transconjugants were successfully obtained from 38 CRSE isolates through the conjugation experiments; the transfer efficiency was 92.11% (35/38). Transfer of the blaCTX–M gene alone was detected in 33 of 35 transconjugants; two transconjugants harbored combinations (blaCTX–M–3 + blaTEM; blaCTX–M–55 + blaSHV) (Supplementary Figures S1–S3). blaCTX–M–55 gene could be found on 76.8 kb IncI1 (n = 9), 76.8 kb IncFrepB (n = 5), 104.5 kb IncFrepB (n = 1), 138.9 kb IncFrepB (n = 1), 138.9 kb IncFrepB/N (n = 1), 104.5 kb IncFrepB/FIIA (n = 1), 76.8 kb IncFIIA/FIIB/FrepB (n = 3), 104.5 kb IncFIIA/FIIB/FrepB (n = 4), 104.5∼138.9 kb IncFIIA/FIIB/FrepB (n = 1), 138.9 kb IncFIIA/FIIB/FrepB (n = 1) and >138.9 kb IncN/FIIB/FrepB (n = 1) plasmids; while blaCTX–M–3 and blaTEM could be observed on 76.8 kb IncL/M plasmid (n = 1); blaCTX–M–55 and blaSHV could be observed on 104.5 kb IncFrepB/FIIA plasmid (n = 1). Comparing to the recipient strain E. coli C600, horizontal transfer of blaCTX–M genes resulted in an increase of MICs for cefotaxime (from 128 to 2,048 mg/L), ceftazidime (from 4 to 64 mg/L) and cefepime (from 16 to 64 mg/L) (Table 3). The simultaneous presence of two or three plasmid replicons in one blaCTX–M–55-carrying plasmid was observed in this study. Southern blot hybridization suggested that the size of the blaCTX–M gene carrying plasmids varied between 76.8 and 138.9 kb (Supplementary Figures S1–S3). In genetic context detection tests, the insertion sequence ISEcp1 or IS903 appeared frequently upstream and downstream of blaCTX–M, functioning as a mobile element in the process of horizontal transmission (Yi et al., 2010). Totally, 45.7% (16/35) transconjugants harbored “ISEcp1-F-blaCTX–M–55-ORF477” element, which had been reported in Shigella sonnei strain before (Qu et al., 2014). The characteristics of the transconjugant plasmids are shown in Table 3.


TABLE 3. Characteristics of cefepime-resistant Salmonella Enteritidis donor strains and transconjugants.
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Sequence Analysis of a blaCTX–M–55 Carrying Plasmid

Plasmid sequencing and assembly revealed that the plasmid transferred from the blaCTX–M–55 positive S. Enteritidis isolate SH12G706 to E. coli C600 (designated 44C) was 85,897 bp in length with an average G+C content of 49.67% and harbored a total of 95 ORFs annotated to genes associated with plasmid replication (repA), IncI1 conjugation transfer (traA-Y, trbA-C, pilA-X), plasmid SOS inhibition (psiA, psiB), intracellular multiplication (icmB, icmO, icmP, dotL, dotO), plasmid segregation (parA, parM, soj) and plasmid stability (stbA, stbB) (Figure 2). When compared with a range of plasmids that harbored blaCTX–M–55 gene, the flanking region of blaCTX–M–55 on plasmid 44C showed high similarity with plasmid p628-CTX-M (KP987217, K. pneumoniae, china, 2010) that had a 2,980 bp ISEcp1-related element that functioned as a mobile unit (Figure 3).” Both plasmids showed the linear structure “repZ-yafA-yafB -tnpA-blaCTX–M–55-ΔyagA.”
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FIGURE 2. Circular map of plasmid 44C isolated from a transconjugant (donor strain S. Enteritidis no. SH12G706). The blue arrows represent open reading frames and their direction of transcription. The yellow box represents the location of gene blaCTX–M–55.
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FIGURE 3. Linear comparison of DNA sequences of plasmid 44C isolated from a transconjugant (donor strain S. Enteritidis no. SH12G706) and plasmid p628-CTX-M from a K. pneumoniae isolate china, 2010.




DISCUSSION

In the investigation period from 2005 to 2014 in Shanghai, China, S. Enteritidis strains showed only a slight variation in resistance to commonly used drugs, including third generation cephalosporins (Supplementary Table S4). This finding is in contrast to previous reports that other Salmonella serotypes (e.g., Typhimurium), exhibited an increasing tendency of resistance to at least 10 types of antibiotics during the same period (Ni et al., 2013). However, it is noteworthy that CRSE strains emerged in 2010 and their frequency is rising annually.

In recent years, cefepime ranked the leading anti-infective medicine in many hospitals in China. In order to prevent the spread of antibiotic resistance, cefepime is rarely used for animals or in breeding industry. However, our study shows that cefepime-resistant S. Enteritidis has also been isolated from animal-derived foodborne sources since 2013.

In this study, we analyzed 38 CRSE isolates, all of which exhibited MDR and the frequency of isolates resistant to more than five antibiotics was very high (100%). The emergence of severe drug-resistant status in China is largely related to the abuse of antibiotics as feed additives in veterinary clinical practice and the transfer of movable components carrying drug-resistant genes between isolates, which has become a common problem in both human and veterinary clinical practice (Rahmani et al., 2013). However, a relatively low resistance to amoxicillin-clavulanic acid (15.79%), gentamicin (13.16%), and amikacin (13.16%) was detected in the 38 cefepime-resistant S. Enteritidis isolates. They all showed intermediate susceptibility to ciprofloxacin, ofloxacin, polymyxin B and imipenem; therefore, these drugs should be used with caution. The fact also emphasizes the importance of standardization of clinical drug application and to prolong the effectiveness of new drugs. In addition, although the isolates were sensitive to aminoglycosides and fluoroquinolones, these agents should be used with caution due to the ototoxicity and adverse effects of cartilage on children.

In this study, nine kinds of β-lactamase resistance genes were detected, among them, subtype blaCTX–M–55 was predominant. Based on amino acid sequence differences, CTX-M-type ESBLs can be divided into more than five groups and hundreds of variants. CTX-M-55 belongs to the CTX-M-1 group, which was first detected in E. coli in Thailand in 2005 (Kiratisin et al., 2007) and first detected in Salmonella in 2011 (Yu et al., 2011). CTX-M-55 has only one amino acid site difference (valine to alanine) compared with CTX-M-15 (Kiratisin et al., 2007), and exhibits high hydrolytic activity to cefotaxime and ceftazidime (Dallenne et al., 2010). The prevalence of CTX-M-55-producing bacteria in China has grown significantly in recent years in both animal and human populations (Bevan et al., 2017). Data showed that CTX-M-55 is widely distributed in foodborne E. coli in Asia regions (Zhang et al., 2014b), which was the second most common CTX-M genotype (26.1%, 29/111) following CTX-M-14 (Zheng et al., 2012). Regarding hospital-associated Enterobacteriaceae infections, CTX-M-55 was found to be more common than CTX-M-15 in China (Xia et al., 2014). Also, CTX-M-55 was the most prevalent ESBL type observed in Salmonella isolates from livestock animals in China (Zhang et al., 2019). It is known that CTX-M-55 exists in bacteria that show resistance to second or third generation cephalosporins, and in this study, we found that CTX-M-55-producing S. Enteritidis was also with resistance to fourth-generation cephalosporin, cefepime. Therefore, CTX-M-55 should be considered as an important surveillance target around the world.

The blaCTX–M genes of 35 of the 38 isolates were transferred to the recipient by conjugation. Under the influence of blaCTX–M, the transconjugants showed resistance to cephalosporins but the MICs varied. They did not reach the same MIC values as the donor bacterium, a difference that may be related to the complex mechanisms of antibiotic resistance such as efflux pumps and penicillin-binding protein in the donor bacterium.

In this study, transconjugants carrying blaCTX–M shared different types of replicons, mainly IncI1 and InFrepB, with sizes ranging from 76.8 to 138.9 kb. The genetic context of blaCTX–M was mainly “ISEcp1-F-blaCTX–M–55-ORF477.” ISEcp1, like IS26 and ISCR1, is a member of the IS1380 family. This component shares a similar structure with a promoter, which positively regulates the high-level expression of blaCTX–M and facilitates its horizontal transmission among various species (Dhanji et al., 2011; Singh et al., 2018).

PFGE analysis showed that most CRSE displayed similar PFGE patterns (>82.90%). Notably, the pattern of one foodborne isolate (SH14SF008) was identical to that of another four isolates collected from clinical diarrhea human samples and all had the same blaCTX–M–55 gene, which suggested that we should pay attention to food consumption. Furthermore, S. Enteritidis isolates from different years showed 100% homology, indicating possible long-term outbreaks caused by clonal transfer of S. Enteritidis strains within the hospital or recurring introduction and spread of Salmonella in the hospital by colonized humans or contaminated food (Blahova et al., 1998). CRSE long term presence in animal breeding and especially fattening lots has been described (Ramchandani et al., 2005; Parveen et al., 2007). On the other hand, the limited discriminatory power of PFGE for several Salmonella serovars is known; this might falsely indicate clonal transfer. Therefore, WGS-based phylogenetic analyses are needed in future to assess the genetic relationship of the CRSE isolates in more detail.

WGS analysis of the plasmid 44C, which was from CRSE isolate of a diarrhea patient, showed that it had genes associated with plasmid replication, conjugation transfer, inhibition, intracellular multiplication, segregation and stability, functional genes that confer the ability to transfer blaCTX–M–55 and integrate into the genome of other bacteria. Moreover, compared with other blaCTX–M–55-harboring plasmids, we found that plasmid 44C showed high sequence similarity with plasmid p628-CTX-M isolated from a K. pneumoniae strain in October 2010 (Wang et al., 2015). In particular, both plasmids shared an ISEcp1-related component in the genetic context around blaCTX–M–55, indicating that such structures may transfer from K. pneumoniae to Salmonella. Thus, it is crucial to implement precautionary measures to prevent the spread of bacteria with these mobile resistance genes in both clinical settings and breeding industry by strengthening the detection and analysis of this mobile genetic element.



CONCLUSION

In conclusion, increase of cefepime resistance in S. Enteritidis is a serious public health concern. Our data demonstrate that the blaCTX–M–55 gene mobilized by the ISEcp1-blaCTX–M–55-ORF477 transposition unit is the main feature shared by CRSE and plays an important role in the transmission among different species.
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Rhodococcus is a genus of Gram-positive bacteria with species that can cause growth deformations to a large number of plant species. This ability to cause disease is hypothesized to be dependent on a cluster of three gene loci on an almost 200 kb-sized linear plasmid. To reevaluate the roles of some of the genes in pathogenicity, we constructed and characterized deletion mutants of fasR and four fas genes. Findings confirmed that fasR, which encodes a putative transcriptional regulator, is necessary for pathogenesis. However, three of the fas genes, implicated in the metabolism of plant growth promoting cytokinins, are dispensable for the ability of the pathogen to cause disease. We also used long-read sequencing technology to generate high quality genome sequences for two phytopathogenic strains in which virulence genes are diverged in sequence and/or hypothesized to have recombined into the chromosome. Surprisingly, findings showed that the two strains carry extremely diverse virulence plasmids. Ortholog clustering identified only 12 genes present on all three virulence plasmids. Rhodococcus requires a small number of horizontally acquired traits to be pathogenic and the transmission of the corresponding genes, via recombination and conjugation, has the potential to rapidly diversify plasmids and bacterial populations.
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INTRODUCTION

Plasmids are major drivers in the evolution of bacterial pathogens of plants and animals. Acquired plasmids can innovate recipients by conferring novel functions such as the capacity to remodel host cells and suppress immunity (e.g., Reuter et al., 2014; The et al., 2016; Barton et al., 2018). Acquired plasmids can also coopt chromosomal genes and reprogram them to cause a change in lifestyle (Letek et al., 2010). Understanding plasmid ecology and evolution is critical but their study is challenging (Orlek et al., 2017). Plasmids are typically mobile, dispensable, and enriched in repeated sequences. As a consequence, plasmids are often variable in gene composition and their sequences can be difficult to identify in draft genome assemblies.

Rhodococcus is a genus of non-motile, non-sporulating, high G+C, mycolic acid containing Gram-positive bacteria (Larkin et al., 1998). Its members are cosmopolitan and can be found in terrestrial and aquatic environments, as pathogens of mammals, and as epiphytic and endophytic bacteria of plants. The genus is diverse, and, in a phylogeny, plant associated Rhodococcus strains are found in a clade separated from others by a long branch (Savory et al., 2017). Evidence suggests that plants may benefit from their symbioses with Rhodococcus. Strains have been associated to biocontrol and plant growth promoting activities (Francis et al., 2016; Hong et al., 2016; Savory et al., 2017). Moreover, Rhodococcus has been repeatedly identified in the microbiota of diverse species of plants, including Arabidopsis, rice, clover, and soybean (Delmotte et al., 2009; Bulgarelli et al., 2012; Knief et al., 2012; Lundberg et al., 2012; Vorholt, 2012; Bai et al., 2015). However, plant associated Rhodococcus bacteria can also be pathogenic. Strains carrying a virulence plasmid cause proliferations of buds or shoots, called leafy galls or witch’s brooms, to monocots, dicots, herbaceous, and some woody plants (Murai et al., 1980; Crespi et al., 1992; Putnam and Miller, 2007).

A virulence plasmid characterized from D188, a Rhodococcus fascians strain, is thought to be representative of those across the different species-level groups of plant pathogenic Rhodococcus (Savory et al., 2017). Plasmid pFiD188 is a linear replicon of approximately 200 kb (Francis et al., 2012). This plasmid has a cluster of genes that are either necessary for, or implicated in, virulence. The fasR and fas loci are necessary for virulence (Crespi et al., 1992; Temmerman et al., 2000). FasR is predicted to be a member of the AraC-type transcriptional regulator family. Despite its name, FasR does not appear to have a role in inducing the transcription of the fas operon (Temmerman et al., 2000). Of the fas operon, fasA, fasD, fasE, and fasF were concluded to be necessary for pathogenicity (Pertry et al., 2010). In vitro activity and functional annotations suggest three of these proteins are involved in the metabolism of cytokinins, which are best known as plant growth promoting hormones (Kieber and Schaller, 2014). FasD shows isopentenyltransferase (IPT) activity, one of the steps in cytokinin biosynthesis (Crespi et al., 1992). FasF exhibits phosphoribohydrolase activity and is a member of the Lonely Guy (LOG) family, a group of proteins that in plants catalyze the formation of free base forms of cytokinins (Pertry et al., 2010). FasE shows cytokinin dehydrogenase activity and can cleave and irreversibly inactivate cytokinins (Pertry et al., 2010). FasA is annotated as a putative cytochrome P450 monooxygenase. Also on pFiD188 and adjacent to fasR is the 10 gene att locus (Crespi et al., 1992; Maes et al., 2001). Mutants of att are reported to be attenuated in virulence and work suggested products of att are involved in signaling (Maes et al., 2001). Last, between fasR and fas are mtr1 and mtr2, which encode methyltransferases (Francis et al., 2012; Radhika et al., 2015). Their predicted roles in virulence are described in a following section.

A population genomics study of phytopathogenic Rhodococcus suggested that there is low diversity among virulence plasmids (Savory et al., 2017). A total of 64 of 66 sequenced pathogenic strains have a plasmid that is similar in sequence and structure as pFiD188. Two exceptions are strains A21d2 and A25f, which because of the absence of homologs of most genes on pFiD188, were predicted to have virulence genes in their chromosomes (Creason et al., 2014). Additionally, the virulence genes of A21d2 are more diverged in sequence. The fasRA21d2 allele has a high number of single nucleotide polymorphisms and small insertion/deletion polymorphisms, relative to fasRD188. A21d2 also lacks homologs of mtr1, mtr2, as well as fas genes, and encodes a putative IPT-LOG hybrid protein (Creason et al., 2014). A25f, in contrast, has homologs of the cluster spanning from att, fasR, mtr1, mtr2, and fas on a single large contig. None of the other genes on the contig are homologous to those on pFiD188.

Even prior to the discovery of the fas genes, cytokinins were implicated in the virulence of Rhodococcus (Klämbt et al., 1966; Thimann and Sachs, 1966). One of the extant models predicts that a mixture of three cytokinin types, isopentenyladenine (iP), trans-zeatin (tZ), and cis-zeatin (cZ), as well as modified variants, are synthesized in a fas-dependent manner and secreted into plant cells to cause disease (Pertry et al., 2010; Stes et al., 2011). However, tZ is not reproducibly detected, cZ does not accumulate in a fas-dependent manner, and many of the cytokinin types accumulate in infected plants in patterns inconsistent with being causative (Eason et al., 1996; Galis et al., 2005; Creason et al., 2014; Jameson et al., 2019). A second model predicts that methyltransferases encoded by mtr1 and mtr2 function upstream of FasD to yield methylated cytokinins (Radhika et al., 2015). These novel cytokinins are predicted to be responsible for the ability of Rhodococcus to cause disease (Jameson et al., 2019). However, methylated cytokinins accumulate to low levels in bacteria and their levels do not vary in a plasmid-dependent manner (Pertry et al., 2009, 2010). A third model suggests that iP is the only type that is synthesized in a fas dependent manner but whether it directly causes disease has also been questioned (Creason et al., 2014; Jameson et al., 2019; Thapa et al., 2019).

Here, we used two approaches to generate resources to understand how Rhodococcus plasmids confer pathogenicity. We constructed and tested deletion mutants of fasR and four fas genes in strain D188. We also examined the role of fasR in A21d2. Results suggested that models of Rhodococcus virulence may have been informed by polar mutants of fas. We also generated higher quality genome sequences for pathogenic strains A21d2 and A25f. Resequencing uncovered two novel virulence plasmids in A21d2 and A25f that are distinct in structure and composition relative to pFiD188. Findings show that virulence of plant pathogenic Rhodococcus requires surprisingly few plasmid-encoded functions.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

Strains of Rhodococcus spp. were maintained on solid LB medium at 28°C or grown overnight in liquid LB medium with appropriate antibiotics at 28°C with shaking. Escherichia coli DH5α, 10-beta, and ccdb- were maintained on solid LB medium at 37°C or grown overnight in liquid LB medium at 37°C with shaking. Antibiotics were used at final concentrations of 25 μg/ml chloramphenicol, 25 μg/ml gentamicin, and 30 μg/ml kanamycin.



Extraction of Nucleic Acids

To extract genomic DNA from Rhodococcus, the Wizard Genomic DNA Purification Kit was used, following the instructions of the manufacturer for Gram-positive bacteria (Promega Corporation, Madison, WI, United States). To extract plasmids from E. coli, the Qiagen QIAprep Miniprep Kit was used, following the instructions of the manufacturer (Qiagen Company, Hilden, Germany). To extract RNA from Rhodococcus, cells were pelleted and resuspended in 500 μl Tri-Reagent (Sigma-Aldrich) in 2 ml tubes containing Lysing Matrix B (MP Biomedicals, Irvine, CA, United States). A FastPrep24 (MP Biomedicals, Irvine, CA, United States) was used to lyse cells for 1 min at 6.0 M/s. After, 100 μl of chloroform was added to each tube. Tubes were vortexed briefly and centrifuged for 10 min at 4°C at maximum speed. The upper phase was transferred to a new tube and 350 μl of isopropanol was added. Samples were incubated at −20°C overnight and then centrifuged for 10 min at 4°C at maximum speed. The supernatant was decanted, samples were washed two times with 70% ethanol, and the RNA was resuspended in DEPC-treated H2O.



DNA Cloning

Primers used for cloning are described in Supplementary Table S1. Over the course of the study, various methods, including Gateway (Invitrogen, Carlsbad, CA, United States), Gibson (NEB, Ipswich, MA, United States), and restriction enzyme digestion and ligation were used for cloning. Unless stated, DNA modifying enzymes were from NEB (Ipswich, MA, United States).

Gateway cloning was employed to make constructs used for generating deletion mutants. The pSelAct plasmid was linearized with SmaI and treated with CIP (van der Geize et al., 2008). The Gateway Cassette C.1 was released from pBluescript via an EcoRV digest. The two fragments were ligated by T4 DNA ligase to yield the plasmid, pSelAct-GW. Fragments corresponding to approximately 1.5 kb of the regions flanking the genes of interest were amplified in a two-step PCR. First, fragments were amplified using sequence-specific primers with partial attB sequences. Equimolar amounts of the two fragments were assembled in a second reaction and PCR with primers B1 and B2 were used to link the two fragments and complete the attB sequences. Assembled fragments were cloned via BP reaction into pDONR207 and cloned into pSelAct-GW using LR Clonase (Invitrogen, Carlsbad, CA, United States).

The fasR genes were cloned downstream of the L5 promoter by replacing either the tdTomato or GFP-encoding genes in vectors pJDC60 or pJDC165, respectively. For fasRA21d2 and fasRD188 (+ATG1), the coding sequences were amplified, products were digested with EcoRI and BamHI and ligated to pJDC60 digested with the same restriction enzymes. Gibson cloning was used to generate the shorter variants of fasRD188 and the fasRD188 frameshift construct. The NEBuilder Assembly Tool v.1 (NEB, Ipswich, MA, United States) was used to design primers that amplified both pSelAct, the fasRD188 fragments, or the full length that also included a thymine to cause a frameshift. Fragments were amplified using KAPA HIFI, following the manufacturer’s instructions (Kapa Biosystems, St. Louis, MO, United States). Equimolar amounts of the two fragments were assembled using Gibson Assembly Mastermix and incubated for 30 min at 50°C.

PCR, restriction enzyme digestion, and Sanger sequencing were used to verify all constructs.



Bacterial Transformation and Generation of Deletion Mutants

Rhodococcus fascians competent cells were prepared from overnight-grown 3 ml cultures. Cells were pelleted and washed twice with sterile, cold dH2O, followed by one wash with sterile, cold 10% glycerol. Cells were resuspended in 50 μl of 10% glycerol. Plasmid DNA (0.5–1 μg) was added to the cells, incubated on ice for 30 min and cells were electroporated in 1.0 mm gap cuvettes at 2.2 kV (Bio-Rad Micropulser, Hercules, CA, United States). Cells were resuspended in LB medium and incubated overnight at 28°C prior to plating on LB medium with appropriate antibiotics. For generating deletion mutants, merodiploids were selected for on LB plates with apramycin (50 μg/ml) and verified by PCR. Merodiploids were grown in liquid LB without antibiotics for 16–24 h at 28°C with shaking. Recombinants were selected for by growing cells for 5–10 days on mineral acetate medium with 5-fluorocytosine (100 μg/ml; van der Geize et al., 2008). PCR and Sanger sequencing of products were used to screen for and verify mutants.



Quantitative Real-Time PCR

RNA was resuspended in a solution of 2 μl 10 × DNAse I buffer, 1 μl DNase I (Invitrogen, Carlsbad, CA, United States), 1 μl RNaseOUT (Invitrogen, Carlsbad, CA, United States) and 16 μl DEPC-treated H2O. Samples were incubated at room temperature for 15 min. DNase I was inactivated by adding 1 μl of 25 mM EDTA and heating samples for 10 min at 65°C. A total of 1 μl of DNAse-treated RNA from each sample was used directly in PCR to verify that there was no residual DNA sufficient for amplification. RNA was quantified using the Qubit RNA BR Assay Kit and a Qubit 4 Fluorimeter (Invitrogen, Carlsbad, CA, United States).

First-strand cDNA was synthesized from 1.0 μg total RNA, using qScript cDNA Supermix and following the manufacturer’s instructions (Quantabio, Beverly, MA, United States). cDNA equivalent to 25 ng of starting RNA template was used in 20 μl reaction volumes consisting of 10 μl Supermix, 0.5 μl each forward and reverse primers, 1 μl cDNA and 8 μl sterile RNase-free H2O. Reaction conditions were 95°C for 3 min followed by 40 cycles of 95°C, 10 s, 55°C 10 s, 72°C for 1 min on a Bio-Rad CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States). Bio-Rad CFX Meistro software was used to analyze the data.



Plant Inoculation Assays

Nicotiana benthamiana seeds were sterilized in a 20% bleach solution with a drop of polyoxyethylene sorbitan monolaurate (Tween 20) and shaken for 20–30 min. Seeds were washed twice with distilled water and resuspended in 1 ml sterile dH2O. Sterilized seeds were plated on MS agar medium (half-strength Murashige and Skoog medium, 0.5 M MES) and maintained vertically, at room temperature and constant light, for 3 days prior to inoculation. Overnight cultures of Rhodococcus were prepared in LB medium with appropriate antibiotics. Cells were pelleted, washed with sterile dH2O, and their concentration measured using a spectrophotometer. Suspensions were adjusted to OD600 = 0.5 in 100 mM MgCl2 prior to inoculation. Each seedling was inoculated with ∼3–5 μl of bacterial suspension. For each experiment, a negative control of an equivalent volume of 100 mM MgCl2 was included. Plates were allowed to dry briefly before being returned to the growing conditions described previously. Images of plants were taken 7 days post inoculation (dpi). Roots were measured via ImageJ (Schneider et al., 2012). All experiments were repeated at least three times with 40–50 seedlings inoculated per treatment. Data were analyzed, using one-way ANOVA followed by Tukey’s multiple comparisons test, as described in Savory et al. (2017). GraphPad Prism v. 7 was used for analyses (GraphPad Software, La Jolla, CA, United States).

For leafy gall assays, N. benthamiana seeds were sterilized as described above, plated on MS agar medium, and grown at room temperature under a 10:14 h light:dark cycle for 4 weeks. Bacteria were prepared as described above and 10 μl of OD600 = 0.5 of bacteria were dropped onto meristems of plants that had been pinched with forceps. Plants were returned to the growth chamber and inspected up to 28 dpi when images were taken. Infections included a mock treatment in which 10 μl of 100 mM MgCl2 was dropped onto meristems that had been pinched with forceps. At least three replicates were performed with 12 individuals per experiment.



DNA Sequencing

For Sanger sequencing, PCR products were treated with 2.5 units of Exonuclease I and 0.25 U of Shrimp Alkaline Phosphatase and incubated at 37°C for 40 min and 80°C for 20 min. Products were sequenced on an ABI3730 capillary sequencing machine at the Oregon State University Center for Genome Research and Biocomputing (CGRB).

Strains A21d2 and A25f were multiplexed and sequenced with 1D chemistry (LSK109) on an Oxford Nanpore MinION Mk1b, run using a MinIT coprocessor. Native Ligation kit (SQK-LSK109) libraries were prepared according to the recommended native barcoding protocol and sequenced in multiplex. Fast basecalling and demultiplexing was performed live using Guppy v. 3.2.6 (Oxford Nanopore, Oxford, United Kingdom). Demultiplexing was either performed using Guppy during sequencing for A21d2 or using qcat v. 1.1.0 with the options “–trim –kit ‘NBD104/NBD114”’ for A25f (Oxford Nanopore, Oxford, United Kingdom). Illumina short reads were trimmed for adapters and quality, using the BBTools program bbduk v. 35.82 with Illumina barcode sequences and the options “ktrim = r k = 23 mink = 9 hdist = 1 minlength = 100 tpe tbo” (Bushnell, 2020). Long reads were de novo assembled using Canu v. 1.8 with the options “overlapper = mhap utgReAlign = true corMinCoverage = 0 useGrid = false corThreads = 4 maxThreads = 4 genomeSize = (Illumina-only assembly size) “–nanopore-raw” for A21d2 and with Flye v. 2.6 with the options “” for A25f (Koren et al., 2017; Kolmogorov et al., 2019). Unicycler v. 0.4.7 with options “–mode bold” and “–existing_long_read_assembly” was used to combine long-read assemblies with quality-trimmed Illumina reads to generate hybrid assemblies (Creason et al., 2014; Wick et al., 2017). Bandage v. 0.8.1 was used to assess the assembly graphs for completeness (Wick et al., 2015). Final assemblies were annotated using Prokka v. 1.14.0 “–gram pos –addgenes –rfam” (Seemann, 2014).



Genome Analyses

Get_homologues v. 3.2.3 with MCL clustering was used to cluster orthologous genes between strains D188, A21d2, and A25f (Contreras-Moreira and Vinuesa, 2013). Each virulence plasmid gene was linked to a particular ortholog group (orthogroup) and used to identify homologs of genes on virulence plasmids.

The translated sequences of attB, fasR, and fasD were used in BLAST searches (default search parameters) against the NCBI nr database on February 10, 2020 to identify homologous sequences. The top 500 hits to full-length sequences for each were downloaded and aligned using MAFFT v. 7.402 e-ins-i (Katoh and Standley, 2013). Maximum likelihood phylogenies were constructed using IQ-TREE v. 1.6.12 with the options “–bb 1000 –alrt 1000” (Nguyen et al., 2015).

Genome sequences of Rhodococcus sp. Leaf225 and Williamsia sp. Leaf354 (accessions GCF_001426145.1 and GCF_001424365.1) were downloaded from NCBI. Sequences from pFiD188 and plasmids of A21d2 and A25f were used as queries in searches against these genome assemblies.



RESULTS


Reevaluating the Role of fas Genes in Pathogenicity of Rhodococcus

The mechanistic basis by which Rhodococcus cause disease is unresolved, as findings from different research groups are incongruent (Stes et al., 2011; Creason et al., 2014; Jameson et al., 2019). In earlier attempts to repeat findings on the accumulation of cytokinins in culture grown Rhodococcus, we raised the possibility that the use of polar mutants may have contributed to inconsistencies between models (Creason et al., 2014). To address this, we constructed deletion mutants of fasA, fasD, fasE, and fasF in strain D188 to reevaluate the necessity of these genes in the pathogenicity of Rhodococcus.

Phytopathogenic Rhodococcus causes symptoms to root systems and meristems of N. benthamiana. Seedlings infected with strain D188 were significantly stunted in root growth and terminally arrested at the cotyledon stage, relative to mock inoculated plants (Figures 1A,B). Meristems of plants directly inoculated with strain D188 had a proliferation of buds, typical of leafy gall disease (Figure 1A). Unexpectedly, N. benthamiana inoculated with ΔfasA, ΔfasE, or ΔfasF consistently exhibited symptoms similar to those on plants infected with pathogenic strain D188 (Figure 1). The roots of seedlings were stunted, and their lengths were not significantly different relative to the root lengths of plants infected with D188 (p-value ≤ 0.05). The three deletion mutants also reproducibly caused leafy galls on plants. Data suggest that fasA, fasE, and fasF are not individually necessary for Rhodococcus strain D188 to cause disease.
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FIGURE 1. Most fas deletion mutants are pathogenic. (A) Wild type and deletion mutants of Rhodococcus strain D188 were inoculated onto seedlings or meristems of N. benthamiana. Red circles circumscribe leafy galls. This is a composite figure in which photographs were taken of plants treated in different experiments. Images of representative plants are shown. In all experiments, positive and negative control treatments were included. (B) At 7 dpi, roots were imaged and measured. Differences were compared relative to the corresponding D188 control group (* is not significant with a p-value threshold ≤0.05). Similar results were reproduced in at least two additional repeats of the experiments.


In contrast, plants inoculated with ΔfasD developed similarly to mock- and ΔpFiD188-inoculated plants (Figure 1). The latter treatment is with a non-pathogenic strain of D188 that lacks the virulence plasmid (Savory et al., 2017). Roots of ΔfasD-infected seedlings grew normally and were significantly longer than roots of D188-infected seedlings. Plants infected with fasD failed to show leafy gall disease symptoms when meristems were inoculated. However, quantitative reverse-transcriptase PCR (qRT-PCR) analyses showed that expression of the entire fas locus was compromised in the ΔfasD mutant (Supplementary Figure S1). The fasA, fasE, and fasF genes were expressed at significantly lower levels than in strain D188. It is also the case that the fasD coding sequence overlaps with fasE and in generating ΔfasD, we also compromised fasE. But as shown, the ΔfasE mutant is still pathogenic and dispensable for virulence (Figure 1). We also quantified expression of the fas genes in the original fasD insertion mutant relative to their expression in strain D188. Expression of fasA, fasE, and fasF is severely affected (Supplementary Figure S1). These data confirm that the fas operon is necessary for virulence, but we cannot unequivocally conclude that the fasD gene is necessary, as both an insertion within and deletion of, compromises expression of all examined fas genes at the locus.



Refining the Annotation of fasR

Comparisons of the sequences of the 64 pFiD188-like plasmids identified a sequencing mistake in the original annotation of fasR that was carried forward in analyses (Temmerman et al., 2000; Francis et al., 2012). A guanine base was inserted upstream of the annotated ATG of fasRD188. Correcting the error revealed two in frame ATG codons 213 (ATG1) and 168 (ATG2) nucleotides 5′ to the originally annotated start codon (ATG3; Figure 2A; Creason et al., 2014). Automated annotation programs identified ATG2 as the start because it has a strong ribosome binding sequence. Of the 12 nucleotides immediately upstream of ATG2, 11 are guanine or adenine bases. We cloned the three potential coding sequences, starting from each of the first three ATG codons, downstream of a mycobacteriophage L5 promoter that demonstrably constitutively expresses in Rhodococcus. We also generated a new mutant allele of fasRD188 (fs fasRD188) by introducing a nucleotide into the coding sequence to cause a frameshift mutation because previous studies used a deletion mutant that removes a portion of the neighboring attH gene (Figure 2A; Temmerman et al., 2000). On plants, fs fasRD188 failed to inhibit root development and failed to cause leafy gall disease, confirming the necessity of fasR for pathogenicity (Figures 2B,C).
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FIGURE 2. The fasR gene is necessary for virulence of D188 and A21d2. (A) Scaled schematic of the fasR coding sequences of D188 (blue) and A21d2 (red). The first three in-frame ATG codons of fasRD188 are shown. The location of the single base insertion introduced to cause a frameshift (fs) in fasRD188 is also indicated. A possible 5′ extension to fasRA21d2 is depicted by a pink-colored box. An alignment of the first ∼100 amino acids of the FasR variants of D188 and A21d2 is shown below the schematic. The first three methionine residues of FasR of D188 are boxed in red. (B) Wild type and mutant strains of D188 and A21d2 were inoculated onto seedlings or meristems of N. benthamiana. Red circles circumscribe leafy galls. Images of representative plants are shown. This is a composite figure in which photographs were taken of plants treated in different experiments. Images of representative plants are shown. In all experiments, positive and negative control treatments were included. (C) At 7 dpi, roots were imaged and measured. Differences were compared relative to the corresponding D188 or A21d2 control groups (* is not significant with a p-value threshold ≤0.05). Similar results were reproduced in at least two additional repeats of the experiments.


We next tested each of the three possible fasRD188 coding sequences to determine which is sufficient to complement the mutant. The mutant strain carrying the longest coding sequence (+ATG1) inhibited root growth to the same degree as strain D188 (Figures 2B,C). In contrast, inoculations with strains carrying the fasR coding sequence starting from the second (+ATG2) or third ATG (+ATG3) codon resulted in root lengths that were intermediate to those of mock- and D188-inoculated plants. Importantly, on meristems of plants, the mutant strain carrying +ATG1 caused leafy gall symptoms whereas fs fasRD188 carrying either of the shorter variants caused no visible disease symptoms. Either ATG1 is the start of the coding sequence or sequences upstream of ATG2 or ATG3 are necessary for stable expression of fasR.

Of the 66 alleles of fasR that have been sequenced, the A21d2 allele is the most diverged, and automated programs predicted it to be 18 codons shorter relative to the D188 allele (Figure 2A; Creason et al., 2014). There is another in frame ATG 75 nucleotides upstream from the ATG originally annotated as the start codon (pink region in Figure 2A). This aligned to another ATG further 5′ but out of frame to ATG1-3 of fasRD188. We relied on the originally annotated start codon of fasRA21d2. We generated and tested a fasR deletion mutant in A21d2 and confirmed its necessity in pathogenicity (Figures 2B,C). The ΔfasR mutant of A21d2 could be complemented with fasRA21d2 expressed from the L5 promoter. We next tested whether fasRA21d2 and fasRD188 alleles could complement fasR mutants in either strain. Despite the diversity, fasRA21d2 could complement the fasR frameshift mutant of D188. Similarly, +ATG1 could complement ΔfasR of A21d2 but neither +ATG2 or +ATG3 could do so.



Discovering Two Novel Virulence Plasmids in Phytopathogenic Rhodococcus

To gain more insights into the genomic context of virulence loci in strains A21d2 and A25f, we used Oxford Nanopore sequencing to generate long reads and combined them with the original Illumina-derived short reads. Nanopore sequencing produced 418,684 and 45,552 reads, respectively, with a mean read length of 7.8 and 4.0 kb. The longest reads for A21d2 and A25f were 112 and 106 kb, respectively. The A21d2 chromosome is 5,667,798 bp, and the A25f chromosome is 5,706,031 bp. Both strains have plasmids. Based on the assembly graph, two of the three plasmids in A21d2 are circular molecules (Figure 3A). The single plasmid in A25f is fragmented into three contigs (Figure 3A). Analysis suggested contig 3, which is 0.6 kb in length, has a repeated sequence that misassembled into one. The sequences are predicted to flank the other small contig and join to the largest plasmid contig to form a single circular molecule.
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FIGURE 3. Pathogenic strains A21d2 and A25f have novel virulence plasmids. (A) Graphs of hybrid assembled genome sequences of A21d2 and A25f. Sizes of the replicons are shown. For the pA25f, a predicted structure is presented. The relative depth of coverage of plasmid contigs is shown in parentheses. (B) Venn diagram of gene homolog similarity. The sequences of all genes on the plasmids of A21d2, A25f, and D188 were translated and clustered on the basis of homology.


To our surprise, the virulence loci in each of these strains are located on circular plasmids. The virulence plasmid of A21d2, referred to as pA21d2, is 189,682 bp and has a cluster, from A21d2_05402 to A21d2_0514, of genes that are homologs of the 10 att genes, fasR, and IPT-LOG-encoding gene. The latter is annotated as miaA. MiaA is a tRNA-isopentenyltransferase (tRNA-IPT) that modifies base 37 on a subset of tRNAs (Schweizer et al., 2017). The annotations for tRNA-IPTs and IPTs are frequently misassigned by automated annotation programs (Takei et al., 2001; Lindner et al., 2014). Consistent with previous reports, there are no homologs of fasA, fasB, fasC, fasE, mtr1, or mtr2 downstream of fasR or anywhere else on any of the replicons of A21d2. Instead, adjacent and downstream of fasR on pA21d2 is a gene that encodes a putative radical SAM enzyme (Creason et al., 2014). In pA25f, from A25f_05486 to A25f_05504, there are homologs of att, fasR, and fasA-F that are conserved in sequence and order to the corresponding region of pFiD188.

We constructed phylogenetic trees for the translated sequences of attB, fasR, and fasD (Figure 4). AttB of pA21d2 and A25f grouped with those of plant pathogenic Rhodococcus, suggesting attB and likely all att genes are derived from a recent common ancestor (Figure 4A). In the FasR and FasD trees, the sequences from A21d2 are more distant and their corresponding genes likely emerged from a more ancestral source or diverged via recombination (Figures 4B,C; Creason et al., 2014). In contrast, the pA25f variants of these two virulence protein sequences grouped with others, supporting a scenario in which a homologous fragment spanning from A25f_05486 to A25f_05504 (att through fas) is a recombinogenic unit that can be shared among diverse Rhodococcus plasmids.
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FIGURE 4. Phylogeny of virulence genes of plant pathogenic Rhodococcus. Maximum likelihood phylogenetic trees of translated sequences of (A) attB, (B) fasR, and (C) fasD. The trees were midpoint rooted and a subset of clades of Rhodococcus virulence proteins are shown. Tips with identical sequences are indicated. Large clades were collapsed and labeled. Bootstrap values greater than 50 are shown.


Two publicly available genome sequences of non-plant associated Rhodococcus also have homologs of attB (Figure 4A). Strain 311R was isolated from hydrocarbon-contaminated soils and strain SBT000017 was isolated from marine organisms (Macintyre et al., 2014; Ehsani et al., 2015). In a species phylogeny, strain 311R clustered with Rhodococcus erythropolis, distant from the major clade with plant pathogenic strains (Savory et al., 2017). In contrast, strain SBT000017 clusters with plant pathogenic strains and is in the same clade as strain D188. Both 311R and SBT000017 have a complete att locus but no homologs of fasR, mtr1, mtr2, fas, or homologs that encode the putative radical SAM enzyme or IPT-LOG and are inferred to be non-pathogenic. In strain 311R, the translated attB sequence is divergent (71% amino acid identity) relative to the D188 sequence. Its att locus is adjacent to integrase-encoding genes and followed by genes of unknown function and located in the chromosome between aspC_1 and pur. In strain D188, aspC_1 and pur are immediately adjacent to one another, suggesting that strain 311R acquired a small island that circumscribes the att locus. In strain SBT000017, the translated att sequences are very similar to those of pFiD188 and range from 97.7 to 99.5% amino acid identity. The att locus is located on yet another novel plasmid.

The percentage of genes with homologs among pFiD188, pA21d2, and pA25f is low and suggest that they are unrelated plasmids that acquired the capacity to confer virulence to Rhodococcus. We translated the gene sequences of the three plasmids and clustered the sequences on the basis of homology. We identified only 12 gene sequences that are common to all three plasmids. Ten corresponded to the genes of the att locus and one is fasR (Figure 3B and Supplementary Table S2). The last encodes a predicted hypothetical protein (AMY56290.1). Other than these 12 genes, the number of other genes with homologs common to pairs of virulence plasmids is low, ranging from 2 to 20. Given that pFiD188 and A25f are identical in gene composition from att through fas, it was not surprising that there is slightly higher similarity between these two plasmids. No gene on pFiD188, implicated in plasmid maintenance or conjugation, had a homolog on the other two plasmids, indicating that pFiD188-like, pA21d2, and pA25f plasmids have separate origins (Francis et al., 2012).



Mining Genome Sequences for Virulence Plasmids

Last, we reexamined the genome sequences of Rhodococcus sp. Leaf225 and Williamsia sp. Leaf354 for evidence of virulence plasmids (Bai et al., 2015). These two strains, despite one belonging to a different bacterial genus, were used to support the model that pathogenic Rhodococcus synthesizes novel methylated cytokinins and should therefore minimally have homologs of mtr1, mtr2, and fasD (Jameson et al., 2019). Previous work using att, fasR, or fas sequences from pFiD188 in BLAST queries failed to identify homologs in their genome sequences (Savory et al., 2017). To test the possibility that strains Leaf225 and Leaf354 have homologs of the novel plasmids uncovered in this study, we used all gene sequences from all three plasmids as queries in BLAST searches against the genome sequences of Leaf225 and Leaf354 (Supplementary Table S3). In addition to little evidence for virulence plasmids, we found no evidence that Leaf225 and Leaf354 have homologs of the genes core to all three plasmids, genes encoding Mtr1, Mtr2, the putative radical SAM enzyme or the IPT-LOG hybrid. When we lowered the thresholds in searches, we identified hits (<34–40% amino acid similarity) to Mtr1 and Mtr2 in Leaf225 (WP_027503960.1 and WP_056447883.1) and Leaf354 (WP_055787211.1, WP_055786245.1, WP_055790396.1, WP_055793823, WP_082501997.1, and WP_156378120.1 of Leaf354). However, use of these eight sequences as queries in reciprocal searches against the D188 genome sequence yielded better hits to genes in the chromosome, not pFiD188. Data suggested that Leaf225 and Leaf354 lack homologs of genes necessary for, or associated to, virulence.



DISCUSSION

Virulence plasmids are essential for Rhodococcus to cause leafy gall disease to plants (Crespi et al., 1992; Pertry et al., 2009, 2010; Stes et al., 2011; Creason et al., 2014; Savory et al., 2017). Using long-read sequencing technology, we discovered two new virulence plasmids in plant pathogenic Rhodococcus (Figure 3A). Comparisons showed that there are very few conserved genes among the three known plasmids and our genetic analysis of mutants suggested these plasmids require very few plasmid-encoded functions to confer virulence. However, it has been suggested that additional pFiD188-encoded genes are required for pathogenicity of strain D188. A cosmid that covers att and fas regions from pFiD188 is insufficient for pathogenicity and it has also been suggested that fas expression requires another plasmid-encoded transcription factor for full expression (Crespi et al., 1992; Temmerman et al., 2000). Our analyses suggest if other plasmid-encoded functions are required for pathogenicity, that these functions are conferred by genes highly diverged in sequence.

Clustering of a small number of genes necessary for pathogenicity is a low barrier for recombination to convert non-virulence plasmids to virulence plasmids. The discovery of a novel plasmid bearing an att locus in SBT000017 raises the potential that the att locus can mediate recombination among distinct plasmids. This is one plausible mechanism to explain how pA25f and pFiD188, plasmids that differ dramatically in composition, exchange virulence loci (Figure 4). Spread of virulence loci among plasmids and spread of virulence plasmids among strains, combine to accelerate the diversification of pathogenic Rhodococcus populations (Savory et al., 2017). This has significant implications on disease ecology because diversification can drive the emergence of disease on novel hosts, increased aggressiveness, and further increased spread (McDonald and Stukenbrock, 2016).

Of the functions inferred to be necessary for virulence, fas-derived cytokinins have long been central to models (Stes et al., 2011; Creason et al., 2014; Jameson et al., 2019). It has not been definitively demonstrated that fasD is necessary for pathogenicity. Nonetheless, the data are consistent with IPT being encoded on all three plasmids and collectively point to IPT activity as the fas-encoded function that is necessary for virulence (Figure 1). It remains unresolved as to whether the products of IPT are synthesized to be secreted to manipulate plants. One source of disagreement among virulence models is the use of polar mutants, which unknowingly impacted conclusions regarding the role of each fas gene in virulence and the synthesis of specific cytokinin types (Desomer et al., 1991; Crespi et al., 1992; Pertry et al., 2010). The original fasD insertion mutant has polar effects and there is also potential that other previously published fas mutants have polar effects (Supplementary Figure S1). The fasA mutant was identified from the same insertion library as the fasD mutant and was carried forward in subsequent studies. The fasE and fasF mutants were made via insertional mutagenesis (Pertry et al., 2010).

Another source of disagreement stems from the challenges with directly testing virulence models. During infection, it is difficult to show cytokinins originate from the microbe. Both partners in the symbiosis produce the hormone. Unless the pathogen is able to synthesize overwhelming quantities of cytokinins, the majority of detected cytokinins are likely derived from the host because the biomass of the plant vastly exceeds that of the pathogen. In culture, Rhodococcus cells produce picomolar to nanomolar amounts of cytokinins (Pertry et al., 2009, 2010; Creason et al., 2014). It is also the case that cytokinins are involved in plant immunity and levels may change because of responses of the plant, not directly because of the pathogen (Choi et al., 2010; Großkinsky et al., 2011; Jiang et al., 2013; Albrecht and Argueso, 2017). Further confounding analyses is that plants and bacteria have alternative sources of cytokinins. A subset of tRNAs in plants and bacteria are modified with cytokinins, hypothesized to promote more efficient translation (Schweizer et al., 2017). The degradation of tRNAs is a source of cytokinins that have yet to be accounted for to understand how fas-derived cytokinins contribute to virulence (Matsubara et al., 1968; Cherayil and Lipsett, 1977; Murai et al., 1980; Kasahara et al., 2004).

Findings here also cloud the role of methylated cytokinins in the virulence of Rhodococcus. In contrast to the conclusion that all pathogenic strains have mtr1 and mtr2, we confirmed that A21d2 lacks mtr genes (Jameson et al., 2019). However, A21d2 encodes a member of the radical SAM enzyme family, and it is possible that this enzyme could contribute to the synthesis of methylated cytokinins (Zhang et al., 2012). Regardless, while levels of methylated cytokinins of plants change in response to infection, increases do not strictly correlate to infection by strains carrying homologs of genes demonstrably necessary for causing disease, or homologs of mtr genes implicated in the synthesis of methylated cytokinins (Supplementary Table S3). Strains Leaf225 and Leaf354 were originally isolated from asymptomatic Arabidopsis plants (Bai et al., 2015). Furthermore, Rhodococcus Leaf225 clusters in a clade with plant associated Rhodococcus strains in which no pathogenic isolates have been uncovered. Williamsia sp. Leaf354 is not a member of the Rhodococcus genus.

There are several examples that suggest microbe-synthesized cytokinins may have roles other than in virulence. Claviceps purpurea encodes an IPT-LOG hybrid protein and its corresponding mutant is unaffected in virulence and is altered in development (Hinsch et al., 2015). Some oncogenic plasmids of Agrobacterium carry tzs, which encodes an IPT that localizes to the bacterial membrane and has been implicated in virulence gene signaling (Aly et al., 2008; Hwang et al., 2013). Recent results showed that genes other than the IPT-encoding etz gene of Pantoea, are sufficient to cause non-pathogenic strains to elicit gall formation on plants (Lichter et al., 1995; Nissan et al., 2019). Finally, it is particularly noteworthy that cytokinins regulate development of the slime mold, Dictyostelium discoideum (Anjard and Loomis, 2008).

The att locus represents 10 of the core genes on the virulence plasmids and has been implicated in virulence (Maes et al., 2001). Inconsistent with the reported attenuated phenotype, pFiD188 carrying a non-functional att locus is sufficient to transform multiple strains of Rhodococcus into being pathogenic (Savory et al., 2017). In addition, Streptomyces turgidiscabies strain Car8 can also cause leafy galls on plants (Joshi and Loria, 2007). This strain lacks an att locus but has a cluster that includes fasR, mtr1, mtr2, and the fas genes. The strict conservation of att on the three plasmids among plant pathogenic Rhodococcus suggests either att is maintained because of physical linkage to virulence genes or there is a selective advantage to maintaining the locus. Data are consistent with the possibility that the advantage is unrelated to virulence.

The low number of functions conserved on virulence plasmids of plant pathogenic Rhodococcus is consistent with a mechanism of virulence gene cooption (Letek et al., 2010). This model predicts that horizontally acquired genes encode regulators of gene expression. They function to coopt chromosomal genes core to the genus and misregulate their expression to reprogram the recipient genome for virulence. The strongest candidate for cooptive virulence is fasR because of its necessity for virulence (Figure 2; Temmerman et al., 2000). Furthermore, the D188 and A21d2 alleles of fasR could complement either mutant, and there is potential that FasR recognizes and binds sequences that are conserved among plant associated Rhodococcus. Identifying the fasR-regulon is important and findings have potential to provide insights into the mechanisms by which virulence plasmids transition Rhodococcus to pathogens.
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FIGURE S1 | Characterization of the fasD mutants. qRT-PCR of the insertion and deletion mutants of fasD. The relative-relative expression of fasA, fasD, fasE, and fasF was determined against expression of the conserved and abundantly expressed Elongation factor Tu (Ef-Tu)-encoding gene and the corresponding gene of D188. The experiment was repeated with similar results.

TABLE S1 | Oligonucleotides used in this study.

TABLE S2 | Orthogroups containing at least one gene from two or more virulence plasmids.

TABLE S3 | TBLASTN results of Leaf str. homologs.
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Despite recent recognition of the ATP-binding cassette protein OptrA as an important mediator of linezolid resistance in Enterococcus faecalis worldwide, the mechanisms of optrA gene acquisition and transfer remain poorly understood. In this study, we performed comprehensive molecular and phenotypic profiling of 44 optrA-carrying E. faecalis clinical isolates with linezolid resistance. Pulse-field gel electrophoresis and DNA hybridization revealed the presence of optrA in the plasmid in 26 (59%) isolates and in the chromosome in 18 (41%) isolates. Conjugation experiments showed a successful transfer of optrA in 88.5% (23/26) of isolates carrying optrA in plasmids while no transfer occurred in any isolates carrying optrA in the chromosome (0/18). All 23 transconjugants exhibited in vitro resistance to linezolid and several other antibiotics and were confirmed to contain optrA and other resistance genes. Plasmid typing demonstrated a predominance (18/23,78%) of rep9–type plasmids (pCF10 prototype) known to be the best studied sex pheromone responsive plasmids. Full plasmid genome sequencing of one isolate revealed the presence of drug resistance genes (optrA and fexA) and multiple sex pheromone response genes in the same plasmid, which represents the first sex pheromone responsive plasmid carrying optrA from a clinical isolate. PCR-based genotyping revealed the presence of three key sex pheromone response genes (prgA, prgB, and prgC) in 23 optrA-carrying isolates. Finally, functional studies of these isolates by clumping induction assay detected different degrees of clumping in 17 isolates. Our analysis suggests that optrA-mediated linezolid resistance can be widely disseminated through sex pheromone plasmid transfer.
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INTRODUCTION

Enterococcus faecalis is an opportunistic pathogen that resides primarily in the gastrointestinal tract of most healthy individuals, but can cause urinary tract infections, surgical infections and even fatal infections, such as endocarditis and bacteremia (Arias and Murray, 2012; Beganovic et al., 2018). Its high-level intrinsic and acquired resistance to multiple drugs, especially vancomycin, has limited the treatment options (Mundy et al., 2000; Paulsen et al., 2003). There is a clear need to better understand the mechanisms of drug resistance and its transmission in order to develop effective strategies to monitor and control drug resistance.

Linezolid, the first member of oxazolidinone antibiotic antibacterial agents, was approved for clinical therapy in 2000 as the last-resort drug for treatment of serious Gram-positive bacterial infections, including vancomycin-resistant enterococci (VRE), methicillin-resistant Staphylococcus aureus (MRSA) and multi-drug resistant Streptococcus pneumoniae (Leach et al., 2011). The increasing prevalence of linezolid-resistant E. faecalis presents a formidable challenge to clinical treatment (Farrell et al., 2011; Deshpande et al., 2018). The common mechanisms of linezolid resistance in E. faecalis include point mutations in the chromosomal 23S rRNA gene or protein-coding genes encoding the L3 and L4 ribosomal proteins (Bi et al., 2018; Deshpande et al., 2018). Other newly identified mechanisms include the presence of plasmid-borne chloramphenicol-florfenicol resistance (cfr) gene (Schwarz et al., 2000) or ribosomal protection genes optrA (Wang et al., 2015) and poxtA (Antonelli et al., 2018).

The optrA gene encodes the ATP-binding cassette F (ABC-F) protein and mediates resistance to phenicols and oxazolidinones through protection of the bacterial ribosome from antibiotic inhibition (Wang et al., 2015; Sharkey et al., 2016). Following the first report of the optrA gene in 2015 from an E. faecalis isolate obtained from a blood sample of a Chinese patient (Wang et al., 2015), optrA has been found worldwide not only in E. faecalis and E. faecium (Cai et al., 2015; Mendes et al., 2016; Cavaco et al., 2017; Gawryszewska et al., 2017; Càmara et al., 2019; Said and Abdelmegeed, 2019; Sassi et al., 2019; Tsilipounidaki et al., 2019) but also in other Gram-positive bacteria such as Staphylococcus sciuri (Fan et al., 2016; Li et al., 2016) and Streptococcus suis (Huang et al., 2017). In addition, optrA has been detected not only in various human clinical samples but also in diverse livestock samples such as cow milk, and feces or meat from pigs, chicken and ducks (Elghaieb et al., 2019; Na et al., 2019) as well as environmental samples such as soils (Zhao et al., 2016) and urban wastewater (Freitas et al., 2017). Search of the PubMed database using optrA as the keyword in the abstract identified 2, 10, 15, 23, and 35 papers from 2015 to 2019, respectively, with the geographic origin of these reports expanded from only one country (China) in 2015 to 19 countries (from five continentals) in 2019. Such rapid, widespread dissemination of this resistance gene suggests a highly efficient dissemination capacity among animals, humans, and the environment.

Indeed, there have been reports of easy transfer of optrA-carrying plasmids at high transfer frequencies of 10–2–10–6 in vitro between E. faecalis and E. faecium (Wang et al., 2015) and between human- and pig-derived E. faecalis (Shang et al., 2019). Our previous transcriptomics (Hua et al., 2018) and proteomics (Yan et al., 2018) analyses of a linezolid-resistant E. faecalis strain P10748 consistently revealed a significant co-upregulation of optrA gene with several genes involved in mating and pheromone response, implying a localization of this gene in a sex pheromone plasmid allowing highly efficient resistance transfer. However, the location of the optrA gene and the sequences of the plasmid and chromosome of this strain have not yet been determined.

The goals of this study were to assess the distribution and transferability of the optrA gene in a case series of E. faecalis clinical isolates, determine the whole plasmid genome sequence in the linezolid-resistant E. faecalis strain P10748, and identify mechanisms behind optrA transfer. Our results suggest, for the first time, that optrA-mediated linezolid resistance can be widely disseminated through sex pheromone plasmid transfer.



MATERIALS AND METHODS


Bacterial Strains and Antimicrobial Susceptibility Testing

A panel of 44 linezolid-resistant E. faecalis isolates was obtained from the First Affiliated Hospital of Chongqing Medical University, Chongqing, China (Hua et al., 2019). All isolates showed minimum inhibitory concentrations (MICs) > 4 mg/L of linezolid as determined by the broth microdilution method following the Clinical and Laboratory Standards Institute (CLSI, 2018) recommendations. The drug resistance phenotypes and multi-locus sequence types (MLST) of all these isolates have been determined in our previous study (Hua et al., 2019; Table 1 and Supplementary Table S1). The E. faecalis ATCC 29212 isolate obtained from the American Type Culture Collection (Manassas, VA, United States) served as a quality control strain. E. faecalis JH2-2 isolate was kindly provided by Dr. Tieli Zhou (The First Affiliated Hospital of Wenzhou Medical University, China) and used as the recipient strain in conjugation experiments.


TABLE 1. Characteristics of linezolid-resistance plasmids in 26 E. faecalis isolates carrying optrA.
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Determination of the optrA Location

To determine the location of optrA, S1 nuclease-pulsed field electrophoresis (S1-PFGE) and Southern blot were performed following the methods described previously (Barton et al., 1995; Rosvoll et al., 2010). Briefly, bacterial cells harvested from fresh culture were embedded in agarose gels and then digested by S1 nuclease (TaKaRa, Dalian, China). Salmonella Braenderup H9812 chromosomal DNA was digested with XbaI (TaKaRa, Dalian, China) and used as the DNA size marker. CHEF electrophoresis was performed using the same conditions described elsewhere (Rosvoll et al., 2010). Following transfer to Hybond N + membranes (Amersham Biosciences, United States) by capillary blotting for more than 20 h, blots were hybridized with digoxigenin (DIG)-labeled optrA-specific probe using the DIG High Prime DNA Labeling and Detection Starter Kit II (Roche Applied Sciences, Germany) following the manufacturer’s instructions.



Conjugation Experiments and Detection of Resistance Genes

To examine the transferability of plasmids containing optrA, filter mating was conducted on nitrocellulose filters (0.45 μm pore size, Millipore, United States) as described previously (Werner et al., 2003). Rifampicin-resistant E. faecalis JH2-2 was used as a recipient strain and optrA-positive E. faecalis was used as a donor strain. The donor and recipient strains were cultured to the exponential growth phase (OD600 = 0.4–0.6) and then mixed at a ratio of 1:3. The mixture was shaken for 30 min and centrifuged. The pellet was placed on a filter for overnight incubation at 37°C. Transconjugants were selected on Brain Heart Infusion (BHI) agar (Solarbio, Beijing, China) supplemented with 25 mg/L of rifampin and 10 mg/L of florfenicol. Subsequently, the selected transconjugants were subjected to confirmation of the presence or absence of the optrA gene and the resistance to rifampicin and florfenicol. The use of florfenicol instead of linezolid for selecting transconjugants was based on the observation of a larger difference for florfenicol than for linezolid in MIC values (4 vs. 64 mg/L) between the donor and recipient bacteria. Approximately 20–150 colonies were obtained from each transconjugation reaction, with 2–5 of them selected for PCR analysis.

To detect the transmission of resistance in transconjugants, antimicrobial susceptibility of the transconjugants were determined as described above. The presence of known potential antibiotic resistance genes including tetM, tetL, ermB, lnuB and fexA, were screened by PCR amplification using the primers listed in Supplementary Table S2. Positive PCR products were sequenced commercially by Sangon Biotech (Shanghai, China). Resulting sequences were analyzed using MegAlign (version 7.1.0, DNASTAR, United States) and compared with reference sequences in the NCBI nucleotide database.



Plasmid Replicon Typing

On the basis of plasmid classification schemes by Jensen et al. (2010), we designed PCR primers to detect 19 different types of rep-family plasmids (rep1–11, rep13–19 and repunique) in E. faecalis transconjugants. Rep12 family was not included owing to lacking a reference strain. All samples were first screened by multiplex PCR, followed by single-locus PCR for samples that were not clearly differentiated in multiplex PCR. All positive PCR products were sequenced commercially and analyzed against sequences of known rep-families in the NCBI nucleotide database. In addition to transconjugants, the rep-types in all original isolates were also assessed by the same PCR method.



Sequencing and Analysis of the Whole Plasmid Genome in P10748 Harboring optrA

The whole plasmid genome in the E. faecalis strain P10748 was sequenced as a part of the E. faecalis genome sequencing project [U.S. National Center for Biotechnology Information (NCBI, Bethesda, MD, United States) BioProject accession no. PRJNA629062]. Genomic DNA was extracted from overnight culture using the Qiagen Plasmid Midi Kit (Qiagen, Germany) according to the manufacturer’s instructions. Five micrograms of DNA were used to construct one Illumina library and sequenced using 250 base paired-end reads on the Illumina HiSeq platform commercially (Novogene Corporation, Hong Kong). A total of 20 million reads were obtained. After removal of low-quality reads and reads for E. faecalis nuclear genome sequences (GenBank accession no. CP008816), the remaining 285,862 reads were assembled using SeqMan NGen (version 14.1.0.118, DNASTAR, Madison, WI, United States), resulting in a circular assembly of the complete plasmid genome. This assembly was validated by PCR and Sanger sequencing of multiple overlapping fragments, and by restriction mapping using NheI.

Gene prediction was conducted through a combination of multiple computational programs including GeneMarkS (Besemer et al., 2001), RAST (Aziz et al., 2008), ORF Finder1 and BLAST2.



Distribution of Key Sex-Pheromone-Response Genes in optrA-Carrying E. faecalis Isolates and Their Transconjugants

Genomic DNA was extracted from overnight cultures using the HiPure Bacterial DNA Kit (Magen, Guangzhou, China) according to the manufacturer’s protocol. The presence of three key sex-pheromone-response genes (prgA, prgB, and prgC) in the donor and transconjugant strains was determined by PCR using primers listed in Supplementary Table S2. All positive PCR products were sequenced and the resulting sequences were blasted against the NCBI nucleotide database.



Determination of Sex Pheromone Responses by Clumping Induction Assay (CIA)

Clumping induction assay (CIA) was performed as described previously (Donelli et al., 2004). Pheromone-containing filtrates were prepared from E. faecalis JH2-2 strain grown overnight in BHI broth (referred to as the recipient strain). The cells were pelleted by centrifugation, and the supernatant was filtered through a 0.22 μm filter membrane. The filtrates were autoclaved at 121°C for 20 min, and stored at 4°C before use. E. faecalis culture (from clinical isolates or their transconjugants, referred to as the donor strain) was added to pheromone-containing filtrate, followed by incubation at 37°C for 3 h with shaking. To test the type of sex pheromones involved in mating, synthetic sex pheromone cAD1 or cCF10 (Sangon Biotech, Shanghai, China) was used at the final concentration of 100 ng/ml instead of JH2-2-derived filtrates described above (Lim et al., 2006; Zheng et al., 2009). Degrees of cell clumping were semi-quantitated as titers for visible cell aggregates.



Quantification of Transfer Frequencies for Plasmid pEF10748 by Short Mating Assay

Short mating induced by the pheromone was performed as described previously (Lim et al., 2006). After 45-min pheromone induction, 0.1 ml of the donor strain (P10748) was mixed with 0.9 ml of the recipient strain E. faecalis JH2-2, followed by incubation for 15 min at 37°C. The mixture was then plated on selective plates containing 25 mg/L of rifampin and 10 mg/L of florfenicol.



RESULTS


Localization of optrA Gene in the Linezolid-Resistant E. faecalis

Among 44 linezolid-resistant E. faecalis isolates analyzed by S1-PFGE, optrA was localized on the plasmid in 26 (59%) isolates and on the chromosome in 18 (41%) isolates. The size of plasmids varied from 30 to 300 kb (Figure 1 and Supplementary Figure S1). Of the 26 isolates with optrA-carrying plasmids, 23 had a single plasmid and the remaining 3 had a co-existence of two plasmids with different sizes (Table 1).
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FIGURE 1. Determination of the location of optrA in linezolid-resistant Enterococcus faecalis isolates. (A) Representative results of S1 nuclease-pulsed-field gel electrophoresis analysis. The first lane contained XbaI-digested chromosome of Salmonella Braenderup H9812 as a DNA size marker. (B) Representative results of Southern hybridization showing the location of optrA in plasmids or chromosomes. IDs of individual isolates analyzed are indicated at the top.




Horizontal Transmission of optrA Gene

In conjugation experiments with E. faecalis JH2-2 as a recipient, positive transfer of the optrA gene was achieved in 23/26 (88.5%) E. faecalis clinical isolates with optrA-carrying plasmids. The transfer frequencies varied from 10–3 to 10–6 per donor cell. The other three isolates showed no transfer despite multiple attempts. None of the 18 isolates containing optrA in the chromosome showed positive transfer. In drug susceptibility testing of the 23 transconjugants, the MIC value of linezolid was 8–16 mg/L whereas the recipient strain was 2 mg/L. In addition, these 23 transconjugants exhibited resistance to chloramphenicol, clindamycin, erythromycin, and tetracycline compared with the recipient strain E. faecalis JH2-2 (data not shown). By PCR, in each of the 23 transconjugants we detected multiple resistance genes, including optrA (23/23, 100%), tetL (23/23, 100%), tetM (11/23, 47.8%), ermB (22/23, 95.6%), lnuB (20/23, 87.0%), and fexA (22/23, 95.6%) (Table 1). The resistance gene profiles of transconjugants were consistent with those of the donor isolates.



Detection of rep-Families in E. faecalis Transconjugants and Their Original Clinical Isolates

Four types of plasmids were identified by PCR in 20 isolates carrying optrA while other three isolates did not show any of the 19 plasmid types targeted in our study (Table 1). The dominant plasmid type was rep9 family (prototype pCF10), which was detected in 78% (18/23) of isolates. Rep1 (prototype pIP501) accounted for the second major rep-family being identified in 39% (9/23) isolates. rep7 (pIP501 prototype) and rep6 (pIP501 prototype) were detected with lower frequencies (17.4% or 4/23 and 8.7% or 2/23, respectively). Other plasmids including rep2–5 rep8, rep10–11, rep13–16, rep18–19, and the repUnique were not detected in any isolates.

The results of rep types were consistent between transconjugants and their corresponding original isolates. Of the 20 successfully typed isolates, 9 contained a single plasmid type, 9 contained a mixture of two plasmid types and the remaining 2 contained a mixture of three plasmid types (Table 1).



Distribution of Key Sex-Pheromone-Response Genes in optrA-Carrying E. faecalis Isolates and Their Transconjugants

Among the 23 original isolates and their respective transconjugants carrying optrA, 15 were PCR-positive for the prgA gene with both the original isolates and their transconjugants, 5 were positive with the original isolate only, and the remaining 3 were negative (Table 2). In PCR testing for the prgB gene, 21 were positive with both the original isolates and transconjugants, and the remaining 2 were positive with the original isolate only. In PCR testing for the prgC gene, 10 were positive with both the original isolates and transconjugants, 5 were positive with the original isolate only, and the remaining 8 were negative with both the original isolates and transconjugants. Overall, all 23 isolates were positive for at least one of the three key pheromone-response genes with either the original isolates or transconjugants; only seven isolates were positive for all three genes with both the original isolates and transconjugants. prgB was the most common gene, which was detected in all 23 original isolates.


TABLE 2. Distribution of key sex-pheromone-response genes and results of clumping assay in 23 E. faecalis isolates showing successful transfer of optrA-carrying plasmids.

[image: Table 2]Of the 18 original isolates containing a rep9 type of plasmids, all were positive for prgB, 15 were positive for prgA and 13 were positive for prgC. On the other hand, of the 5 original isolates that did not carry a rep9 type of plasmids, all were positive for prgA and prgB while only 2 were positive for prgC.



Determination of Sex Pheromone Responses by CIA

In CIA assay with synthetic pheromones cAD1 and cCF10 as inducers, 11 of 23 optrA-carrying isolates showed different degrees of clumping with at least one inducer, including three showing titers higher than 1:16 and 9 showing titers from 1:2 to 1:16 (Table 2). None of the 5 isolates without a rep9-type plasmid showed apparent clumping. In CIA assay with JH2-2 filtrates, 17 of 23 optrA-carrying isolates (all containing rep9-type plasmids) displayed aggregation with titers from 1:2 to 1:8 while the remaining 6 isolates showed no aggregation.



Quantification of Transfer Frequencies of the Plasmid pEF10748 by Short Mating

Transfer frequencies were determined by short mating assay using induced or uninduced donor E. faecalis containing plasmid pEF10748 and plasmid-free recipient E. faecalis JH2-2 (Table 3). With induced donor cells, the transfer frequency was about 10–4 per donor cell while with uninduced donor cells, the transfer frequency was about 10–8 per donor cell, supporting that the plasmid pEF10748 conferred a pheromone response. Compared to uninduced cells, pEF10748 responded to both cCF10 and cAD1 with higher transfer frequencies (∼10–6), which suggests that pEF10748 functions similarly to the pheromone-responsive plasmids pCF10 and pAD1 (Dunny et al., 1982; Clewell, 2007).


TABLE 3. Plasmid transfer frequency in E. faecalis isolate P10748 carrying sex pheromone plasmid pEF10748 based on short mating assay.
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Characteristics of the optrA-Carrying Plasmid in E. faecalis Strain P10748

De novo assembly of Illumina HiSeq data from E. faecalis P10748 resulted in a complete genome of plasmid pEF10748 containing 53,178 bp (GenBank accession no. MK993385.1). This size is consistent with the results of Southern blot (Figure 1), supporting the correct assembly of the plasmid genome. This genome has a GC content of 35%, similar to that of the E. faecalis genome. A total of 58 coding sequences (CDSs) were identified, with the majority of them encoded in the same orientation, similar to known pheromone plasmids in E. faecalis, such as pCF10 (Hirt et al., 2005) and pAD1 (Clewell, 2007). The predicted genes of all CDSs are listed in Supplementary Table S3 and Figure 2.
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FIGURE 2. Gene organization in plasmid pEF10748 from the E. faecalis clinical isolate P10748. Arrows indicate the CDSs and their transcription directions. The putative functions of CDSs are color-coded as indicated at the right.


The full-length sequence of plasmid pEF10748 was not identical to any plasmid sequences currently available in GenBank while being most closely related to plasmid pKUB3006-1 in an E. faecalis isolate reported from Japan (Kuroda et al., 2018), with 78% coverage and 99% sequence identity for a ∼42 kb region (Supplementary Table S4). Other plasmids with significant overlap to this region included pTEF1, pAD1, pMG2200, pCF10 and pTEF2 (Figure 3). All these plasmids were identified in E. faecalis from human and swine samples and contain multiple sex pheromone response genes, including traB, prgA (sea1), prgB (asa1), prgC, prgU, prgR, prgS, and prgT.
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FIGURE 3. Comparison of the sex pheromone gene cluster among known sex pheromone plasmids. Different genes are color-coded as shown in the box on the bottom. Of note, for the region shown, the gene organization in plasmid pEF10748 identified in this study is most similar to that of pKUB3006-1 reported by Kuroda et al. (2018). The bacterial origin and GenBank accession numbers of all plasmids shown are available from Supplementary Table S4.


The optrA gene in plasmid pEF10748 was surrounded by chloramphenicol/florfenicol resistance gene fexA, ISL3 transposase, Imp and IS1216E element, all of which were located in a ∼11 kb region (Supplementary Table S3 and Figure 2). This region showed highest homology (>99.9% sequence identity) to the following plasmids: pXY17, p10-2-2, p29462, p1202, and pE121 (Supplementary Table S4 and Figure 4). All these plasmids were identified from E. faecalis in China.
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FIGURE 4. Comparison of the genetic environment of the linezolid resistance optrA among different plasmids. Different genes are color-coded as shown in the box on the bottom. Of note, for the region shown, the gene organization in plasmid pEF10748 identified in this study is most similar to that of pXY17 reported by He et al. (2016). The bacterial origin and GenBank accession numbers of all plasmids shown are available from Supplementary Table S4.




DISCUSSION

In this study, we performed comprehensive molecular and phenotypic profiling of 44 E. faecalis clinical isolates with linezolid resistance through combination of PFGE, DNA hybridization, PCR-based genotyping, whole plasmid genome sequencing, antibiotic susceptibility testing, bacterial conjugation and clumping induction assay. Our results strongly suggest that optrA-mediated linezolid resistance can be widely disseminated through sex pheromone plasmid transfer.

Our conclusion on the sex pheromone plasmid transfer mechanism is supported by the following findings.

First, we detected a high prevalence of plasmid-borne optrA gene in E. faecalis clinical isolates. The proportion of isolates carrying optrA in the plasmid was slightly higher than isolates carrying optrA in the chromosome (59 vs. 41%), which is consistent with previous reports in China (Cai et al., 2015; Wang et al., 2015) and other countries (Bender et al., 2018; Deshpande et al., 2018; Sassi et al., 2019). It is well-known that plasmids can mediate fast and efficient gene transfer within and between different bacterial host species.

Second, we detected a high transferability (23/26, 88%) of optrA-carrying plasmids based on studying a case series of 26 E. faecalis clinical isolates with linezolid resistance and carrying optrA in plasmids (Table 1). This transferability was confirmed by MIC testing and PCR amplification of multiple genes (drug-resistance genes, rep genes and sex-pheromone-response genes) in all transconjugants. In addition, quantitative study of the isolate E. faecalis P10748 carrying an optrA-containing plasmid revealed a high plasmid transfer frequency (10–4). To our knowledge, this study is the largest to date to assess the transferability of optrA-carrying plasmids in clinical isolates of E. faecalis. Based on the results of drug resistance profiles (Table 1), plasmid replicon typing and distribution of key sex-pheromone-response genes (Table 2), more than a half (13 or 57%) of the 23 transconjugants showed identical patterns as the original isolates, suggesting the likelihood of transferring the same plasmid, while the remaining transconjugants (10 or 43%) showed differences in some properties (e.g., the distribution of 3 key sex-pheromone-response genes) (Table 2), suggesting the likelihood of transferring different genetic materials. Thorough confirmation of the exact transferred materials will require additional experiments such as whole chromosome and plasmid sequencing, and high-resolution PFGE coupled with probe hybridization.

Third, sequencing of the full plasmid genome in one E. faecalis clinical strain (P10748) confirmed the co-localization of optrA with almost all known sex-pheromone response genes, including the typical prgA-prgB-prgC cassette, in the same plasmid (Figure 2). Plasmids with such gene organization have not been reported previously from any optrA-carrying E. faecalis isolates. While there has been one report of two pheromone-responsive plasmids carrying optrA in E. faecalis (Shang et al., 2019), both plasmids were identified in E. faecalis isolates from pigs, with only one of them (pE508) containing a single sex pheromone gene (prgB) based on full plasmid genome sequencing.

Fourth, our plasmid typing studies demonstrated, for the first time, the abundant presence of rep9-type plasmids (prototype pCF10) in optrA-carrying E. faecalis clinical isolates (17/26, 65%, Table 1), implying a high prevalence of sex pheromone plasmids in clinical isolates. Consistent with this observation, our PCR-based genotyping revealed the presence of three key sex pheromone response genes (prgA, prgB, and prgC) in almost all optrA-carrying E. faecalis clinical isolates (Table 2). It is noteworthy that multiple rep types were detected in 10 E. faecalis isolates which showed a single plasmid in PFGE; this could be explained either by the failure in separating multiple plasmids with similar sizes due to low resolution of the PFGE gel, or by the presence of a hybrid plasmid containing multiple rep types as has been reported previously (Pavlova et al., 2002). It is also noteworthy that a single rep type was detected in two E. faecalis isolates which showed two plasmids with different sizes; this could be explained either by a potential partial degradation of the plasmid in the process of PFGE, or by the presence of two plasmids which contained the same rep gene family and may differ in other coding and/or non-coding regions. Clarification of these possibilities requires further investigation by other approaches particularly the long-read next-generation sequencing.

Fifth, our functional studies with CIA (induced by JH2-2 filtrate) detected different degrees of cell clumping in most of the 23 E. faecalis clinical isolates (17/23, 73.9%) carrying optrA in plasmids, indicating that pheromone-inducible conjugation is operational in these isolates. The absence of clumping in some of these isolates may be caused by the presence of other pheromone receptors different from those for cAD1 and cCF10 or JH2-2 infiltrate used in the CIA assay.

Finally, the hypothesis of sex pheromone-mediated transfer of optrA is further supported by our previous transcriptomics (Hua et al., 2018) and proteomics (Yan et al., 2018) studies of the E. faecalis P10748, which consistently showed that OptrA and several sex pheromone response molecules (PrgA, PrgB, and PrgY) were among the most significantly up-regulated molecules.

The plasmid pEF10748 identified in this study represents a novel plasmid for E. faecalis. In addition to the presence of optrA and multiple sex pheromone response genes described above, this plasmid contains other drug resistance and virulence determinants. The fexA gene, which confers resistance to chloramphenicol and florfenicol, is located closely to the optrA gene in pEF10748. The region containing these two drug resistance genes is flanked by two transposase genes including the IS1216 and ISL3 family transposases (Figure 2). The same gene organization has been reported in only one partially sequenced plasmid (pXY17) from an E. faecalis clinical isolate (He et al., 2016). It is likely that this organization will facilitate the movement of the resistance genes to different locations (plasmids or chromosomes) or different bacteria. This possibility awaits further investigation. In addition to drug resistance genes, CDS45 in plasmid pEF10748 encodes a putative holin-like toxin (Supplementary Table S3), which is known to function through disruption of the host cell membrane (Saier and Reddy, 2015). Whether it performs a similar function in E. faecalis awaits future investigation. Of note, a homolog to the pheromone receptor prgZ/traC was not identified in the plasmid PEF10748 despite rigorous search with different approaches. This absence has also been reported for pheromone-responsive plasmid pE211 in E. faecalis E211 (Shang et al., 2019). It is unknown how this absence affects the transfer of the plasmid pEF10748. We suspect that this absence may reduce the efficiency of plasmid conjugation, given that the transfer frequencies we observed with this plasmid appeared to much lower compared to pheromone-responsive plasmids containing prgZ/traC (Dunny et al., 1982; Lim et al., 2006) and mutant strains lacking PrgZ can still respond to the pheromone (Leonard et al., 1996).

Our finding of the integration of the optrA resistance gene into a pheromone-responsive plasmid may explain, at least partially, the increasing, wide dissemination of linezolid resistance all over the world. According to surveillance of antibiotic resistance in 2019 from, China 63 hospitals in Chongqing (unpublished data), up to 2.1% (60/2871) of E. faecalis clinical isolates have developed resistance to linezolid while no vancomycin resistance (0/2948) was detected. Although there have been reports of successful in vitro transfer of optrA-carrying plasmids from E. faecalis into vancomycin-resistant E. faecium (Wang et al., 2015), there is no report to date of clinical isolates of Enterococcus sp. showing resistance to both linezolid and vancomycin in China. Vancomycin resistance gene has also been found on pheromone-responsive plasmids (Magi et al., 2003; Lim et al., 2006; Zheng et al., 2009) though the mechanism of how the resistance is regulated by the plasmid remains unclear.

This study clearly has some limitations. The distribution of key sex pheromone response genes in clinical isolates was determined by PCR alone using total genomic DNA, which is unable to distinguish whether these genes are located in plasmids. Clarification of this question requires further studies by DNA hybridization or full plasmid genome sequencing. Despite the availability of a relative large collection of optrA-carrying plasmids, we sequenced only one of them (strain P10748), which was chosen due to our previous studies by transcriptome (Hua et al., 2018) and proteome (Yan et al., 2018) analysis. It is unknown if the remaining plasmids also carry sex pheromone response genes as well as other mobile genetic elements, why some isolates showed a single plasmid but multiple rep types, and why some isolates showed multiple plasmids but a single rep type. We anticipate that continuing decrease in next-generation sequencing cost should allow us to sequence all these plasmids as well as related chromosomes, and provide answers to these questions in the future.



CONCLUSION

This report represents the largest study of the prevalence and transferability of optrA-carrying plasmids in E. faecalis clinical isolates, and the first identification of a plasmid carrying optrA along with multiple sex pheromone response genes in clinical isolates. Our integrative molecular and phenotypic analysis strongly suggests that optrA-mediated linezolid resistance can be widely disseminated through sex pheromone plasmid transfer. Further studies are needed to determine how this transfer is regulated and what the best strategy to monitor and control the transmission is.
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In conjugative elements such as integrating conjugative elements (ICEs) or conjugative plasmids (CPs) transcription of DNA transfer genes is a prerequisite for cells to become transfer competent, i.e., capable of delivering plasmid DNA via bacterial conjugation into new host bacteria. In the large family of F-like plasmids belonging to the MobF12A group, transcription of DNA transfer genes is tightly controlled and dependent on the activation of a single promoter, designated PY. Plasmid encoded TraJ and chromosomally encoded ArcA proteins are known activators, whereas the nucleoid associated protein heat-stable nucleoid structuring (H-NS) silences the PY promoter. To better understand the role of these proteins in PY promoter activation, we performed in vitro DNA binding studies using purified H-NS, ArcA, and TraJR1 (TraJ encoded by the conjugative resistance plasmid R1). All proteins could bind to R1PY DNA with high affinities; however, only ArcA was found to be highly sequence specific. DNase I footprinting studies revealed three H-NS binding sites, confirmed the binding site for ArcA, and suggested that TraJ contacts a dyad symmetry DNA sequence located between −51 and −38 in the R1PY promoter region. Moreover, TraJR1 and ArcA supplied together changed the H-NS specific protection pattern suggesting that these proteins are able to replace H-NS from R1PY regions proximal to the transcription start site. Our findings were corroborated by PY-lacZ reporter fusions with a series of site specific R1PY promoter mutations. Sequential changes of some critical DNA bases in the TraJ binding site (jbs) from plasmid R1 to plasmid F led to a remarkable specificity switch: The PY promoter became activatable by F encoded TraJ whereas TraJR1 lost its activation function. The R1PY mutagenesis approach also confirmed the requirement for the host-encoded response-regulator ArcA and indicated that the sequence context, especially in the −35 region is critical for PY regulation and function.

Keywords: F-like plasmids, horizontal gene transfer, bacterial conjugation, type IV secretion, antibiotic resistance, gene silencing


INTRODUCTION

Horizontal gene transfer by conjugation is ubiquitous among microorganisms belonging to the kingdoms of bacteria and archaea. If a transfer competent cell harboring a mobile genetic element contacts a recipient in a suitable environment, subsequent transfer of genetic information can decisively expand the metabolic, resistance, or virulence capabilities of the recipient bacterium. In canonical conjugation systems, single-stranded DNA is transported unidirectionally by means of a cell envelope-spanning multi-protein transport complex [termed type IV secretion system (T4SS)]. The process of DNA transfer through the T4SS is ATP dependent and coupled to DNA replication. Mechanistic and structural aspects are detailed in excellent recent reviews (Wong et al., 2012; Christie, 2016; Zechner et al., 2017; Waksman, 2019). The transported DNA is usually guided by at least one protein and derived from an autonomously replicating conjugative plasmid (CP) or from an integrating conjugative element (ICE). Importantly, additional cargo genes integrated into the mobile DNA element can rapidly spread throughout bacterial populations.

Within the Enterobacteriaceae, F-like plasmids are highly prevalent and have been found to be frequently associated with a variety of cargo genes such as antibiotic, biocide, and metal resistance genes. In addition, colicin and microcin genes as well as virulence and enterotoxin genes can be present, providing advantageous traits to their hosts (Koraimann, 2018). Due to the presence of a common backbone with DNA transfer, replication, toxin-antitoxin, and partitioning genes, this group of CPs represent highly successful mobile genetic elements that spread and persist in many enterobacterial species and importantly also in pathogenic strains of Escherichia coli (for a recent review, see Koraimann, 2018). Based on a classification scheme for CPs, F-like plasmids with the classical F plasmid or the antibiotic resistance plasmid R1 belong to the MOBF12A group. They harbor conjugation genes that are phylogenetically related and share a similar arrangement (Fernandez-Lopez et al., 2016; Koraimann, 2018; Figure 1A). Nine subgroups have been defined within the MOBF12A based on the amino acid sequence variability of the DNA transfer gene activator TraJ (Koraimann, 2018).
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FIGURE 1. (A) Schematic representation of the DNA transfer region of F-like MOBF12A plasmids. DNA transfer (tra) genes are indicated by capital letters inside the boxes. oriT is the origin of DNA transfer, representing a DNA region where several DNA binding proteins such as TraM, TraY, and TraI (the relaxase-helicase) bind. nic denotes the nick site which is recognized by the relaxase for the initiation of ssDNA transfer into recipients via a T4SS. Arrows indicate known promoters. PY is the only known promoter for transcription of the approximately 35 DNA transfer operon genes. It is regulated by the indicated host and plasmid encoded proteins. H-NS acts as a silencing factor whereas both ArcA (a.k.a. SfrA, host encoded) and TraJ (plasmid encoded) are needed for activation. Transcription of the complete operon additionally requires the host encoded anti-termination protein RfaH and its recognition site ops (operon polarity suppressor). Entry/surface exclusion genes traS and traT are constitutively transcribed in plasmid carrying cells. The transcriptional terminator (red hairpin) is functional only for transcripts initiating at promotor PST. For a more in-depth discussion of DNA transfer genes and their regulation in MOBF12A plasmids, the reader is referred to a recent review (Koraimann, 2018). (B) A schematic overview of the PY promoter region of the MOBF12A prototype plasmid R1 from −241 to +156 relative to the transcription start site (+1, red arrow) of the tra operon is shown. This fragment is present in the promoter test plasmid pRSYZ4. Yellow bars with numbers indicating their location represent H-NS binding regions (I,II,III) as determined in this work. AT percentage of these regions is shown below. abs, binding site for ArcA; jbs, binding site for TraJ. These elements are also present on the 319 bp DNA fragment—termed R1PY—used for EMSA and DNase I footprinting experiments (black line above). (C) Sequence representation of the PY promoter of MOBF12A plasmids R1 (KY749247), pSLT (AE006471), and F (AP001918). To access a complete plasmid sequence in the NCBI nucleotide database (https://www.ncbi.nlm.nih.gov/nuccore), please use the accession number provided in parentheses. The non-template DNA strand is shown. abs and jbs sites as determined in this work are given above the sequences for the plasmid R1 PY promoter. The tandem repeat for ArcA binding [consensus: TGTTAA(N5)TGTTAA] is highlighted in cyan and the jbs inverted repeat sequences are highlighted in green. −10, extended −10 (TG), −35 as well as the first transcribed nucleotide (+1) are highlighted in yellow.


The ability to transport DNA from donors into recipient cells requires the expression of DNA transfer genes. A variety of regulatory mechanisms ensure that only a few cells in a genetically homogeneous population undergo this developmental process and become transfer competent. Thereby, at the population level, negative consequences of transfer gene expression are reduced without compromising horizontal gene transfer to novel hosts (Koraimann and Wagner, 2014; Stingl and Koraimann, 2017). In F-like plasmids DNA transfer genes are controlled through a network of regulatory elements ensuring that under optimal conditions only a few cells in a population—approximately 0.1 to 1%—proceed to transfer competence (Frost and Koraimann, 2010; Koraimann and Wagner, 2014). The key plasmid encoded activator that has to escape negative control is TraJ, a plasmid encoded protein. As schematically depicted in Figure 1A, TraJ and chromosomally encoded ArcA proteins are absolutely required to overcome heat-stable nucleoid structuring (H-NS) protein silencing and to activate transcription of DNA transfer genes from the main transfer operon promoter PY (Will and Frost, 2006; Wagner et al., 2013; Lu et al., 2018).

Here we characterize DNA binding characteristics of these proteins and focus on defining the binding sites in the PY promoter region of plasmid R1 (TraJR1), a conjugative resistance plasmid discovered 1963 in London in a clinical Salmonella enterica serovar Paratyphi B isolate (Datta and Kontomichalou, 1965). Originally named R7268, it was subsequently renamed R1 (Meynell and Datta, 1966). Only recently the complete sequence of this plasmid has been determined (Cox and Schildbach, 2017, accession: KY749247). In order to characterize DNA binding, purified H-NS, ArcA, and TraJR1 proteins were used in both electrophoretic mobility shift assays (EMSA) and DNase I footprinting experiments. EMSA revealed DNA binding by H-NS and TraJ with low sequence specificity, whereas ArcA binding to R1PY was highly sequence specific. In DNase I footprinting experiments, the TraJR1 binding site (jbs) in the PY promoter region was found to span the region from −51 to −38, immediately adjacent to the ArcA binding site (abs), located at −76 to −60 (see Figures 1B,C). Furthermore, TraJ and ArcA together were found to be capable of displacing the silencing factor H-NS from promoter proximal sites of the PY promoter region in vitro. In order to corroborate these findings, we mutated the proposed crucial sequence elements of the PY promoter and tested the mutants in a well-established reporter system. This approach confirmed the binding site for TraJR1 in the region −51 to −38 and revealed that specificity for binding by TraJ solely resides in this locus. Second, it confirmed the essential contribution of ArcA in PY promoter activation and finally demonstrated that the non-canonical −35 element is important for control and regulation of PY.



MATERIALS AND METHODS


Media, Growth Conditions, Bacterial Strains, Plasmids, and Oligonucleotides

LB medium (L–1: 10 g tryptone, 5 g yeast extract, 5 g NaCl) or 2xTY medium (per liter: 16 g tryptone, 10 g yeast extract, and 5 g NaCl) was used. For β-galactosidase assays, cells were grown in M9 minimal salt medium (Miller, 1972); L–1: 3 g KH2PO4, 12.8 g Na2HPO4 × 7 H2O, 1 g NH4Cl, 0,5 g NaCl, 3 g casaminoacids; 0.1 mg/mL thiamin; 0.2% glucose; 1 mM MgSO4. If appropriate, antibiotics such as 40 μg mL–1 kanamycin, 20 μg mL–1 chloramphenicol, or 50 μg mL–1 ampicillin were added. Unless otherwise indicated, cultures were grown aerated in a shaker-incubator at 180 r/min and 37°C. Cell densities (OD600) were measured in a Hitachi U5100 spectrophotometer. E. coli strains and plasmids are listed in Supplementary Table S1; oligonucleotides obtained from eurofins Genomics (Ebersberg, Germany) used in this study are listed in Supplementary Table S2.



DNA Manipulations, Cloning, Sequencing, and Sequence Analyses

DNA manipulations were done using standard techniques (Sambrook et al., 1989) or according to the manufacturers’ recommendations. PCR reactions for cloning purposes were performed using Phusion High-Fidelity DNA Polymerase (New England BioLabs). Construction of expression plasmids for TraJ (pSD1002), TraJI187T (pSD1002I187T), and H-NS (pSThns) are detailed in the Supplementary Methods section. ArcA was overproduced from plasmid pETarcA-1 (Strohmaier et al., 1998). Mutations in the R1PY-lacZ promoter test plasmid pRSYZ4 (Strohmaier et al., 1998; Wagner et al., 2013) were introduced according to a modified QuikChange protocol (Liu and Naismith, 2008; Laible and Boonrod, 2009). TraJ expressing plasmids in the R1PY promoter activation studies were the same as used previously (Wagner et al., 2013) except pJSlt2 containing the traJ gene from the Salmonella enterica plasmid pSLT. All resulting plasmids created in this study were verified by DNA sequencing using the Eurofins Genomics (Ebersberg, Germany) sequencing service. In silico construction of plasmids and sequence analysis was performed using SnapGene software.



Protein Expression and Purification

ArcA protein containing an N-terminal His6 tag was purified using the method described and activated by phosphorylation before use in EMSA and DNase I footprintig assays (Strohmaier et al., 1998). TraJ and His6-H-NS were produced and purified as described in the Supplementary Material.



DNA Fragments for EMSA and DNase I Footprinting Experiments

All DNA fragments were amplified by PCR using 5′-Cy5-labeled primers as indicated. Primers and their sequences are listed in Supplementary Table S2. R1PY DNA (319 bp) from −253 to +66 relative to the transcription start site of the tra operon containing the 3′ end of the traJ gene, the previously established ArcA-P binding site (Strohmaier et al., 1998), the predicted PY promoter (Strohmaier et al., 1998), and the 5′ end of the traY gene (Figure 1B) was amplified by PCR from E. coli harboring plasmid R1 using oligonucleotides PYTransfw, and PYTransrev1. For footprinting studies, only one of the two primers was 5′-Cy5-labeled. GZ DNA (261 bp) is a fragment generated from plasmid pGZ119EH DNA using oligonucleotides pTG-NF4-fw and pgzrev508. It roughly encompasses the tac promoter, the lac operator and the multiple cloning site of the plasmid. FPY DNA (422 bp) was generated by PCR from E. coli XK1200 (pOX38-Km) and primers F_Py_fw and F_Py_rev. It contains DNA from −393 to +29 relative to the transcription start site of the F-plasmid tra operon. Atu DNA (395 bp) was generated by PCR from Agrobacterium tumefaciens C58 using primers GroEL_Atum_fw and GroEL_Atum_rev and covers a part of the groEL gene.



EMSA

A Cy-5 labeled DNA fragment (0.5 nM) was mixed by pipetting on ice with varying concentrations of purified protein in band shift buffer (12 mM HEPES pH 7.9, 30 mM Tris-Cl pH 7.5, 60 mM KCl, 10% glycerol, 1.7 mM EDTA, 26 mM boric acid, 5 mM TCEP). Samples were placed in 0.2 mL PCR tubes; total reaction volume was 15 μL. Tubes were then transferred to a thermocycler and incubated at 30°C for 15 min. DNA and protein–DNA complexes were then electrophoretically separated on non-denaturing 6% polyacrylamide gels (PAGs; acrylamide:bisacrylamide 80:1, 2.5% glycerol, 0.07% APS, and 0.07% TEMED). Vertical electrophoresis was performed in Hoefer Mighty Small II chambers with TBE buffer (100 mM Tris base, 100 mM boric acid, 2.5 mM EDTA pH 8.3) with 20 mA at 4°C for 30–45 min. After disassembly of the electrophoresis unit, the gel was scanned using a Typhoon 9400 scanner (GE Healthcare). For image analysis and estimation of the dissociation constant, the Quantity One software (Bio-Rad) was used. Each band shift experiment was performed at least twice.



DNase I Footprinting

For the DNase I footprint experiment, the same 319 bp R1PY DNA fragment as described for EMSA experiments was used with the exception that only one DNA strand was Cy5-labeled. Binding reaction mixtures (50 μL total volume) contained 50 mM Tris-Cl pH 7.2, 100 mM KCl, 10% glycerol, 30 ng of PY DNA, and varying concentrations of TraJ, ArcA-P, or H-NS. To allow protein–DNA complex formation, PY DNA and proteins were incubated for 20 min at 4°C and 2 min at 25°C. 50 μL of a 10 mM MgCl2, 5 mM CaCl2 solution were added and incubated for 1 min. To digest the DNA 0.1 U DNase I (1 U/μL) (Fermentas) were added directly to the protein-DNA mixes and incubated for 2 min. The reaction was terminated with 90 μL stop solution (20 mM EDTA, 200 mM NaCl, 1% SDS, 250 μg/mL herring sperm DNA). DNA was precipitated by adding 2.5 volumes of ethanol (96%) and incubation for 3 h at −70°C. Precipitates were sedimented by centrifugation (15,000 × g, 10 min, RT), washed with 70% ethanol, and centrifuged as before. After removal of the supernatant, the pellets were air-dried and resuspended in 10 μL formamide loading dye (Thermo Sequenase Primer Cycle Sequencing Kit, GE Healthcare), denatured for 10 min at 95°C, and separated on a 8% polyacrylamide sequencing gel (ReproGelTM, High resolution, GE Healthcare) in an Alf Express Sequencer (GE Healthcare). The sequencing reactions of the PY DNA fragment were done with the Thermo Sequenase fluorescent-labeled Primer Cycle Sequencing Kit (GE Healthcare) using 200 ng of DNA and Cy-5 labeled primer PYTransfw or PYTransrev1. Data were analyzed using the AlfWin Sequence Analyzer software (Amersham Pharmacia Biotech).



R1PY Promoter Activation Tests

For these tests, E. coli MC4100 co-transformed with the PY promoter test plasmid pRSYZ4 (carrying a R1PY-lacZ fusion) and traJ expressing plasmids (pJR1 or pJF or pJSLT2) or a vector control plasmid (pGZNSO2) were assayed for β-galactosidase activity. Promoter activation tests were similarly performed with derivatives of pRSYZ4 created by site specific mutagenesis. β-galactosidase assays were performed essentially as described previously (Wagner et al., 2013) and according to an Open Wetware protocol1 (last accessed 28/02/2020). Details of the procedure can be found in Supplementary Material.



RESULTS


Binding of H-NS ArcA, and TraJ to R1PY DNA

In a previous study, we could show that H-NS is involved in silencing tra gene expression of plasmid R1 in vivo (Wagner et al., 2013). We therefore set up experiments to investigate direct H-NS binding to a fluorescently labeled DNA fragment containing the R1 PY promoter (R1PY DNA, 319 bp, 62% AT) as shown in Figure 1B. This DNA fragment was incubated with increasing concentrations of purified H-NS protein and the resulting DNA–protein complexes were separated electrophoretically on a non-denaturing PAG. As can be seen in Figure 2A, H-NS bound to R1PY with high affinity producing a distinct complex visible at protein concentrations between 30 and 250 nM H-NS. Higher H-NS concentrations shifted the DNA to the top of the gel. We estimated an apparent dissociation constant Kd of 15 nM. However, as is clearly obvious from Figure 2C, H-NS also bound to a control DNA fragment (GZ DNA, 261 bp, 49% AT). For a direct comparison in the DNA binding behavior, we performed binding studies using the same DNA fragments with phosphorylated ArcA protein (ArcA-P). The results are shown in Figures 2B,D. Binding of ArcA-P to R1PY with apparent Kd of 60 nM is highly specific. ArcA-P only bound to R1PY containing the abs site shown in Figure 1C but not to the GZ fragment which does not contain a binding motif for ArcA.
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FIGURE 2. Binding of H-NS and ArcA-P (phosphorylated ArcA) to R1PY (319 bp, 62% AT, see Figure 1B) and control (GZ, 261 bp, 49% AT) DNA fragments. Electrophoretic mobility shift assays (EMSAs) were performed with the indicated fluorescently Cy5-labeled ds DNA fragments (0.5 nM) and purified proteins using the indicated protein concentrations (np: no protein present). Formed DNA–protein complexes were electrophoretically separated using non-denaturing polyacrylamide gels (PAGs) from free DNA and visualized by fluorescence imaging. Free DNA fragments are indicated at the bottom of the gels. Complexes appear as distinct bands, smear, or are retained in the gel slots. To increase perceptual contrast, images were inverted (gray fluorescence signal on a white background). (A) EMSA with purified H-NS protein and R1PY DNA. High affinity binding in with an apparent dissociation constant (Kd) of about 15 nM can be observed. (B) EMSA with ArcA-P protein demonstrates binding of ArcA-P to R1PY with Kd of 60 nM. (C) H-NS binds to both R1PY and GZ DNA. (D) ArcA-P is highly specific and only binds to R1PY which contains the abs tandem repeat sequence as depicted in Figure 1C.


In a second series of band shift experiments (Figure 3), we wished to investigate the DNA binding properties of TraJR1 which has been identified as an essential activator of the PY promoter and tra operon transcription of plasmid R1 (Wagner et al., 2013). As can be seen in Figure 3A, purified TraJR1 bound to R1PY DNA; however, no distinct DNA–protein complexes appeared except that at concentrations > 500 nM TraJR1 R1PY DNA is shifted to the top of the gel. The apparent Kd was estimated to be 250 nM for binding of TraJR1 to R1PY DNA. Importantly, the only protein found by mass spectroscopy in the top shifted band was TraJR1 (data not shown). Thus, we exclude the presence of contaminating DNA binding proteins in our TraJ protein preparations. We previously identified a loss-of-function mutant of TraJR1 (I187T); furthermore, ChIP experiments suggested that this mutant had severely disturbed the DNA binding capability (Wagner et al., 2013). Consistent with these findings, purified TraJR1 (I187T) displayed a considerably weaker DNA binding activity with an apparent Kd of 750 nM (Figure 3B). To investigate the specificity of TraJR1 DNA binding, we performed several DNA binding experiments. As can be seen in Figure 3C, TraJR1 also bound to FPY and Atu DNA fragments which do not contain the jbs recognition sequence (Figure 1C). However, quantitation of the remaining free DNA in relation to total DNA at 500 nM TraJR1 revealed only 17% in case of R1PY, whereas there were 34 or 28% in case of FPY or Atu fragments, respectively. This result suggested that TraJR1 bound with a higher affinity to R1PY (319 bp) when compared to FPY (422 bp) or a DNA fragment from A. tumefaciens (Atu, 395 bp). In another approach, TraJR1 binding was investigated using two different DNA fragments (R1PY and GZ) simultaneously. Although not a strikingly clear difference (compare ArcA-P binding to the same fragments, Figure 2D), there is a slight preference for the R1PY fragment (Figures 3D,E). We finally found that pre-incubation of the DNA fragments (R1PY and GZ) with 250 nM ArcA-P increased TraJR1 preference for R1PY DNA (Figures 3F,G). Taken together, these results suggest that TraJR1 has a DNA binding activity which is stronger when the cognate jbs site is present and that ArcA-P binding could direct TraJR1 toward the DNA containing jbs next to abs.
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FIGURE 3. EMSAs with various proteins and DNA fragments to characterize TraJR1 binding to DNA. Binding studies were analyzed as described in Figure 2. np, no protein added. (A) TraJR1 binds to R1PY DNA. No distinct DNA–protein complexes can be seen. The Kd is estimated from this EMSA is 250 nM. At concentrations > 500 nM R1PY DNA is shifted to the gel slot. (B) An activation deficient TraJR1 mutant (I187T) displays a considerably weaker DNA binding activity with an apparent Kd of 750 nM. (C) Comparison of TraJR1 binding to different DNA fragments. TraJR1 binds with higher affinity to R1PY (319 bp) when compared to FPY (422 bp) or a DNA fragment from Agrobacterium tumefaciens (Atu, 395 bp). (D) Simultaneous binding of TraJR1 to R1PY and a control fragment (GZ). TraJR1 binds with higher affinity to R1PY when compared to a control DNA. (E) The percentage of free R1PY DNA and GZ DNA from D was calculated and graphically represented relative to the DNA fluorescence of the respective fragment without protein. (F) Pre-incubation of the DNA fragments (R1PY and GZ) with 250 nM ArcA-P increases TraJR1 preference for R1PY DNA. (G) The percentage of R1PY DNA bound to ArcA-P or free GZ DNA from F was calculated and graphically represented relative to the DNA fluorescence of the respective fragment without addition of TraJR1. The difference between TraJR1 binding to R1PY-ArcA-P versus binding to GZ when compared to E is clearly increased. rfi: relative fluorescence intensity.




H-NS and TraJR1 Binding Sites in the PY Promoter Region of Plasmid R1

Binding of ArcA-P to the R1 PY promoter region has been determined earlier by DNase I footprinting (Strohmaier et al., 1998) and clearly demonstrated that ArcA-P can bind to the abs site indicated in Figure 1C. To determine the binding sites for H-NS and TraJR1, we again performed DNase I protection assays using the 319 bp R1PY DNA fragment either fluorescently labeled on the top (non-coding) or bottom (coding) strand. The result of such an experiment is shown in Figure 4 where the binding regions for H-NS appear as three distinct regions with reduced band intensities when compared to the control DNase I digest without protein. These regions are labeled H-NS I (−184 to −157, 81% AT), H-NS II (−126 to −78, 77% AT), and H-NS III (−69 to + 4, 66% AT). The banding pattern changes when proteins ArcA-P and TraJR1 are additionally present (lane A + J + H in Figure 4), suggesting a replacement of H-NS by ArcA-P and TraJR1. The binding sites for ArcA-P and TraJR1 are indicated in Figure 4 and correspond to abs and jbs sequence motifs shown in Figure 1C.
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FIGURE 4. DNase I footprinting of the R1PY dsDNA fragment with the non-template strand fluorescently labeled reveals binding sites for H-NS, ArcA-P, and TraJR1 in the R1PY promoter region. Lanes A, C, G, and T are products of sequencing reactions with some of the bases indicated on the left side of lane A. np, DNA fragments obtained with DNase I digestion. H, DNA fragments obtained with 0.2 μM H-NS before DNase I digestion. Three distinct regions with reduced band intensities are indicated by yellow bars. H-NS protected regions are indicated on the left side and correspond to three AT rich regions as shown in Figure 1B. Last lane shows DNase I fragments obtained in the presence of ArcA-P (0.4 μM), TraJR1 (5 μM), and H-NS (0.2 μM). The resulting change in the banding pattern suggests a replacement of H-NS from binding site III and partially from binding site II. Note the appearance of an additional prominent band between −35 and −10 regions in the PY promoter (indicated by an asterisk). abs, binding site for ArcA-P; jbs, binding site for TraJR1.


To better define the binding site for TraJR1 further DNase I footprinting experiments were performed with increasing TraJR1 concentrations, ArcA-P alone and TraJR1 together with ArcA-P. As shown in Figures 5A,D (top strand labeled) TraJR1 protected from DNase I cleavage at positions A-57 and C-90. Protection of C-90 by TraJR1 indicates a secondary binding site in R1PY which is located outside the proposed jbs recognition site. This can be attributed to the sequence independent DNA binding activity of TraJR1 which was also evident in the band shift experiments. ArcA-P protected T-74. Positions A-57 and T-74 are consistent with the proposed jbs and abs recognition sites, respectively. Addition of both proteins produced a protection pattern indicating simultaneous DNA binding of TraJR1 and ArcA-P. On the bottom strand TraJR1 protected from DNase I cleavage at position A-42. ArcA-P protected at T-72 and A-76 (Figures 5B,C). Again, these positions are consistent with the proposed jbs and abs motifs. From these results, we deduce that the recognition site for TraJR1 (jbs) in the R1PY promoter extends from −51 to −38 and includes the imperfect inverted repeat sequence CGCCAATTTTGGCG with two non-palindromic bases (TT) in the center. Incubation of R1PY DNA with ArcA-P alone resulted in the expected protection of the direct repeats TGTTAAGTAAATGTTAA from −76 to −60. Binding of ArcA-P to this site has been shown by our group previously (Strohmaier et al., 1998). This sequence closely resembles the proposed recognition matrix for ArcA-P in E. coli (Liu and De Wulf, 2004; Park et al., 2013). In addition, the sequence motif is highly conserved in PY promoter sequences of F-like plasmids.
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FIGURE 5. DNase I protection pattern by TraJR1 and ArcA-P obtained on R1PY DNA. R1PY DNA fluorescently 5′-labeled on the non-template (A) or the template (B) strand was incubated with proteins as indicated and subsequently digested with DNase I. The resulting DNA fragments were separated on a denaturing PAG. A gel-like image of the detected fluorescence signals is shown in A,B. Lanes A, C, G, and T are products of sequencing reactions. For orientation, some bases are indicated on the left side of lane A, respectively. Proteins were added before DNase I digestion as follows: J: TraJR1 0.5, 2, or 5 μM; A: ArcA-P 0.27 or 0.55 μM. J + A: TraJR1 + ArcA-P, 2 and 0.27 μM, respectively. np, no protein added before DNase I digestion. A: TraJR1 protects from DNase I cleavage at positions A-57 and C-90. ArcA-P protects T-74. Positions A-57 and T-74 are consistent with the proposed jbs and abs recognition sites as shown in C, respectively. Addition of both proteins produces a protection pattern indicating simultaneous DNA binding of TraJR1 (indicated by a green bar) and ArcA-P (magenta bar). (B) TraJR1 protects from DNase I cleavage at position A-42. ArcA-P protects T-72 and A-76. These positions are consistent with the proposed jbs and abs regions as shown in C, respectively. Addition of both proteins produces a protection pattern indicating simultaneous DNA binding. (C) DNA sequences of non-template (top) and template (bottom) DNA strands from the R1PY promoter region (−76 to −7). The proposed abs (−76 to −60) and jbs (−51 to −38) sites are indicated above the sequence. Open triangles indicate bases protected by ArcA-P and filled triangles represent ArcA-P induced DNase I cleavage sites. Open circles indicate bases protected by TraJR1 and filled circles represent TraJR1 induced DNase I cleavage sites. + 1: transcription start site as determined by reverse transcription of tra mRNA, −10: −10 region of the PY promoter, TG: extended −10 motif. (D) Curve view of DNase I footprinting experiment shown in A. Proteins were added as indicated. np, no protein added before DNase I treatment.




PY Promoter Sequence Requirements for TraJ Activation

The in vitro results demonstrated that TraJR1 can bind to DNA. Based on the above described preference for jbs containing DNA and the DNAse I footprinting data, we concluded that TraJR1 specifically recognizes an inverted repeat sequence in the PY promoter including bases from −51 to −38 in the R1PY promoter region. This is consistent with previous results of ChIP experiments where we could demonstrate specific in vivo binding of TraJR1 to the R1PY DNA (Wagner et al., 2013). We also noted that sequences in the PY promoter region between different subclasses of F-like plasmids differ as do the cognate TraJ proteins (Wagner et al., 2013; Koraimann, 2018). To verify the jbs recognition sequence and to demonstrate subclass-specific activation of the PY promoter of F-like plasmids, we systematically mutagenized the jbs site in the R1PY promoter and tested its activation by TraJ proteins from plasmid R1, pSLT, or F. The mutations shown in Figure 6A were introduced in the promoter test plasmid pRSYZ4 in which the R1PY promoter is fused to the lacZ reporter gene. β-Galactosidases assays were performed to evaluate basal promoter activity (with a vector control plasmid) and its activation by the above mentioned TraJ proteins. As can be seen in Figure 6B, there was a very low basal expression level from the R1PY promoter which could be induced by both TraJR1 and TraJpSLT but not by TraJF. In the fully stimulated promoter expression was about 6.5-fold to 8-fold higher than the basal expression. The mutation of three bases (m1) in jbs did not change the basal expression level but completely abolished activation by TraJR1 showing that these bases in jbs are absolutely essential for recognition by TraJR1. There was no activation by TraJF. Further sequential mutations toward the F jbs did not change this phenotype dramatically (m4, m41). However, finally, mutants with an almost completely changed jbs sequence (m42, m43) displayed a specificity switch. The PY promoter in these mutants was activated by TraJF and not by TraJR1. We also observed an approximately twofold increase in the basal PY promoter activity in mutant m43 which could be activated by TraJF fourfold (Figure 6).
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FIGURE 6. Determination of important sequence elements in the R1PY promoter for activation by TraJR1. Successively introduced mutations switch recognition specificity to TraJF. (A) Sequences showing sequentially created site specific mutations in R1PY. Top line shows the R1PY wt sequence with the abs and jbs sites indicated above. Bottom line shows FPY wt sequence with bases that differ from R1PY in bold letters. (B) β-Galactosidase assays with bacterial cells harboring a R1PY-lacZ promoter-test plasmid and a second compatible plasmid IPTG-inducible for expression of traJ from plasmids R1 (JR1), F (JF), or pSLT (JSlt2); vc, vector control (no traJ). IPTG (inductor): +(added), −(not added). Mean values and standard deviations were calculated from at least three independently carried out experiments with two technical replicates for each experiment. P-values (paired t-test): **P < 0.01; ***P < 0.001.


Another series of mutations was introduced into the R1PY promoter to investigate the effects of exchanges in abs and the −35 region (Figure 7). In the m6 mutation in which the second TGTTAA ArcA recognition motif in abs is changed to TCATAA, we observed a reduced basal expression level (approximately 50% of the wt promoter) and a complete loss of its activation by TraJR1. This is consistent with earlier R1PY promoter activity determinations using arcA mutant strains (Wagner et al., 2013). Interestingly, there is some promoter activation by TraJpSLT which is probably due to a somewhat higher expression of this protein variant (data not shown). The −35-region mutant (TTTTTT to TTGATT) unexpectedly led to a complete different of the R1PY promoter behavior. First, the basal expression level was higher than from the wt promoter in the fully induced state, second, there was no observable induction by TraJ, and third, there was no more dependence on ArcA since the abs site mutation had no effect on the high expression level. Thus, by introducing just two bases making the −35 sequence more similar to the canonical −35 recognition sequence (TTGACA) which is contacted by region 4 of the σ70 subunit of the RNA polymerase converted the R1PY promoter into a constitutive and completely deregulated promoter.
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FIGURE 7. Determination of the role of abs and the non-canonical −35 region in the R1PY promoter. (A) Top line shows the R1PY wt sequence with the abs and jbs sites indicated above. Mutations tested in β-galactosidase assays are shown in the R1PY sequence context and highlighted in red. (B) β-Galactosidase assays with bacterial cells harboring a R1PY-lacZ promoter-test plasmid and a second compatible plasmid IPTG-inducible for expression of traJ from plasmids R1 (JR1), F (JF), or pSLT (JSlt2). vc: vector control (no traJ). IPTG (inductor): +(added), -(not added). Mean values and standard deviations were calculated from at least three independently carried out experiments with two technical replicates for each experiment. P-values (paired t-test): ***P < 0.001.




DISCUSSION

Expression of the tra operon is an absolute requirement for bacteria carrying CPs to develop transfer competence. Only transfer competent cells which usually only represent a minor subpopulation of plasmid harboring cells can actively transfer DNA into recipients and thereby spread genes horizontally in bacterial populations. Intricate genetic regulatory networks ensure that transfer genes are expressed only under optimal conditions (Frost and Koraimann, 2010; Koraimann and Wagner, 2014; Stingl and Koraimann, 2017). Here, we investigated the molecular basis of tra gene activation of the classical antibiotic resistance plasmid R1 which belongs to a large family of F-like plasmids, also categorized as MOBF12A (Fernandez-Lopez et al., 2017). The performed experiments are based on a previous study where we genetically characterized the contribution of hns, arcA, and traJ on silencing and activating DNA transfer and type IV secretion genes of plasmid R1 (Wagner et al., 2013). H-NS binding to the R1PY promoter DNA could be directly shown by EMSA and DNase I footprinting experiments. As expected, DNA binding by H-NS was not specific for the R1PY promoter but also bound to a control DNA fragment in the EMSA with a lower AT content. However, the observed apparent Kd with the R1PY fragment was very low (15 nM) and comparable to DNA fragments containing nucleation sites for H-NS such as csgD or proU promoters (Bouffartigues et al., 2007; Gulvady et al., 2018). In the DNase I protection experiment, we identified three AT binding regions in the R1PY promoter region (H-NS I, H-NS II, and H-NS III). Due to their high AT content of 81 and 77%, the first two could serve as nucleation sites since this high AT content represents the documented preferred composition of H-NS targets in vivo (Navarre et al., 2006). Our results are fully consistent with the proposed silencing role of hns in tra gene expression of plasmid R1 (Wagner et al., 2013).

Counter-silencing functions of the known activators of tra gene expression ArcA (the response regulator of the ArcAB two component system) and TraJ, requires displacement of H-NS from at least the H-NS III binding region which could facilitate RNA polymerase access to −35 and −10 regions of the PY promoter. In vitro binding of ArcA-P and in vivo activation functions have been established earlier suggesting that these proteins could help clearing the promoter from H-NS and recruiting RNA polymerase (Strohmaier et al., 1998; Wagner et al., 2013). The EMSA results confirmed specific ArcA-P binding the R1PY promoter, in addition TraJR1 bound to DNA but only with a slight preference for R1PY DNA. DNase I footprinting analysis nevertheless revealed a protection pattern for TraJR1 that is consistent with the proposed jbs site with the inverted repeat sequence located between −51 and −38 and confirmed ArcA-P binding immediately next to TraJR1 to two direct repeats from −76 to −60. The TGTTAA hexamer represents the core of the ArcA sequence motif with the highest conservation. In most E. coli ArcA regulated promoters, two or three direct repeats of these ArcA boxes are found (Park et al., 2013). Since the simultaneous addition of both proteins can change the protection pattern of H-NS in a way that suggests replacement of H-NS by ArcA and TraJ from binding site III and partially from binding site II (Figure 4), we propose that such a mechanism is responsible for the observed in vivo activation of R1PY by ArcA and TraJ. Phosphorylated ArcA may be responsible for a first counter-silencing activity and opening the PY promoter for TraJ activator binding in a second step. It has similarly been shown that the SsrB response regulator of S. enterica can replace H-NS from type III effector gene promoters in SPI-2 required for intracellular growth and maintenance of this pathogen (Walthers et al., 2011). A cooperative activity of TraJF and ArcA has also recently been proposed to mediate activation of the FPY promoter which is also silenced by H-NS (Will and Frost, 2006; Rodriguez-Maillard et al., 2010; Lu et al., 2018). The results of our promoter mutagenesis studies fully supported the idea that counter-silencing in the R1PY promoter requires ArcA since when only two bases in the second ArcA box hexamer were exchanged (from TGTTAA to TCATAA), together with a lower basal activity, induction of the R1PY promoter was virtually abolished. On the other hand, silencing required a non-canonical −35 hexamer (TTTTTT) which when mutated to TTGATT completely disrupted silencing an converted the mutant promoter into a constitutive promoter independent of both ArcA and TraJ. We envision that this mutation disrupts binding of H-NS in H-NS III of the R1PY promoter and at the same time allows binding of the RNA polymerase holoenzyme (with σ70) to productively initiate transcription from R1 PY.

Although the role of the plasmid encoded activator protein TraJ is well established, the exact mechanism how TraJ acts at the molecular level is still unclear. Whereas the EMSA experiments showed DNA binding with an apparent dissociation constant Kd of about 250 nM only revealed a weak preference for R1PY fragment which was somewhat enhanced by ArcA. Clearly, as shown in the DNase I footprints, TraJ was able to bind next to ArcA in the R1PY promoter. However, there was also a prominent protected band outside the TraJ recognition motif jbs suggesting binding to DNA outside of jbs (C-90 in Figure 5). Unspecific DNA binding was also observed in the band shift experiments and is possibly due to our in vitro conditions which do not reflect the true in vivo situation. Weak DNA binding and low specificity have also been observed for TraJF binding to the FPY promoter; in addition, the authors of that study suggested a cooperative binding mode without a direct protein-protein interaction (Lu et al., 2018). Our findings that ArcA-P binding to R1PY DNA somehow enhanced TraJR1 binding to jbs containing DNA is consistent with this notion. Although we observed no direct protein-protein interaction between TraJR1 and ArcA (data not shown), cooperativity between ArcA and TraJR1 could also be an important aspect of R1PY activation. Furthermore, results of several experiments suggest a direct interaction of TraJ with RNA polymerase (G. Koraimann, unpublished observations). Such a complex may strongly enhance affinity and sequence specificity. Investigations to better understand the interaction and complex formation between TraJ and the RNA polymerase of E. coli are currently ongoing in our laboratory.

In stark contrast to the in vitro observations are the results of R1PY promoter mutations in jbs and the effects of these mutations on the activation potential by TraJR1 or TraJF. The sequence identity between these two TraJ variants is only 18%—explaining the observed specificity of these activators, which means that TraJR1 activates only the R1PY promoter whereas TraJF only functions to activate the FPY promoter containing the cognate jbs site (Wagner et al., 2013; Lu et al., 2014). Based on TraJ sequence variations within the MOBF12A family of F-like plasmids, nine subgroups have been recently proposed, presumably resulting in a subgroup-specific activation of the PY promoter (Koraimann, 2018). Two groups that share a rather high identity in the TraJ protein sequence (73%) are the R1 subgroup and the pSLT subgroup. As we demonstrate here, TraJR1 and TraJpSLT are exchangeable. Furthermore, there are only a few bases that differ in the respective promoter sequences (Figure 1). Exchanges of these bases, mostly outside of jbs did not affect silencing nor activation by TraJR1 or TraJpSLT (Supplementary Figure S1). However, when jbs in R1PY was mutated in only three positions of the inverted repeat sequence, we immediately observed a loss of activation by TraJR1 indicating that recognition by TraJ in vivo is extremely specific. After a series of mutations toward the jbs sequence in FPY, we finally observed a specificity switch, as the promoter was activated by TraJF and not by TraJR1. This result shows that the sole determinant for recognition by TraJ resides in the identified jbs sequence.
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Conjugative transfer of bacterial plasmid is one of the major mechanisms of horizontal gene transfer, which is mediated by direct contact between donor and recipient cells. Gene expression of a conjugative plasmid is tightly regulated mostly by plasmid-encoded transcriptional regulators, but it remains obscure how differently plasmid genes are expressed in each cell during the conjugation event. Here, we report a comprehensive analysis of gene expression during conjugative transfer of plasmid RP4, which is transferred between isogenic strains of Pseudomonas putida KT2440 at very high frequency. To discriminate the expression changes in the donor and recipient cells, we took advantage of conjugation in the presence of rifampicin (Rif). Within 10 min of mating, we successfully detected transient transcription of plasmid genes in the resultant transconjugant cells. This phenomenon known as zygotic induction is likely attributed to derepression of multiple RP4-encoded repressors. Interestingly, we also observed that the traJIH operon encoding relaxase and its auxiliary proteins were upregulated specifically in the donor cells. Identification of the 5′ end of the zygotically induced traJ mRNA confirmed that the transcription start site of traJ was located 24-nt upstream of the nick site in the origin of transfer (oriT) as previously reported. Since the traJ promoter is encoded on the region to be transferred first, the relaxase may be expressed in the donor cell after regeneration of the oriT-flanking region, which in itself is likely to displace the autogenous repressors around oriT. This study provides new insights into the regulation of plasmid transfer processes.
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INTRODUCTION

Plasmids are extra-chromosomal genetic elements that replicate autonomously by plasmid-encoded elements in cooperation with the host cell chromosome and are vertically inherited by cell division through active partitioning, multimer resolution, and post-segregational killing mechanisms. They can also be propagated horizontally by conjugative transfer through direct contact between donor and recipient cells (Thomas and Nielsen, 2005). In Gram-negative bacteria, plasmids are replicated commonly by the theta replication system during vegetative growth and also by the rolling-circle replication (RCR) system during conjugative transfer (Willetts and Wilkins, 1984; Waters and Guiney, 1993; Lanka and Wilkins, 1995; Llosa et al., 2002; de la Cruz et al., 2010). The origins of the two modes of plasmid replication are designated as oriV and oriT, respectively.

Self-transmissible plasmid is equipped with a conjugative transfer system mainly composed of a DNA processing machinery for transfer and replication (Dtr) and a type IV secretion system (T4SS) for mating pair formation (Mpf), the latter of which is embedded in membranes of a donor cell and penetrates into a recipient cell (Lawley et al., 2004; Cabezón et al., 2015; Waksman, 2019). A conjugative plasmid prepares for transfer through an assembly of protein complexes called relaxosome at the origin of transfer (oriT) region and then cleavage of the double-stranded plasmid DNA by relaxase, a class of the HUH endonuclease superfamily (Chandler et al., 2013). The relaxase specifically cleaves the nick site (nic) in oriT using a tyrosine residue in its catalytic transesterase domain, which covalently binds with the 5′-end phosphate of the transfer strand. The relaxase is recruited to the T4SS by a coupling protein, and both the relaxase and the single-stranded DNA (ssDNA) are transported unidirectionally with a 5′ to 3′ polarity from the donor to the recipient through the same T4SS conduit (Waksman, 2019). As the transfer strand is transported, both replacement and complementary strands are synthesized in the donor cell and recipient cell, respectively, yielding two copies of plasmid.

RP4 is the representative broad-host-range (BHR) self-transmissible plasmid belonging to IncP-1α incompatibility group whose sequence has been completed in 1994 (Pansegrau et al., 1994a). The life cycle of RP4 is largely independent of host factors, and its gene expression is regulated by a complex transcriptional circuit composed of autogenous transcription factors, namely, the global regulators KorA, KorB, KorC, and TrbA that bind at multiple sites on RP4 and the local DNA binding proteins such as TraJ and TraK (Thomas, 2000; Bingle and Thomas, 2001). The nature of negative regulation implies a transient expression of plasmid genes during conjugative transfer until the repressors reach a sufficient level in a new host cell (Thomas, 2000, 2006), but the actual range of induction has not been shown experimentally.

Transcriptomic analyses have revealed unprecedented aspects of plasmid biology, especially in crosstalks between plasmids and chromosomes (Nojiri, 2013; Vial and Hommais, 2020). We have been studying the impact of plasmid carriage on the regulatory network of host bacteria through plasmid-encoded elements (Miyakoshi et al., 2007; Shintani et al., 2010). Our studies have led to the discovery of a chromosomal ParA ATPase homolog that is encoded in a genomic island resided in P. putida strain KT2440 and inhibits the partitioning of a specific class of plasmid (Miyakoshi et al., 2007, 2012). A comparison of plasmid transcriptomes in several host bacteria have also shown that expression of plasmid genes is variable depending on the host genetic background (Miyakoshi et al., 2009; Shintani et al., 2011). By using the promiscuous plasmid RP4, we expected to detect drastic expression changes of plasmid genes in much broader range of host strains.

Originally proposed in Jacob and Wollman (1956), zygotic induction is the transient transcriptional activation that takes place in the early stages of conjugative transfer in recipient cells (Bagdasarian et al., 1992; Jones et al., 1992). This phenomenon is attributed to either stimulation of single-stranded promoters on the transfer strand, which are silenced by synthesis of the complementary strand (Masai and Arai, 1997; Bates et al., 1999) or derepression of plasmid genes in a shortage of plasmid-specified repressors. Taking advantage of RNA polymerase inhibitor rifampicin (Rif), the pioneering study in ColIb-P9 conjugative plasmid has detected zygotic induction of plasmid genes in recipient cells (Althorpe et al., 1999). These studies prompted us to comprehensively analyze temporal RNA products during conjugative transfer in vivo. To this end, we performed transcriptome analysis of the very efficient self-transmissible plasmid RP4 in the mating between rifampicin-resistant (RifR) and -sensitive (Rifs) strains, and successfully showed not only the zygotic induction in de novo transconjugant cells but also the expression of relaxosome components in the donor cells during conjugative transfer.



MATERIALS AND METHODS


Bacterial Strains

Pseudomonas putida strain KT2440 (ATCC47054) was used as the host of plasmid RP4. P. putida strain KT2442 is a spontaneous RifR mutant of KT2440, whose rpoB gene acquired an A to G mutation at the 1,553rd nucleotide (Gln518Arg).

Bacterial cells were aerobically grown in LB medium at 30°C. The following antibiotics were added to the media: kanamycin (Km, 50 μg/ml), rifampicin (Rif, 100 μg/ml). For plate cultures, the above media were solidified with 1.5% agar (wt/vol).



RNA Extraction From Conjugating Cells

Each donor or recipient strain grown overnight was inoculated into a fresh 5-ml LB medium by 100-fold dilution. The cells grown to stationary phase (OD600 of 2.0) were harvested by centrifugation and resuspended into 500 μl of LB medium containing Rif. After mixing the donor and recipient cells in combinations of RifR and RifS isogenic strains, 100 μl of each mixture was immediately spotted on a sterile cellulose acetate membrane filter with 0.45-μm pore size (Advantec), which was placed onto LB agar plate containing Rif to allow the cells to conjugate at 30°C for 10 min. As controls, we spotted each donor or recipient cells separately on membrane filters, which were separately placed onto LB agar plate containing Rif and incubated at 30°C for 10 min.

The cells were released from the filter by vortexing in 1 ml of RNAprotect Bacteria Reagent (Qiagen), and the total RNA was extracted and purified using RNeasy Mini kit (Qiagen) according to the manufacturer’s instruction. The total RNA was treated by TURBO DNase (Ambion) at 37°C for 30 min and purified by RNeasy Cleanup (Qiagen). The RNA integrity was checked using 2100 Bioanalyzer (Agilent).



Microarray Analysis

RNA samples were independently extracted in duplicate and subjected to NimbleGen oligonucleotide microarray (Roche Diagnostics). The custom microarray contains six pairs of 60-mer probes that hybridize with each of the 5,540 genes from the P. putida KT2440 chromosome and RP4 plasmid genomes. The cDNA synthesis, hybridization, and scanning were performed by Roche Diagnostics. The microarray data were analyzed by NANDEMO analysis software (Roche Diagnostics). The expression change during the 10-min conjugative transfer was calculated by the ratio of transcript levels in the RNA sample from the mixture of donor and recipient cells to the sum of the equal amount of two RNA samples, which are independently extracted from the donor and recipient cells.



Reverse Transcription-Quantitative PCR (RT-qPCR)

Total RNA was extracted as described above. Reverse transcription was performed in 20-μl solution of 1 × First Strand Buffer containing 5 μg of total RNA, 125 ng of random primers (Invitrogen), 5 mM DTT, 0.5 mM dNTPs, 40 U of RNaseOUT (Invitrogen), and 200 U of SuperScript III (Invitrogen). After the RNA and random primers were denatured at 70°C for 10 min and annealed at 25°C for 10 min, the remaining reagents were added, and the mixture was incubated at 25°C for 10 min, 50°C for 60 min, and then held at 70°C for 15 min to inactivate the enzymes.

qPCR was performed using MiniOpticon real-time PCR system (BioRad). Each 20-μl reaction mixture contained 10 μl of 2 × SYBR Premix ExTaq (Takara), 200 nM concentrations of each specific primers and the appropriately diluted cDNA. The primer pairs used for qPCR were as follows: 16S-F (5′-ACACGGT CCAGACTCCTACG-3′) and 16S-R (5′-TACTGCCCTTCCTCC CAACT-3′), klcA-F (5′-TTCAAATCCCCTCCCCTATC-3′) and klcA-R (5′-CCATCCAGCCGAATACCAG-3′), and traJ-F (5′-CCTTCCAGACGAACGAAGAG-3′) and traJ-R (5′-GAC GTGCTCATAGTCCACGA-3′). The reaction condition was as follows: 95°C for 10 s for enzyme activation and 40 cycles of 95°C for 10 s and 60°C for 20 s. A melting curve analysis was performed to verify the amplification specificity. To quantify the transcription of each gene, the copy number was determined by generating a standard curve using a series of 10-fold dilutions (from 100 pM to 1 fM) of the target PCR product. For sample normalization, 16S rRNA was used as an internal standard. All of the reactions were performed in triplicate, and the data were normalized using the average of the internal standard.



5′RACE

5′RACE was performed according to the method described in Bensing et al. (1996). Briefly, 6 μg of total RNA was treated with 75 U of tobacco pyrophosphatase (TAP; Nippon Gene) at 37°C for 30 min in the presence of 20 U of RNaseOUT. The TAP-treated and -untreated RNA samples were mixed with the RNA oligonucleotide (5′-AUAUGCGCG AAUUCCUGUAGCUAGAAGAAA-3′) and ligated by 40 U of T4 RNA ligase (TAKARA Bio) at 16°C overnight. The ligated RNA samples were mixed with 1 pmol of gene-specific primer traJ-R2 (5′-TCTCTTCGATCTTCGCCAGC-3′) and reverse transcribed by 100 U of SuperScriptIII at 50°C for 60 min in the presence of 20 U of RNaseOUT. The cDNA fragment spanning the ligated RNA oligonucleotide and the 5′ end of traJ transcript was amplified by KOD-Plus high-fidelity DNA polymerase (TOYOBO) using primers Oligo-F1 (5′-TATGCGCGAATTCCTGTAGC-3′) and traJ-R. The amplified fragment was cloned into HincII-digested pBluescript II SK(-) vector (Stratagene), and the inserts from several clones were sequenced using M13 primers.



RESULTS AND DISCUSSION


Experimental Design

A conjugative plasmid is transferred from a donor cell to a recipient cell, the latter of which turns into an active transconjugant cell through zygotic induction of plasmid genes. The first conjugative transfer triggers a chain reaction of plasmid transfer from the de novo transconjugant cells to next recipient cells (Figure 1). The initial contact between the donor and recipient cells is stochastic, and the conjugation events cannot be synchronized. However, the very high transfer efficiency of RP4 between P. putida KT2440 (Bingle et al., 2003) allows maximizing the population of transconjugants in the mixture of cells. Given that the conjugative transfer of plasmids is conducted at the rate of 45 kb/min (as in the case of E. coli Hfr) (Lawley et al., 2004), the 60-kb RP4 plasmid can be transferred in 1.3 min and is sufficient to accomplish a single round of transfer within 10 min. In our conjugation experiment, ∼1 × 109 cells of donor and recipient were mixed equally and allowed for mating on the filter membrane for 10 min. RP4 was transferred between isogenic KT2440 strains at the efficiency of >1 × 10–1 (CFU ratio of transconjugant/recipient), indicating that >10% of recipient cells acquired the plasmid in 10 min.
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FIGURE 1. Conjugative transfer between combinations of RifR and RifS strains in the presence of Rif. RifR and RifS cells are shown as orange and gray bacilli, respectively. The donor and transconjugant cells proficient in plasmid transfer are indicated in red while the recipient cells are indicated in black. The transfer strand is represented as a solid curve and its oriT sites are indicated by black dots, which is transferred from the donor to the recipient in a direction from 5′ to 3′. The replacement and complementary strands are represented as broken lines. (A) Both donor and recipient are RifR. (B) When recipient is RifR, Rif does not prevent plasmid transfer from RifS donor and new transconjugant is established. (C) When recipient is RifS, Rif prevents establishment of transconjugant but not transcription in RifR donor. (D) Both donor and recipient are RifS. No transcription is initiated in the presence of Rif.


For simplicity, this study utilized the custom microarray containing both genomes of KT2440 chromosome and RP4 plasmid to analyze the conjugative transfer between the cells with the same genetic background. Assuming that there are no expression changes between transconjugant and donor cells, the transcript level of each RP4 gene is estimated to raise by twofold at the maximum when the transfer efficiency is 100% (the number of transconjugant cells is equal to that of donor cells). Cell growth can be ignored within the 10-min filter mating since the cells on the membrane filter are concentrated 10-fold from the stationary-phase cultures. Therefore, we set the threshold at fourfold change for upregulation of gene expression during conjugative transfer.

Although the donor and resultant transconjugant cells are genetically identical, transcription of plasmid genes in either cell is distinguishable using Rif and combinations of RifR and RifS isogenic strains, which are only different in rpoB (Figure 1). It has been known for F plasmid that the established RifS donors can transfer the plasmid into the recipients, while the RifS recipients fail to accomplish the plasmid transfer in the presence of Rif, indicating that de novo expression in the donor cells is dispensable for initiation of conjugative transfer (Wilkins and Hollom, 1974; Kingsman and Willetts, 1978). Similarly, our mating experiment in the 1:1 mixture of RP4 donor and recipient cells in the presence of Rif showed that the transfer efficiency of RifS donors was no greater than that of RifR donors and that neither donor strains were able to establish transconjugants in RifS recipients (data not shown).



Zygotic Induction in de novo Transconjugant Cells

The mating between the RifS donor and RifR recipient strains generates the new RifR transconjugant strain, which is genetically identical to the RifR donor strain and continues conjugative transfer to the next recipient cells. Therefore, this combination is virtually identical to the mating between the RifR donor and RifR recipient strains irrespective of the initial donor’s genetic background (Figures 1A,B), although the number of resultant RifR donor cells is apparently smaller than the latter combination. We successfully detected the transcription upregulation of many plasmid genes in the de novo transconjugant cells in these two combinations (Table 1). The fold changes were generally smaller in the combination of RifS donor and RifR recipient (the second column) than that of RifR donor and RifR recipient (the first column). This result is likely to reflect the number of active transconjugant cells in the population.


TABLE 1. Expression changes of RP4 genes during conjugative transfer.

[image: Table 1]
Our microarray analysis clearly showed strong zygotic induction specifically on the leading region of transfer strand, namely, kfrABC, korA-incC-korBFG, klaABC, and kleABCDEF operons, which are involved in stable inheritance of the plasmid (Wilson et al., 1997; Adamczyk et al., 2006). Since the leading region enters into the recipient cells in the early stage (Figure 2), the zygotic induction of these operons might be advantageous to the plasmid establishment in the new recipient cells. Among the induced operons, the kor operon encodes the KorA and KorB transcriptional regulators, which bind to 7 and 12 operator sequences on RP4, respectively (Kornacki et al., 1993; Jagura-Burdzy and Thomas, 1994, 1995; Jagura-Burdzy et al., 1999b; Kostelidou et al., 1999; Kostelidou and Thomas, 2000, 2002; Bingle et al., 2005; Chiu et al., 2008). Between korA and korB genes, the operon also encodes the IncC plasmid partitioning ATPase, which interacts with KorB (Motallebi-Veshareh et al., 1990; Jagura-Burdzy et al., 1999a; Rosche et al., 2000). Zygotic induction of KorA and KorB repressors suggests that these global regulators together allow only a temporal expression of their target genes on RP4 in the early stage of conjugative transfer. Interestingly, chromatin immunoprecipitation analysis has revealed that KorB transcriptional regulator from RP4 binds on an operator sequence found in P. putida KT2440 chromosome (Chiu and Thomas, 2004). However, we found no chromosomal genes that exhibit significant changes in common in our microarray data (data not shown).
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FIGURE 2. Scheme of RP4 genes encoded on the transfer strand (upper) and the complementary strand (lower). The origin of transfer (oriT) and its direction is indicated by the black arrow. The origin of replication (oriV) is indicated by the black circle. The location and length of representative RP4 genes are indicated by pentagons in the direction of transcription on their respective template strand (antisense strand). Transposon and insertion sequence are shown in gray boxes. Red arrows indicate representative polycistronic transcription units. Circles between the transfer and complementary strands indicate the operator sequences of the global regulators, KorA (magenta), KorB (purple), KorC (orange), and TrbA (blue). The KorA, KorB and KorC operators (OA, OB, and OC) are numbered as in Pansegrau et al. (1994a).


The most strongly induced gene was klcA, which is encoded ∼20 kb away from oriT on the transfer strand. Under steady-state conditions, klcA was transcribed at one of the lowest basal levels among the RP4 genes (Supplementary Table S1), which is attributable to the strong repression by KorA and KorC (Figurski et al., 1982; Thomas et al., 1988; Kornacki et al., 1993). The KlcA protein has recently been shown to exhibit an antirestriction activity (Goryanin et al., 2018). RT-qPCR analysis confirmed that the klcA transcript is induced ∼120-fold in the transconjugant cells (Figure 3A). The surge of KlcA expression might be beneficial to prevent the cleavage of double-stranded plasmid DNA by restriction enzymes in a new host. It is important to note that not all the genes on the transfer strand were induced during the conjugation, e.g., bla and korC. This result is in line with the fact that Tn1 transposon insertion interrupts the transcription of klcA operon and the constitutive bla mRNA reads through the downstream korC gene in IncP-1α plasmids (Kornacki et al., 1990). The constitutively expressed KorC might be responsible for the very low basal level of klcA transcript.


[image: image]

FIGURE 3. Quantitative RT-PCR analysis of zygotic induction. The transcript levels of klcA (A) and traJ (B) mRNAs relative to 16S rRNA are shown. The combinations of RifR and RifS strains for donor and recipient of RP4 are indicated below. The two bars on the right are control samples of donor cells only.


We also observed the zygotic induction of trfA operon, which is composed of ssb, trfA, and upf16.5 (Table 1). The trfAp promoter is strongly repressed by KorA and KorB proteins cooperatively by binding at OB10 (Jagura-Burdzy and Thomas, 1994, 1997; Jagura-Burdzy et al., 1999b). The OB10 site exhibits the highest affinity for KorB (Kostelidou and Thomas, 2000). The trfA gene expresses two isoforms both of which bind on the oriV region to initiate vegetative plasmid replication (Pansegrau et al., 1994a; Thorsted et al., 1996). The first gene ssb encodes the single-stranded DNA (ssDNA) binding protein, which is probably involved in vegetative replication of RP4 (Jovanovic et al., 1992) or might play a role in conjugative transfer by protecting the transferred ssDNA. The zygotic induction of SSB encoded in the leading region has also been observed in F and ColIb-P9 conjugative plasmids (Bagdasarian et al., 1992; Jones et al., 1992; Althorpe et al., 1999) through stimulation of single-stranded promoters (Masai and Arai, 1997; Bates et al., 1999; Nasim et al., 2004). However, we have not identified such promoters for the zygotically induced RP4 genes so far.

On the complementary strand, we detected a modest induction of the trb operon encoding the components for Mpf/T4SS to transport the plasmid ssDNA linked with the relaxosome protein complex. The trb operon has two promoters, trbAp and trbBp, and can be transcribed only after the template strand is replicated in the new transconjugant cells. The relatively strong trbBp responsible for the transcription of trb operon is cooperatively repressed by TrbA and KorB, i.e., KorB alone represses trbBp only weakly by binding at OB9 (Zatyka et al., 1997, 2001; Bingle et al., 2003, 2005). trbAp is located face-to-face with the strong trfAp promoter, which inhibits the activity of trbAp via elongating transcription complexes in the opposite direction. trbAp can be activated through inhibition of counteracting trfAp by KorA and KorB proteins (Jagura-Burdzy and Thomas, 1994, 1997; Jagura-Burdzy et al., 1999b), implying that transcription of trbA is allowed after the repression of trfAp is completed. Therefore, we could only detect zygotic induction of transcripts originated from trbBp, and transcription from the upstream promoter trbAp was not induced in 10 min. Moreover, the induction rate went down below the threshold as the transcription proceeded into downstream genes (Table 1). We expect to detect the late induction of trb operon at higher levels by increasing the duration of filter mating.

Both the divergently transcribed parCBA and parDE operons encoding the multimer resolution system and the post-segregational killing system, respectively, contribute to the stable inheritance of RP4 plasmid (Gerlitz et al., 1990; Roberts and Helinski, 1992; Eberl et al., 1994; Jovanovic et al., 1994; Roberts et al., 1994; Sia et al., 1995). Autogenous regulation of the divergent promoters by ParA and ParD (Davis et al., 1992; Eberl et al., 1992) accounts for the modest induction of this locus in the transconjugant cells (Table 1), while this locus contains a low-affinity binding site for KorB(OB6) whose contribution to transcription regulation remains unknown (Kostelidou and Thomas, 2000).



Zygotic Induction in Donor Cells

The trailing region, which enters the recipient in the end of plasmid transfer, harbors the traJIHGFEDCBA operon encoding the components of relaxosome and other Dtr proteins. Upon binding of auxiliary proteins TraJ and TraK at oriT, TraI relaxase is recruited to oriT to form the relaxosome (Fürste et al., 1989). Binding of TraJ protein at the 19-bp inverted repeat interspaced by 8 bp to the nic site is required for the strand-specific cleavage by TraI relaxase (Ziegelin et al., 1989; Pansegrau et al., 1990b). The interaction of TraJ and TraI at oriT is stabilized by the acidic protein TraH, which is encoded in a different reading frame within the traI gene, to form the relaxosome nucleoprotein structure (Pansegrau et al., 1990a). TraI cleaves the nic site in a site- and strand-specific manner and covalently binds with the 5′ end of the transfer strand at its 22nd tyrosine residue (Y22) in the catalytic center. The relaxosome is recruited to T4SS by the coupling protein TraG (Balzer et al., 1994; Schröder et al., 2002; Schröder and Lanka, 2003).

The tra operon is transcribed from the upstream traJp and downstream traGp promoters (Figure 2). Importantly, the relaxase gene traI is solely transcribed from traJp, while the coupling protein gene traG is transcribed in two different mRNAs. Microarray analysis revealed a strong induction of traJ, traI, and traH genes in the mating between the RifR recipient and RifR donor cells (Table 1). Unexpectedly, in the mating between the RifS recipient and RifR donor, where the conjugative transfer reaction stops after the first reaction (Figure 1C), we observed specific induction of traJ, traH, and traI but not the other RP4 genes. Because no transcription can be initiated in RifS transconjugant cells in the presence of Rif, this result indicates that traJp is activated in donor cells during conjugative transfer. Indeed, we found no plasmid genes that showed significant expression changes in the combination of RifS donor and RifS recipient (the rightmost column of Table 1). We verified by RT-qPCR analysis that the traJ transcript was strongly induced in the conjugating RifR donor cells (Figure 3B). The transcriptional induction of traJ was also observed in the mixture of the RifS donor and RifR recipient cells, which might reflect the expression in the new RifR transconjugant cells.

The oriT of RP4 contains divergent promoters, traJp and traKp, which are regulated by a complex of multiple regulatory proteins (Figure 4). Binding of TraJ protein at the 19-bp inverted repeat causes autorepression of traJp (Zatyka et al., 1994). TraK protein binds the intrinsically curved ∼200-bp oriT region downstream of traKp (Ziegelin et al., 1992) and represses both traJ and traK (Zatyka et al., 1994). In addition, TrbA binds at two sites overlapping the -35 boxes of traJp and traKp (Bingle et al., 2003). traGp is repressed by KorB through binding its operator sequence (OB4) in the traJ-traI intergenic region without affecting the activity of traJp (Bingle et al., 2005). Interestingly, the transcription initiation site of traJ has been reported to locate at the G nucleotide 24-nt upstream of the nic site (Greener et al., 1992; Zatyka et al., 1994). Given that the first 24 nt of 5′ untranslated region of traJ is encoded on the transfer strand (Figure 4), it is impossible to transcribe traJ in the absence of the leader region of the transfer strand. Our 5′RACE analysis verified that the traJ transcripts were homogeneously accumulated in the donor cells during conjugative transfer and started from the same nucleotide as previously reported (data not shown). Therefore, it is most likely that the tra operon is induced in the donor cell immediately after regeneration of the traJ promoter from the 3′ end of oriT, which in itself dissociates the autogenous repressor proteins from oriT. Since TraI associates with both ends of oriT to circularize the plasmid under steady-state conditions, we envisage that the oriT region becomes accessible to replication and transcription machineries after the relaxosome complex is transferred into the recipient cell.
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FIGURE 4. Nucleotide sequence of the oriT region of RP4 plasmid. The nic site cleaved by TraI is indicated by the triangle. The nucleotides of the transfer strand which are transported into recipient first are written in lowercase. The transcription start sites and promoter sequences as previously reported (Zatyka et al., 1994) are indicated as +1, –10, and –35, respectively, on each non-template strand. The TraJ and TrbA binding sites are boxed. The binding site of TraK is located downstream of traK transcription start site (not shown).




A Model of Continuous Plasmid Transfer by Induction of Relaxase Operon

Conjugative transfer accompanies rolling-circle replication (RCR) to generate two identical copies of plasmid DNA in recipient and donor cells (Willetts and Wilkins, 1984; Lanka and Wilkins, 1995). As the transfer strand is initially cleaved and bound with a relaxase, both replacement strand and complementary strand are synthesized in the cells, which are directly connected but segregated by the membranes. In the recipient cell, the 5′ and 3′ ends of the transfer strand are ligated and recircularized by the relaxase that is transported together to create a unit-length copy of plasmid DNA, and the complementary strand is replicated from RNA primers, which are presumably generated by a plasmid-encoded DNA primase (Rees and Wilkins, 1990). In the donor cell, the 3′ end of transfer strand acts as a primer for replacement strand synthesis by a DNA polymerase III (Pansegrau et al., 1990b). However, it remains paradoxical in which cell the relaxase executes the second cleavage reaction, which is a prerequisite to generate a unit-length plasmid copy and terminate RCR (Chandler et al., 2013). In the F plasmid transfer system, it has been proposed that the second cleavage reaction is likely to occur in the donor cell rather than in the recipient cell (Dostál et al., 2011). In contrast, the TrwC relaxase of R388 plasmid system has been shown to be transported into the recipient cell and then recircularize the transferred DNA (Draper et al., 2005). Although both TraIF and TrwC relaxases contain helicase domains and are categorized into the same MOBF family (Garcillán-Barcia et al., 2009), this inconsistency between the two systems might be attributable to the number of active tyrosine residues required for the cleavage reaction by the relaxase. TrwC employs Y18 for the initial cleavage and Y26 for the second cleavage in the same molecule and, therefore, is capable of the transfer termination in the recipient cell (Gonzalez-Perez et al., 2007). However, among two pairs of tyrosines (Y16, Y17, Y23, and Y24) in its transesterase domain of TraIF relaxase, Y16 is the only residue critical for conjugative transfer (Dostál et al., 2011). Once covalently attached with the 5′ end of ssDNA, the single active tyrosine residue is unable to catalyze the second cleavage reaction, raising the possibility that a second tyrosine residue is provided by another relaxase protomer or is substituted by an alternative nucleophile such as water (Chandler et al., 2013). Recently, it has been solved that the full-length TraIF forms a dimer to bind both 5′ and 3′ ends of oriT simultaneously by adopting closed and open conformations, respectively (Ilangovan et al., 2017). This implies that one molecule of TraIF is left behind in the donor cell to cleave the newly synthesized oriT and produce the unit-length plasmid DNA.

In the case of RP4 plasmid transfer system, the TraI relaxase contains only a single tyrosine residue Y22, which catalyzes the cleavage at nic and covalently binds with the 5′ end of the nicked DNA strand (Pansegrau et al., 1993, 1994b). It has been demonstrated by in vitro assay using a magnetic bead technique that TraI existing as a monomer in solution is unable to conduct the second cleavage reaction (Pansegrau and Lanka, 1996). Unlike the MOBF family relaxases, the RP4 TraI does not have a helicase activity, and the conformation of TraI bound with oriT ssDNA remains ambiguous. Here, we propose a model that after the relaxase linked with transfer strand is transported into the recipient cell, the expression of the second copy of relaxase is induced at the transcriptional level in the conjugating donor cell to replenish the first relaxase (Figure 5). If the relaxase exists as a dimer in vivo, either the induced relaxase or the remaining monomer is responsible for the second cleavage in the donor cell (Figure 5A). Even if the relaxase exists as a monomer, a small population of TraI molecules could provide a second tyrosine residue for the cleavage of the other plasmid copies (Figure 5B). However, it should be noted that the copy number of RP4 plasmid is estimated at less than three copies in Pseudomonas spp. (Itoh et al., 1984), and the translation of TraI is limiting (Pansegrau et al., 1990a). Further study is required to determine the exact copy number of TraI molecules in the RP4 donor strain and investigate whether or not the induced relaxase is responsible for the second cleavage reaction.
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FIGURE 5. Model of continuous plasmid transfer by induction of relaxase in the donor cell. It has not been experimentally verified whether TraI forms a dimer (A) or a monomer (B) in vivo. (I) At the oriT site (black dot), the TraI relaxase (blue ellipsoid) is covalently bound to the 5′ end of tranfer strand. (II) One relaxase starts to be transported from the donor into the recipient. The 3′ end of transfer strand serves as a primer to initiate the replication of replacement strand (dotted arrow). Since the traJ promoter region is the first to be replicated, the transcription of traJIH operon is temporally stimulated (red arrow) to express the second TraI relaxase (red ellipsoid). It is unknown whether only one TraI molecule has been transported into the recipient cell through the T4SS machinery. (III) In the donor cell, the induced relaxase or the remaining free monomer binds at the oriT site to reconstitute a new relaxosome complex and generates the unit-length ssDNA to terminate the plasmid transfer. In the recipient, the complementary strand is replicated (dotted arrows) and the transcription of plasmid genes are induced (red arrow). (IV) The rolling-circle replication is accomplished in the donor cell, and the transferred strand is recircularized in the recipient cell to be established as the new transconjugant cell.


This model is not contradictory to the previous results that de novo expression in the donor cell is dispensable for initiation of conjugative transfer (Wilkins and Hollom, 1974; Kingsman and Willetts, 1978). Pretreatment of donor cells with Rif did not prevent the initiation and termination of plasmid transfer given the presence of free TraI molecules. We also note that this model is not the case for other plasmid systems such as R388 (Draper et al., 2005). Nonetheless, the feature of oriT region with a pair of divergent promoters can often be seen in diverse groups of conjugative plasmids (Lanka and Wilkins, 1995; Francia et al., 2004). It is tempting to speculate that zygotic induction of relaxase in donor cells facilitates conjugative transfer in general.



CONCLUSION

This study revisited the phenomenon known as zygotic induction during conjugative transfer of plasmid RP4. By transcriptomic analysis, we have detected strong induction of several operons in the transconjugant cells. This is attributable to derepression of transcription by plasmid-encoded repressor proteins. We have also revealed that the conjugating donor cells induce the transcription of traJIH operon, which is initiated from the oriT-proximal promoter. This mechanism shed light on the long-standing question over the requirement of the second relaxase molecule for the termination of conjugative transfer. Since this study has only detected the transcripts in the mixtures of recipient and donor cells, further study is required to visualize the relaxase molecules associated with the plasmid transfer strand in vivo at a single-cell level. Overall, this study provides new insights into the differential regulation of plasmid gene expression in donor and recipient cells during conjugative transfer. Our methodology is applicable for many conjugative plasmids to analyze their dynamic expression in minute detail using current RNA-seq technologies.
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Plasmids can provide advantageous traits to host bacteria, although they may impose a fitness cost. Chromosome-encoded factors are important for regulating the expression of genes on plasmids, and host chromosomes may differ in terms of their interactions with a given plasmid. Accordingly, differences in fitness cost loading and compensatory co-evolution may occur for various host chromosome/plasmid combinations. However, the mechanisms of compensatory evolution are highly divergent and require further insights. Here, we reveal novel evolutionally mechanisms of Pseudomonas putida KT2440 to improve the fitness cost imposed by the incompatibility P-1 (IncP-1) multidrug resistance plasmid RP4. A mixed culture of RP4-harboring and -free KT2440 cells was serially transferred every 24 h under non-selective conditions. Initially, the proportion of RP4-harboring cells decreased rapidly, but it immediately recovered, suggesting that the fitness of RP4-harboring strains improved during cultivation. Larger-sized colonies appeared during 144-h mixed culture, and evolved strains isolated from larger-sized colonies showed higher growth rates and fitness than those of the ancestral strain. Whole-genome sequencing revealed that evolved strains had one of two mutations in the same intergenic region of the chromosome. Based on the research of another group, this region is predicted to contain a stress-inducible small RNA (sRNA). Identification of the transcriptional start site in this sRNA indicated that one mutation occurred within the sRNA region, whereas the other was in its promoter region. Quantitative reverse-transcription PCR showed that the expression of this sRNA was strongly induced by RP4 carriage in the ancestral strain but repressed in the evolved strains. When the sRNA region was overexpressed in the RP4-free strain, the fitness decreased, and the colony size became smaller. Using transcriptome analysis, we also showed that the genes involved in amino acid metabolism and stress responses were differentially transcribed by overexpression of the sRNA region. These results indicate that the RP4-inducible chromosomal sRNA was responsible for the fitness cost of RP4 on KT2440 cells, where this sRNA is of key importance in host evolution toward rapid amelioration of the cost.
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INTRODUCTION

Plasmids are mobile genetic elements that can confer advantages, such as antibiotic resistance and xenobiotic degradation capability, to their hosts via horizontal gene transfer (Top and Springael, 2003; Wiedenbeck and Cohan, 2011). Understanding the mechanisms underlying the behavior of the plasmids themselves, and the strains that harbor them, is essential because plasmid carriage can promote the rapid adaptation of hosts to various environmental conditions (Frost et al., 2005; Gogarten and Townsend, 2005; Anderson and Hughes, 2010). One important factor in determining the behavior of plasmid-harboring strains is the fitness cost imposed by plasmid carriage (Baltrus, 2013; San Millan and MacLean, 2017). Fitness costs can reduce plasmid stability in the host cell (Melling et al., 1977; De Gelder et al., 2007), as well as the survival rate of plasmid-harboring strains in the bacterial consortium (Dale and Smith, 1979).

Generally, chromosome-encoded factors are involved in regulating the transcription of plasmid genes, and the interactions vary among host chromosome/plasmid combinations. The fitness cost is also wholly dependent on these interactions. The plasmid pSf-R27-encoded H-NS-like protein Sfh was reported to be involved in the reduced plasmid fitness cost seen for a Salmonella enterica serovar Typhimurium strain (Doyle et al., 2007). Sfh has a stealth function, repressing the expression of plasmid-encoded genes; this is considered important in the plasmid fitness cost. In Pseudomonas aeruginosa PAO1, the fitness cost differed markedly according to which of six plasmids were introduced into the strain (San Millan et al., 2018). The metabolic response of PAO1 cells to different plasmids was also characterized, but the mechanism underlying fitness costs remains unclear. The incompatibility P-7 (IncP-7) group plasmid pCAR1 was isolated from Pseudomonas resinovorans CA10 (Ouchiyama et al., 1993; Nojiri et al., 2001; Maeda et al., 2003). Previously, we reported that pCAR1 carriage imposed fitness costs differed among three Pseudomonas hosts (P. aeruginosa PAO1, Pseudomonas fluorescens Pf0-1, and Pseudomonas putida KT2440) (Takahashi et al., 2015). Moreover, it was demonstrated that pCAR1 carriage affects the chromosomal transcriptional profile differently among hosts (Shintani et al., 2010), and modulates the primary cell functions of each host (Takahashi et al., 2015). Recently, we reported that pCAR1 carriage altered the proteome profile of strain KT2440; in particular, the acylation status of proteins involved in metabolism and translation was altered (Vasileva et al., 2018). These effects of pCAR1 carriage on the host cell may explain the fitness cost imposed by pCAR1.

Previous studies have shown that plasmid-harboring strains can reduce plasmid fitness costs via adaptive evolution (Bouma and Lenski, 1988; Dahlberg and Chao, 2003; Dionisio et al., 2005). Recently, many studies have identified compensatory mutations related to adaptive evolution of chromosomes and/or plasmids. For example, IncP-1 plasmid pBP136 imposed a fitness cost on Shewanella oneidensis MR-1, resulting in low stability of pBP136 in MR-1 host cells. However, the stability could be improved by compensatory mutations located either in the replication protein gene on the plasmid or in a transcriptional regulator gene, which was mainly involved in iron metabolism, on the chromosome (Stalder et al., 2017). Also, IncP-1 plasmid RP4 was highly unstable in Pseudomonas sp. H2 (Heuer et al., 2007) although compensatory mutations in both helicase-encoding genes and the RNA polymerase β subunit-encoding gene rpoB on the chromosome clearly improved plasmid stability (Loftie-Eaton et al., 2017). The non-transmissible plasmid pNUK73 imposed a fitness cost on P. aeruginosa PAO1, but compensatory mutations on host helicase or kinase-encoding genes reduced the cost (San Millan et al., 2014). It was also demonstrated that mutations in the gacA/S two-component regulatory system reduced the fitness cost imposed by plasmid pQBR103 on P. fluorescens SBW25 (Harrison et al., 2015). Previously reported mutations involved in the reduction of fitness costs imposed on host cells were found either in protein-encoding regions or their promoter regions, and in transcriptional regulator-encoding genes. Notably, most previous studies that aimed to clarify adaptive evolution employed a single (pure) culture of the plasmid-harboring strain, where the plasmid was somewhat unstable in host cells (Sota et al., 2010; San Millan et al., 2014; Loftie-Eaton et al., 2015, 2017; Stalder et al., 2017). In the experiments, plasmid-free strains occasionally appeared, and the proportion of the plasmid-harboring strain was determined. Therefore, such experiments encompass two events: occasional plasmid loss from the host and survival of the plasmid-harboring strain under competitive culture conditions with plasmid-free strains.

In this study, we examined whether plasmid RP4 imposed a fitness cost on P. putida KT2440 (Nelson et al., 2002) by assessing the survival rate in a competitive culture with a plasmid-free KT2440 strain. RP4 is a multidrug resistance plasmid with a broad host range that was isolated from a P. aeruginosa strain (Pansegrau et al., 1994). Although RP4 was stably maintained in KT2440 cells under the conditions we employed, RP4-harboring strains were outcompeted by RP4-free strains in the mixed culture condition, indicating that RP4 carriage imposed a severe fitness cost on KT2440 cells. However, the KT2440 strain evolved such that the fitness cost was ameliorated after 144 h of co-cultivation; furthermore, evolved strains outcompeted plasmid-free strains. Through various analyses of the evolved strains, we identified a novel chromosomally encoded small RNA (sRNA) involved in the severe fitness cost imposed by RP4 on KT2440 cells.



MATERIALS AND METHODS


Bacterial Strains, Plasmids, and Growth Conditions

The bacterial strains and plasmids used in this study are listed in Table 1. P. putida KT2440 strains were cultivated at 30°C in L broth (LB) (Sambrook and Russell, 2001) or NMM-4 buffer supplemented with 0.1% (w/v) succinate (hereinafter SUC medium) (Shintani et al., 2005a). Escherichia coli strains were cultivated at 37°C in LB. For plate cultures, 1.6% (w/v) agar was added to the medium. Ampicillin (Ap; 100 μg/ml), chloramphenicol (Cm; 30 μg/ml), gentamicin (Gm; 120 μg/ml for Pseudomonas strains and 15 μg/ml for E. coli strains), kanamycin (Km; 50 μg/ml), and/or rifampin (Rif; 25 μg/ml) were added to the selective media.


TABLE 1. Bacterial strains and plasmids.
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Standard DNA Manipulation

Standard methods were used for the extraction of plasmid DNA, DNA digestion with restriction endonucleases, DNA ligation, and transformation of competent E. coli cells (Sambrook and Russell, 2001). The primers used in this study are listed in Table 2. Total DNA was extracted from Pseudomonas strains using hexadecyltrimethylammonium bromide (Shintani et al., 2005b). Electroporation of Pseudomonas was performed according to the method described by Itoh et al. (1994).


TABLE 2. Oligonucleotide primers used in this study.

[image: Table 2]


Preparation of RP4-Harboring KT2440 Strain

The RP4-harboring KT2440 strain was constructed by filter mating between KT2440 and E. coli HB101(RP4) on LB agar plates. Filter mating was performed as described previously (Shintani et al., 2005b). Resultant transconjugant candidates were selected on LB agar plates supplemented with both Cm (30 μg/ml) and Km (50 μg/ml). To verify that the isolated colonies were accurate transconjugants, total DNA extracted from the candidates was subjected to polymerase chain reaction (PCR) using the primer sets listed in Table 2. The primer sets were designed to be specific for trfA2, encoding a replication initiation protein on plasmid RP4 (RP4_trfA2-F, R), and for parI on the KT2440 chromosome (PP3700FNdeI, PP3700RXbaI).



Competition Assay

For the pair of RP4-harboring and RP4-free KT2440 cells, a competition assay was performed as described previously (Takahashi et al., 2015). Each RP4-harboring and RP4-free strain was cultivated in 100 ml of SUC medium under non-selective conditions on a rotating shaker (120 rpm), and the initial optical density at 600 nm (OD600) was adjusted to 0.03. After a 24-h inoculation, the OD600 of each culture was equalized with carbon-free (CF) buffer (NMM-4 buffer with no minerals). RP4-harboring and -free cells were mixed equally and diluted 100-fold in SUC medium. After a 24-h mixed cultivation, 1 ml of culture was transferred into 100 ml of fresh SUC medium and incubated again for 24 h. Several transfers were performed. At the time of each transfer, small portions of the culture were spread on LB agar plates after appropriate dilution. After counting the colonies on the LB plates, the proportion of RP4-harboring cells was determined by colony hybridization using probes designed for a 520-bp region within the trfA2 gene on RP4. Colony hybridization was performed as described previously (Takahashi et al., 2015). The fitness of the plasmid-harboring strain relative to the plasmid-free strain was assessed using W values (Lenski et al., 1991). W = ln(Neachpoint, harboring/Ninitial, harboring)/ln(Neachpoint, free /Ninitial, free), where W is the fitness of the plasmid-harboring strain, Neachpoint, harboring and Ninitial, harboring are the colony-forming units (CFUs) of plasmid-harboring strains at each point and the initial point of the assay, respectively, and Neachpoint, free and Ninitial, free are the CFUs of plasmid-free strains at each point and the initial point of the assay, respectively.

To determine the fitness of sRNA region-overexpressed strains, equal amounts of overexpressed and vector control strains were mixed, and competitive cultivation was conducted in SUC medium supplemented with Gm. Total DNA was extracted from 20-ml cultures at 0, 48, 96, 144 h after inoculation. First, the parI gene (∼1.1 kb) on the KT2440 chromosome from each DNA sample was PCR-amplified. Next, the sRNA region inserted into pBBR1MCS-5 was amplified by PCR. The band size was 500 bp for pBBR1MCS-5 (control), 600 bp for pBBR100, 700 bp for pBBR200, 800 bp for pBBR300, and 900 bp for pBBR400. Band intensity was quantified manually using ImageJ software (NIH, Bethesda, MD, United States). The ratio of the overexpressed strain at each point was calculated as follows: band intensity of each insertion region (indicating the relative amount of the overexpressed strain) divided by that of parI (indicating the relative amount of both the overexpressed and vector control strains). In addition, the relative ratio of the overexpressed strain at each point relative to the initial point was calculated.



Colony Size Measurement

Each strain was cultivated in LB for 14–16 h and the resultant cultures were washed with LB. Then, the initial OD600 of washed cell suspensions was adjusted to 0.03 with LB, and the resultant cell suspensions were serially diluted with CF buffer. Each diluted cell suspension (10 μl) was plated on LB agar and incubated for 48 h at 30°C. To measure the diameters of single colonies, each plate was scanned at a resolution >300 dots per inch and the images were analyzed manually with ImageJ software. The colony size was quantified, and histograms were drawn, using R software (ver. 2.7.0; R Development Core Team, Vienna, Austria).



Evaluation of the Conjugation Frequency During a Competition Assay

Each RP4-harboring strain [ancestral KT2440(RP4) and evolved 1-L and 2-L strains] (Kmr by RP4 carriage) and RP4-free KT2440RG strain (Rifr and Gmr) were used as the donor and recipient, respectively. A competition assay was performed using the donor and recipient cells, as described above. In this case, only the first 24-h competitive cultivation with no transfer was performed. After the 24-h cultivation, small portions of the culture were plated on LB agar supplemented with Km, and on LB agar supplemented with Km, Rif, and Gm. Colonies on LB agar supplemented with Km, Rif, and Gm were regarded as transconjugants [KT2440RG(RP4)]. Although transconjugants can also grow on LB supplemented with Km, their proliferation is lower than that of donors and recipients. Therefore, colonies grown on LB supplemented with Km were regarded as donors (RP4-harboring strain). Conjugation frequency was calculated as follows: the number of CFU/ml of transconjugants divided by the number of CFU/ml of donors.



Whole-Genome Sequencing

Sequencing libraries of KT2440 derivatives were prepared using the Nextera XT DNA Sample Prep Kit (Illumina, San Diego, CA, United States) following the manufacturer’s instructions. Paired-end sequencing of the library ends (2 × 150 bp) was done using the MiSeq platform (Illumina) and a 300-cycle V2 chemistry cartridge (Illumina). Adapter trimming of the obtained reads was done automatically using FASTQ file generation; quality trimming was done using CLC Genomics Workbench (ver. 6.0; CLC Bio, Aarhus, Denmark) with the default parameters. Trimmed reads were mapped to the genome sequence of KT2440 (GenBank accession number AE015451) and RP4 (GenBank accession number L27758) using the Map Reads to Reference function of CLC Genomics Workbench with the default parameters; the mapping results were used for variant calling and analysis of genomic rearrangements.



RNA Extraction

Total RNA extraction from the Pseudomonas strain was performed as described previously (Takahashi et al., 2015). Each strain was cultivated in SUC medium and the culture was treated with the same volume of RNAprotect Bacteria Reagent (Qiagen, Hilden, Germany) to stabilize RNA at each sampling point. Total RNA was extracted using NucleoSpin RNA II (Macherey-Nagel, Düren, Germany). After the eluted RNA was treated with RQ1 RNase-free DNase (Promega, Madison, WI, United States), the purification was performed again using the same extraction kit.



5′ Rapid Amplification of cDNA Ends (5′-RACE) Analysis

To determine the transcriptional start sites (TSSs) of the novel transcription unit in the intergenic region, 5′-RACE analysis was performed. Total RNA of the ancestral KT2440(RP4) strain was extracted; the sampling point was 4 h (log phase) after inoculation. cDNA synthesis and 5′-RACE PCR were performed using the SMARTer RACE cDNA Amplification Kit (Clontech, Mountain View, CA, United States) in accordance with the manufacturer’s instructions. A specific primer (8599-RACE-GSP) designed to anneal the intergenic region between PP_5401 and PP_5402 was used for 5′-RACE PCR. 5′-RACE PCR products were separated by agarose gel electrophoresis and purified. Then, the resultant products were ligated into the pT7BlueT-vector to form pTR8599, and the nucleotide sequences of the amplified DNA fragments were confirmed by Sanger sequencing (FASMAC, Kanagawa, Japan) using the R-20mer primer.



Quantitative Reverse-Transcription (qRT)-PCR

To evaluate the transcriptional level of the intergenic region, qRT-PCR was performed. Primers in the intergenic region (PP_5401.2-F, R) were designed using the Primer3 program (Rozen and Skaletsky, 2000) (Table 2). Total RNA extraction from KT2440, and from ancestral and evolved KT2440(RP4) strains, was performed as described above, and the sampling points were 2, 4, 6, 8 h after inoculation. cDNA was quantified using an ABI 7300 real-time PCR system (Applied Biosystems, Foster City, CA, United States), as described previously (Takahashi et al., 2015). The data were normalized using the average transcriptional level of 16S rRNA as the internal standard.



Construction of Vectors for Overexpression of the Novel Transcriptional Unit

Each target region of the identified TSS, with lengths of 100, 200, 300, or 400 bp, was amplified by PCR using KOD-Plus-Neo (Toyobo, Osaka, Japan) and the primer sets listed in Table 2. Each resultant fragment was cloned into pBBR1MCS-5 (Kovach et al., 1995) using Ligation High (ver. 2; Toyobo), yielding pBBR100, pBBR200, pBBR300, or pBBR400. The resultant vectors were introduced into the KT2440 strain by electroporation.



RNA-Seq Analysis

For RNA-sequencing (RNA-Seq) analysis, total RNA was extracted from the KT2440(pBBR1MCS-5) [KT(vc)] and KT2440(pBBR400) [KT(400)] strains as described above, except that the RNeasy Mini Kit (Qiagen) was used instead of NucleoSpin RNA II. Two biological replicates of RNA were extracted from each strain grown in SUC medium supplemented with Gm, and the sampling point was 4 h (log phase) after inoculation. To remove rRNA from total bacterial RNA, we used Ribo-Zero rRNA Removal Kits for Gram-negative bacteria (Epicentre, Madison, WI, United States) and checked the quality using the 2100 Bioanalyzer instrument and the RNA 6000 Pico chip (Agilent Technologies, Santa Clara, CA, United States). To construct the library, we used the TruSeq RNA Library Prep Kit v2 (Illumina). The sequencing run was performed using a MiSeq Reagent Kit (150-cycle) and an Illumina Genome Analyzer. FASTQ data generated by MiSeq were imported into CLC Genomic Workbench (ver. 7.0; CLC Bio) and quality checks and trimming were performed. Reads were mapped to reference sequences (KT2440: GenBank accession No. AE015451, pBBR1MCS-5: GenBank accession No. U25061) and the reads per kilobase per million mapped reads (RPKM) value for each open reading frame (ORF) was calculated using CLC Genomic Workbench. All of the biological duplicate data were included in the analysis, and the RPKM values for each ORF showed a correlation >0.97 between the duplicate samples (Supplementary Figure S1). We identified upregulated and downregulated ORFs with RPKM fold-change values >2.0 in all four comparisons [i.e., of replicates 1 and 2 of the KT(vc) sample and replicates 1 and 2 of the KT(400) sample].



Data Deposition

The raw sequence data of this study have been deposited in the Sequence Read Archive1 under project number PRJNA611485 (whole-genome sequencing) and PRJNA602577 (RNA-Seq analysis).



Statistical Analyses

The conjugation frequency of RP4 and expression level of the sRNA region were analyzed using the F-test and Student’s t-test (P < 0.05). The colony size was compared among ancestral and isolated strains using one-way analysis of variance followed by Tukey’s post hoc test (P < 0.05).



RESULTS


Rapid Amelioration of the Fitness Cost Imposed by RP4 Carriage on KT2440

To evaluate the fitness cost imposed by plasmid RP4 on KT2440 cells, the survival of KT2440(RP4) cells in a mixed culture with RP4-free KT2440 cells was assessed using the W value (Lenski et al., 1991) as an index for fitness. After the first 24-h competitive cultivation, the W value was 0.64 ± 0.13 (Figure 1A), indicating that the fitness of KT2440(RP4) was decreased by RP4 carriage. Unexpectedly, the W value then gradually increased, reaching 2.10 ± 0.49 at the final point of the assay, suggesting that the fitness of KT2440(RP4) improved rapidly during cultivation (Figure 1A). In the second trial, in which the W value was calculated every 48 h, the value increased similarly and reached 1.20 ± 0.08 at the final time point (Figure 1B). We confirmed that KT2440(RP4) showed a slightly slower growth rate than that of RP4-free KT2440 (Supplementary Figure S2). In addition, the plasmid persistence of RP4 was assessed by pure culture of KT2440(RP4) in SUC medium for 24 h with shaking. The ratio of the RP4-harboring strain was maintained at 100% after the 24-h cultivation, indicating that RP4 was stable in KT2440. Based on these results, the fitness cost imposed by RP4 carriage was ameliorated by adaptive evolution of this strain. Interestingly, the W value exceeded 1.0 at the end of the experiment, indicating that KT2440(RP4) could eventually dominate in the competitive culture. In addition, we observed a morphological change in colonies of the RP4-harboring strain. At the beginning of the competition assay, the mean colony diameter was 1.01 ± 0.17 mm and >98% of colonies were smaller than 1.5 mm (Figure 2A). After evolving, the mean colony diameter increased to 2.10 ± 0.19 mm and >98% of colonies were larger than 1.5 mm (Figure 2B). The increased colony size might be due to the change in fitness, but the fact that KT2440(RP4) also acquired a novel phenotype of large colony size (similar to the size of the plasmid-free ancestral strain) via adaptive evolution is intriguing.
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FIGURE 1. The fitness of strain KT2440(RP4) was evaluated by a competition assay using two biological replicates. The relative fitness (W) was calculated (A) every 24 h in the first trial and (B) every 48 h in the second trial. Means and standard deviations (error bars) of triplicate data (shown by gray diamonds) are shown.
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FIGURE 2. Photographs and histogram of the colony diameter sizes of the KT2440(RP4) strain at (A) the start point of the competition assay and (B) the end point of the 144-h assay. For each strain, colonies were cultivated on L broth agar plates supplemented with Km at 30°C for 48 h. Scale bar = 5 mm. The diameters of 200 colonies were measured. Means and standard deviations are shown by red solid and broken lines, respectively.


To determine the reason for the reduced fitness cost, three large colonies were isolated from each of the two independent competitive cultures; the strains were named 1-L1–3 and 2-L1–3 (Table 1). As control strains, small colonies were similarly isolated and named 1-S1–3 and 2-S1–3 (Table 1). We confirmed the colony size of each isolated strain, and the trends therein, by comparison with the ancestral strain, as shown in Figure 3 and Supplementary Figure S3. Next, the fitness of the isolated strains was assessed; the results for several selected strains are shown in Figure 4. As expected, the competition assay indicated that the W values of strains 1-L1 and 2-L1 did not decrease and exceeded 1.0 (Figure 4A). Meanwhile, the W value of 1-S1 decreased initially but then slightly increased relative to that of the ancestral KT2440(RP4) strain (Figure 4B). These results suggested that RP4 carriage did not impose any fitness cost on 1-L1 or 2-L1, but it did impose a cost on 1-S1. Moreover, the 1-L and 2-L strains showed a slightly higher growth rate compared with the ancestral, 1-S, and 2-S strains (Supplementary Figure S4). To assess the impact of conjugation of RP4 from RP4-harboring strains (ancestral strains and evolved strains 1-L1 and 2-L1) to RP4-free strains during the competition assay, the conjugation frequency during 24-h competitive cultivation was evaluated. Very low conjugation frequencies were detected (Supplementary Figure S5), and there was no significant difference in the conjugation frequency of RP4 between the ancestral strain and each evolved strain (Student’s t-test; P > 0.05). Given the very low ratio of transconjugants after 24-h competitive cultivation (<0.012%), the impact of conjugation on the fitness measurement in the competition assay can be regarded as negligible, even after 144 h of cultivation. Based on these results, the isolated 1-L and 2-L strains were defined as “evolved strains,” which show a lower RP4 carriage-imposed fitness cost, larger colony size, and higher growth rate compared with the ancestral strain.
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FIGURE 3. Photographs and measurements of colony diameters of ancestral RP4-harboring and RP4-free KT2440, of and 1-L, 1-S, 2-L, and 2-S strains. For each strain, colonies were cultivated on L broth (LB) agar plates at 30°C for 48 h. Scale bar = 5 mm. The diameters of 50 colonies were measured. Means and standard deviations (error bars) are shown. The lowercase letters a, b, c, and d in each figure indicate significant differences (one-way analysis of variance with Tukey’s post hoc test; P < 0.05; n = 50).
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FIGURE 4. The fitness of strains (A) 1-L1 and 2-L1 and (B) 1-S1 was evaluated by competition assays using two biological replicates. The relative fitness (W) was calculated every 24 h. Means and standard deviations (error bars) of triplicate data (indicated by the gray diamonds) are shown.




A Novel Transcriptional Unit Involved in the RP4 Fitness Cost Located on the KT2440 Chromosome

To identify mutations in the genomes of the evolved strains, we performed whole-genome sequencing analyses on 12 isolated strains (1-L1–3, 2-L1–3, 1-S1–3, and 2-S1–3) and the ancestral KT2440(RP4) strain. Although no mutation was found on RP4 in any strain, several mutations were found on their chromosomes. In the 1-S and 2-S strains, no significant mutations were found, and no mutations were found in the 2-S2 genome (Table 3). For evolved strains, a single nucleotide substitution was commonly found at position 6,158,637 of the chromosomes of the 1-L strains (Table 3). Similarly, a single replacement was commonly found at position 6,158,719 on the chromosomes of the 2-L strains (Table 3). Interestingly, these two mutations on evolved strains were located very close together, i.e., in the same intergenic region between PP_5401 and PP_5402. A previous transcriptome analysis suggested that this intergenic region was transcribed in the same direction as PP_5402 in the plasmid-free KT2440 strain at log phase (Supplementary Figure S6) (Takahashi et al., 2015). WebGeSTer DB (a transcriptional terminator database) analysis (Mitra et al., 2011) revealed no terminator region in the intergenic region between PP_5401 and PP_5402. Recently, sRNA transcripts annotated in intergenic regions were identified on the KT2440 chromosome via transcriptional analysis under various stress conditions (Bojanovič et al., 2017). That study reported three novel sRNAs (Pit174, 175, and 176) in our target intergenic region between PP_5401 and PP_5402.


TABLE 3. Point mutations identified in isolated strains.

[image: Table 3]First, we performed 5′-RACE analysis on total RNA from KT2440(RP4) grown until log phase, to determine the TSSs of this sRNA region. When the 8599-RACE-GSP primer that anneals specifically to the intergenic region was used, the specific PCR product was obtained (Figure 5A). Sequencing of the resultant DNA fragment suggested position 6,158,681 as a TSS of the sRNA, where this position is very close to that of Pit174 (Figure 5B and Supplementary Figure S7). Additionally, putative -10/-35 elements for σ70 of pseudomonads (Domínguez-Cuevas and Marqués, 2004) were found upstream of the identified TSS. One mutation (at position 6,158,637) occurred within the sRNA, while the other (at position 6,158,719) was in its promoter region (Figure 5B). Furthermore, qRT-PCR analysis on this intergenic region revealed that RP4 carriage resulted in strongly elevated transcription of this region at log phase (Figure 6A). In addition, we compared the transcriptional level of this region among KT2440, KT2440(RP4), and evolved strains (1-L1–3, 2-L1–3) by qRT-PCR. The transcriptional level in evolved strains was clearly lower than that in the ancestral KT2440(RP4) strain and similar to that in the plasmid-free KT2440 strain at log phase (Figure 6B). At stationary phase, the transcriptional level in all strains was clearly lower than that at log phase, but differences in transcriptional level were observed among all strains and the tendency was similar to that at log phase (Figure 6C). These results clearly show that the transcriptional level of this sRNA between PP_5401 and PP_5402 was increased by RP4 carriage in the ancestral strain, and compensatory mutations in this region could decrease the transcriptional level.
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FIGURE 5. 5′ rapid amplification of cDNA ends (5′-RACE) analysis was performed to determine transcriptional start sites (TSSs) in this intergenic region. (A) Agarose gel electrophoresis of 5′-RACE polymerase chain reaction (PCR) products. (B) The nucleotide sequences determined around TSS are shown. The primer for 5′-RACE PCR (8599-RACE-GSP) is shown by the gray arrow. The blue arrow (+1) indicates the position of the identified TSS. The -35 and -10 elements identified are highlighted in blue, and the two point mutations are highlighted in red.
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FIGURE 6. Quantitative reverse-transcription polymerase chain reaction analysis of the small RNA region (A) in RP4-free and RP4-harboring KT2440 strains at each time point, and (B) among ancestral RP4-free/-harboring KT2440 and evolved strains at log phase and (C) stationary phase. All data were normalized using the average transcriptional level of 16S rRNA as the internal standard. Means and standard deviations (error bars) of triplicate data are shown. Asterisks indicate significant differences compared with the results of the KT2440 strain, as assessed by the F test and Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.005; n = 3).


To identify the essential region of the sRNA involved in the fitness cost imposed by RP4, overexpression of 100-, 200-, 300-, and 400-bp regions from the TSS was induced from an artificial vector pBBR1MCS-5 (Kovach et al., 1995) in plasmid-free KT2440 cells. Regarding their colony sizes on plate cultures, overexpression of the 300-bp [KT(300) strain] or 400-bp [KT(400) strain] region resulted in colonies that were clearly smaller than that of the RP4-free control strain [KT(vc) strain], while the impact of overexpression of the 100-bp [KT(100) strain] or 200-bp [KT(200) strain] regions was not significant (Figure 7A and Supplementary Figure S8). This result suggested that the region longer than 300 bp was at least effective for reducing colony size. Next, a competition assay with the KT(vc) strain was performed for each overexpression strain, to evaluate the fitness cost imposed by overexpression of the respective regions. To determine the ratio of the overexpressed strain in the competitive culture, PCR amplification of the DNA regions, including vector inserts, was performed using total DNA extracted from the competitive culture. The resultant band intensities on agarose gels were quantified to obtain the ratio of the overexpressed strain in the culture. The relative ratio at each time point was calculated as follows: the ratio of the overexpressed strain divided by the initial ratio. As the control experiment, KT(vc) and KTRP4(vc) were subjected to a competition assay, and the proportion of KTRP4(vc) was calculated by dividing the band intensity of the trfA2 gene on RP4 by that of the parI gene on the KT2440 chromosome. Consequently, the relative ratio was markedly decreased, suggesting that this PCR-based method could quantify the fitness cost (Figure 7B). In the case of overexpressed strains, PCR amplification of the parI gene and the insert region of the pBBR1MCS-5 vector was performed, and the ratio of overexpressed strain was calculated based on the band intensities (ratio between the band intensity for the insert region and that for parI). While overexpression of the 100-bp region did not impose a fitness cost on the overexpression vector-harboring host (Figure 7C), overexpression of ≥200 bp of the region clearly imposed a fitness cost (Figures 7D–F). Moreover, the fitness cost was higher when the overexpressed region was longer (Figures 7C–F). When 300- or 400-bp regions were overexpressed, the ratio of the overexpressed strain was drastically decreased, similar to the KTRP4(vc) strain, indicating that a region longer than 300 bp was necessary to impose a fitness cost (Figures 7E,F). The basic local alignment search tool (BLAST) was used to explore the function of this 300- or 400-bp region from the identified TSS. However, BLAST search indicated no homology of this region to any protein in the database. Based on these results, we concluded that expression of at least 300 bp of the chromosomal sRNA is effective for imposing an RP4 fitness cost on KT2440 cells, and that the sRNA identified in this study is effectively the same as Pit174 (Supplementary Figure S7). Interestingly, BLAST search revealed that the Pit174 region was completely conserved in several P. putida strains at the DNA sequence level. To understand the mechanism of Pit174 function, it will be helpful to assess whether RP4 can load fitness cost on such P. putida strains via expression of Pit174. Meanwhile, it has been reported that the RNA chaperone Hfq is involved in the interaction between sRNAs and their target mRNAs (Vogel and Luisi, 2011). To clarify the function of Pit174, we attempted to quantify the RP4 fitness cost in the hfq deletion mutant KT2440Δhfq (Arce-Rodríguez et al., 2015). However, deletion of the hfq gene itself altered the host phenotype markedly, and we were unable to assess the impact of Hfq on the fitness cost imposed by RP4 (data not shown).


[image: image]

FIGURE 7. (A) Photographs and measurements of colony diameters among control and overexpressed strains. For each strain, colonies were cultivated on L broth agar plates supplemented with Gm at 30°C for 48 h. Scale bar = 5 mm. The diameters of 50 colonies were measured. Means and standard deviations (error bars) are shown. The lowercase letters a, b, and c indicate significant differences (one-way analysis of variance with Tukey’s post hoc test; P < 0.05; n = 50). The fitness of strains (B) KTRP4(vc), (C) KT(100), (D) KT(200), (E) KT(300), and (F) KT(400) was evaluated by competition assays. The relative ratio, calculated as the proportion of overexpression strains at each time point divided by the initial proportion of overexpression strains, was based on the band intensities of polymerase chain reaction products. The value was calculated every 48 h.




Impact of the sRNA Region on the Chromosomal Transcriptional Profile

In many studies, disturbance of the host chromosomal transcriptional profile by plasmid carriage was cited as the main cause of the plasmid fitness cost (Harrison et al., 2015; San Millan et al., 2015; Takahashi et al., 2015). Expression of the chromosomal sRNA may have disrupted the transcriptional profile on the plasmid gene(s), thus imposing a fitness cost on the host cell. However, we showed that the expression of the sRNA region clearly imposed a fitness cost in the plasmid-free KT2440 strain (Figures 7E,F). Therefore, the novel sRNA is likely to directly affect host chromosomal function(s). To understand the impact at the transcriptional level, we performed RNA-Seq analysis of the above-prepared KT(400) and KT(vc) strains. We confirmed that the transcription level of the sRNA in KT(400) was clearly higher than that in KT(vc) by RT-PCR, using PP_5401.2-F and -R primers (Supplementary Figure S9). Transcriptome analysis revealed that 27 ORFs were upregulated, and 6 were downregulated, by overexpression of the 400-bp region of the sRNA (Table 4). The proportion of differentially transcribed ORFs was 0.6%, suggesting that disturbance of the host chromosomal transcriptome was relatively low.


TABLE 4. Differentially transcribed ORFs in KT(400) strains.

[image: Table 4]Next, differentially transcribed ORFs were classified into 11 (of 23) groups based on Clusters of Orthologous Groups of proteins (COG) classifications (Supplementary Figure S10). As shown in Table 5, the relative numbers of ORFs classified as COG code O (post-translational modification, protein turnover; 5 ORFs) and code L (replication, recombination, and repair; 4 ORFs) among the differentially transcribed genes (33 ORFs) were significantly larger than those of ORFs classified as code O (165 ORFs in the whole genome) and code L (200 ORFs in the whole genome) in the whole genome (5,350 ORFs in the whole genome; P < 0.05; Fisher’s exact test). The products of five ORFs in the O class (lon-I, ibpA, grpE, hslV, and hslU) are types of heat shock protein (HSP). Generally, genes encoding HSPs are upregulated in response to various environmental stresses (Lindquist and Craig, 1988; Rohrwild et al., 1997; Teter et al., 1999). In category L, there are several ORFs encoding transposases, but the role of these ORFs in plasmid fitness cost is still unknown. In a Lactobacillus strain, some transposase-encoding genes were upregulated in response to various stresses, such as heat stress and acid stress (Palud et al., 2018). Based on these insights, it is predicted that RP4 carriage leads to stressful conditions for KT2440 host cells, where intracellular stress may underlie the fitness cost imposed by RP4.


TABLE 5. Numbers of differentially transcribed ORFs in KT(400) strains and their COG categories.

[image: Table 5]Fisher’s exact test also showed that the relative number of ORFs classified as COG code U (intracellular trafficking, secretion, and vesicular transport; 3 ORFs), and containing exbB and exbD, in the differentially transcribed genes (33 ORFs) was also statistically significantly larger than that of ORFs categorized in COG code U (37 ORFs in the whole genome) in the whole genome ORFs (5,350 ORFs in the whole genome) (P < 0.05). Three neighboring ORFs, exbB, exbD (COG code U), and tonB (COG code M), were all downregulated in the sRNA-overexpressed strain. In gram-negative bacteria, TonB-ExbB-ExbD complex is involved in the transport of ferric citrate (Braun, 1995). A domain search suggested that the product of PP_0700 (COG code P), which was a downregulated ORF in the sRNA-overexpressed strain, is a FecR family protein. FecR is the transcriptional regulator of fecABCDE genes, which are involved in ferric citrate transport (Angerer et al., 1995; Welz and Braun, 1998). Considering these results, overexpression of the sRNA region induced the downregulation of genes involved in iron acquisition machinery. In a previous study, we reported the common effects of pCAR1 carriage on the iron acquisition system in three Pseudomonas hosts (P. aeruginosa PAO1, P. fluorescens Pf0-1, and P. putida KT2440) (Shintani et al., 2010). Fur (ferric uptake regulator) is a transcriptional regulator involved in iron uptake and homeostasis (Thompson et al., 2002) a compensatory mutation in the fur gene occurred in plasmid pBP136-harboring S. oneidensis MR-1 strains during adaptive evolution (Stalder et al., 2017). Disturbance of the transcriptional regulatory network in the iron metabolism system may underlie the fitness cost imposed by plasmid carriage. Based on these considerations, we suggested that RP4 carriage altered the transcriptional regulatory network involved in the iron metabolism and stress resistance of the KT2440 host cell, resulting in decreased fitness.

Overexpression of the 400-bp sRNA region also upregulated the expression of oprH (COG code M), encoding an outer membrane protein, and phoP (COG code T), encoding a two-component response regulator. In P. aeruginosa PAO1, oprH is regulated by the PhoP/PhoQ two-component regulatory system (Macfarlane et al., 1999). Interestingly, it was reported that OprH in KT2440 played a role in controlling the conjugation frequency of the IncP-7 group plasmid pCAR1 (Sakuda et al., 2018). In future work, it will be necessary to explore the molecular function of OprH, to generate interactions between chromosome and plasmids. Furthermore, bkdAA and bkdAB, which encode branched-chain α-keto acid dehydrogenase, are also upregulated by sRNA overexpression. Two neighboring ORFs are involved in the catabolic pathway of several amino acids, such as lysine, isoleucine, valine, and leucine (Muramatsu et al., 2005; Förster-Fromme and Jendrossek, 2008). Thus, disturbance of amino acid metabolism may be induced by overexpression of the sRNA region.



DISCUSSION

Generally, plasmid carriage imposes a fitness cost on the host, which can acquire compensatory mutations to reduce the cost (Baltrus, 2013; San Millan and MacLean, 2017; Caroll and Wong, 2018; MacLean and San Millan, 2019). In this study, we revealed that RP4 carriage imposed a fitness cost on KT2440, and that KT2440 could reduce the cost via adaptive evolution. Notably, the evolution in the KT2440 chromosome was very rapid, and was accompanied by alteration of the colony size. The mercury-resistance plasmid pQBR55 imposed a fitness cost on P. fluorescens SBW25, but the cost was ameliorated by extremely rapid evolution of the host (Hall et al., 2019). Interestingly, Hall et al. (2019) also reported that this evolutionally pattern was accompanied by alteration of the colony size, as in the case of KT2440(RP4). Small colony variants are frequently found among a wide range of bacteria, including Gram-negative bacteria (Proctor et al., 2006). This morphotype is involved in several phenotypes, such as biofilm formation, antibiotic resistance, and cell fitness (Häußler et al., 2003; Malone, 2015). However, the relationship between plasmid fitness cost and colony size remains unclear, although it is assumed that the colony size becomes small due to the impact of plasmid carriage on the central metabolism. The increase in plasmid copy number also induces a delay in host growth (Engberg et al., 1975; Seo and Bailey, 1985). We calculated RP4 copy numbers in ancestral and evolved strains based on read numbers and coverage of whole-genome sequences. Copy numbers in evolved strains (1.6–2.4) were lower than that in ancestral strain (3.1) and 1-S/2-S strains (3.0–3.7) (Table 6). Although the reason for the decrease in plasmid copy number is still unknown, it may partly explain the improvement in fitness.


TABLE 6. Plasmid copy number based on whole genome sequencing.

[image: Table 6]The KT2440 strain could obtain compensatory mutations in the intergenic region during the competition assay, which ameliorated the fitness cost imposed by RP4 carriage. As reported by Bojanovič et al. (2017) three novel sRNAs (Pit174, 175, and 176) were annotated in the intergenic region between PP_5401 and PP_5402. In particular, the start position of Pit174 was very close to the identified TSS (Supplementary Figure S7). The length of Pit174 is 307 bp, and we demonstrated that the 300-bp or longer DNA region from the TSS played an important role in the fitness costs imposed by RP4 (Figures 7E,F). Based on these results, we conclude that upregulation of the sRNA corresponding to Pit174 (Supplementary Figure S7) by RP4 carriage (Figure 6A) is key to the fitness costs imposed on KT2440 host cells. The molecular mechanisms underlying the upregulation of Pit174 by RP4 carriage remain unclear. To elucidate these mechanisms, it will be necessary to identify the key gene(s) or region(s) in RP4 involved in the upregulation of Pit174 in future work. Overexpression of this chromosomal sRNA imposed a fitness cost on plasmid-free host KT2440 and altered the transcriptional levels of several genes involved in iron metabolism and the stress response (Table 4). Many sRNAs can regulate the expression of various genes at the transcription level (Storz et al., 2011). Additionally, several sRNAs can also modulate the translation of mRNA (Waters and Storz, 2009) and the sRNA identified on the KT2440 chromosome may function at the translational level to affect the fitness of RP4 host cells.

Previously, we showed that alteration of primary cell functions and reduction of stress resistance by IncP-7 group plasmid pCAR1 carriage were related to the fitness cost of the plasmid in KT2440 host cells (Takahashi et al., 2015). However, previous transcriptome analysis showed that the intergenic region between PP_5401 and PP_5402 was not upregulated by pCAR1 carriage (Takahashi et al., 2015). Additionally, we demonstrated adaptive evolution of KT2440(pCAR1) using an experimental setup similar to that of the present study (Kubo et al., in preparation). In that case, the time required for evolution was much longer than that for KT2440(RP4). Compensatory mutations on the host chromosome could be detected, but the mutations that occurred in KT2440(pCAR1) were completely different from those in KT2440(RP4) (Kubo et al., in preparation). These results strongly suggest that completely different compensatory evolution mechanisms occurred in the same host and were dependent on the type of plasmid. The antecedents of fitness costs are considered to be divergent, because adaptive evolution decreases the cost imposed by each type of plasmid carriage. Thus, it is important to evaluate the impact of other types of plasmid carriage on KT2440, and to clarify the evolutionary machinery involved.

When a plasmid is introduced into the host cell, transcriptional, proteomic, and metabolic profiles are altered greatly (San Millan et al., 2018; Vasileva et al., 2018) consequently, a fitness cost is imposed on the host cell by the plasmid. The molecular basis underlying fitness costs is incompletely known, although several important factors have been identified, such as plasmid replication protein (Sota et al., 2010), helicase (Loftie-Eaton et al., 2015, 2017; San Millan et al., 2015) and global transcriptional regulators (Doyle et al., 2007; Harrison et al., 2015; Stalder et al., 2017). Our study clearly shows that host chromosomal sRNA is another key factor in plasmid fitness costs. Bacterial hosts can obtain compensatory mutations in each hot spot for adaptive evolution, resulting in modulation of host cell functions and a decline in plasmid fitness costs. The diversity of the compensatory mutations drives bacterial adaptation to various environmental conditions. Understanding the relationship between plasmid carriage and sRNA will provide new insight into the molecular mechanisms underlying plasmid fitness costs, and the behavior of plasmid-harboring strains.
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The objective of this study was to explore the genetic and biological features of the tet(M)-harboring plasmid pTS14 in Salmonella enterica strain S14 isolated from a chicken fecal sample. Plasmid pTS14 was identified by conjugation, S1-pulsed-field gel electrophoresis (PFGE), Southern hybridization, and plasmid sequencing. The biological characteristics of pTS14 were assessed via stability, growth kinetics, and starvation survival experiments. Strain S14, belonging to ST3007, harbored a 119-kb tet(M)-bearing IncF2:A1:B1 conjugative plasmid pTS14. The plasmid pTS14 contained a novel transposon Tn6709 with the genetic structure IS26-tnpA1-tnpA2-Δorf13-LP-tet(M)-tnpX-ΔtnpR-IS26, and the resistance genes tet(B), tet(D), strAB, sul2, and blaTEM–1b. In addition, pTS14 was found to be highly stable in the recipient strain E. coli J53. The transconjugant TS14 exhibited a higher survival ratio than E. coli J53 under permanent starvation-induced stress. The tet(M)-bearing IncF2 epidemic plasmid lineage may accelerate the dissemination of tet(M) and other genes by coselection, which could constitute a potentially serious threat to clinical treatment regimens.

Keywords: Salmonella enterica, tet(M), Tn6709, biological features, IncF2:A1:B1 plasmid


INTRODUCTION

The tetracycline resistance gene tet(M) encodes a ribosomal protection protein that confers tetracycline resistance to a variety of bacterial species (Franke and Clewell, 1981; Roberts et al., 1986; Donhofer et al., 2012; Roberts and Schwarz, 2016), including 38 genera of Gram-positive bacteria and 39 genera of Gram-negative bacteria, with most associated with other tet genes1, likely through the association with integrative and conjugative transposons located on the chromosome or conjugative plasmids, which facilitate horizontal transfer (Bryan et al., 2004; Jones et al., 2006; Tuckman et al., 2007; de Vries et al., 2009; Hu et al., 2013). In Gram-negative bacteria, the tet(M) gene was first reported in Escherichia coli in 2006 (Jones et al., 2006) and later described in Salmonella enterica isolates from chicken and pig feces in China in 2017 (Ma et al., 2017). To date, several plasmids harboring the tet(M) gene have been reported in E. coli, which include the IncHI2-type plasmids p1106 (MG825373), pECAZ147_2 (CP018993), and pTW4-IncHI2 (MK293945), as well as the hybrid IncN1-IncHI2-type plasmid pHN6DS (MH459020) and IncX1-FI:A:B plasmid pYPE12 (CP041443). The incompatibility group IncF is a main vehicle for the dissemination of the rmtB and/or blaCTX–MS genes in Enterobacteriaceae (Deng et al., 2011; Hou et al., 2012). However, there are relatively few reports of tet(M)-harboring IncF plasmids from Salmonella. Here, we report the complete sequence of the tet(M)-harboring IncF2:A1:B1 plasmid pTS14 isolated from S. enterica. A novel transposon, Tn6709 harboring the tet(M) gene, as well as three other resistance modules, were located on the same plasmid, pTS14. Moreover, the biological characteristics of plasmid pTS14 in Salmonella were further investigated.



MATERIALS AND METHODS


Bacterial Strains

During a survey of the tet(M) gene in Henan Province, China, conducted in December 2017, one tet(M)-positive Salmonella strain, named S14, was isolated from the feces of a chicken. Strain identification was confirmed by PCR analysis and 16S rRNA sequencing along with MALDI-TOF MS detection (AXIMA Performance; Shimadzu Corporation, Kyoto, Japan) as described previously (Weisburg et al., 1991; Pavlovic et al., 2013). Subsequently, strain S14 was serotyped according to the Kauffmann–White scheme with the use of commercial antiserum.



Susceptibility Testing and Detection of Tetracycline Resistance Genes

The susceptibility of Salmonella strain S14 to 13 antibiotics (Supplementary Table S1) was determined via the broth microdilution method and interpreted in accordance with the guidelines of the Clinical and Laboratory Standards Institute (2017). Minimum inhibitory concentrations were calculated on three independent occasions. E. coli ATCC 25922 was used as a quality control strain. The tet(A), tet(B), tet(C), and tet(D) genes were screened by PCR as described previously (Sun et al., 2018).



Multilocus Sequence Typing (MLST)

To investigate the genetic typing of the isolate, MLST of seven housekeeping genes (thrA, purE, sucA, hisD, aroC, hemD, and dnaN) was performed as described previously (Yap et al., 2016). The sequences were subsequently submitted to the MLST database2 and assigned existing or novel allele type identification numbers. The corresponding sequence types were derived from the set of allelic profiles of each of the seven loci.



Conjugation Experiments

Mating experiments were conducted to evaluate the transferability of the tet(M) gene with the tet(M)-positive strain S14 as the donor and rifampicin-resistant Salmonella strain JS-500 and sodium azide-resistant E. coli strain J53 as the recipients. The transconjugants were selected on MacConkey agar plates supplemented with doxycycline (16 mg/L) and rifampicin (400 mg/L) for Salmonella JS-500 or doxycycline (16 mg/L) and sodium azide (200 mg/L) for E. coli J53. The conjugation frequency was calculated as the ratio of the number of transconjugants per recipient. All transconjugants were confirmed by pulsed-field gel electrophoresis (PFGE). The presence of the tet(M) and other tet genes in all transconjugants was confirmed by PCR analysis and sequencing.



S1-PFGE and Southern Hybridization

Prior to PFGE, DNA from the donor strain S14 and the corresponding E. coli J53 transconjugant (named TS14) were treated with S1 nuclease. The location of tet(M) gene was identified by Southern blot hybridization with the use of a probe for the tet(M) gene.



Plasmid Sequencing and Annotation

The plasmid from the transconjugant was extracted using the QIAGEN Plasmid Midi Kit (Qiagen, Hilden, Germany) and sequenced with Illumina Hiseq technology (Illumina, Inc., San Diego, CA, United States). Assembly of the generated sequences with Newbler software v2.6 (Roche Diagnostics Corporation, Indianapolis, IN, United States) generated nine contigs. Gaps between the contigs were closed by PCR and sequencing. The plasmid sequences were initially predicted and annotated using the Subsystem Technology (RAST v2.0) server (Aziz et al., 2008), and corrected manually using the BLASTn and BLASTp algorithms3. The plasmid replicon genotype was identified using the PlasmidFinder database4. Comparative analysis and generation of plasmid maps were performed using the Python application Easyfig and the BLAST Ring Image Generator (Alikhan et al., 2011; Sullivan et al., 2011).



Biological Characteristics of the tet(M)-Harboring Plasmid pTS14

To assess bacterial growth kinetics, the transconjugant TS14 and recipient E. coli J53 were incubated overnight at 37°C in lysogeny broth (LB; 5 mL) and then diluted to an optical density at 600 nm (OD600) of 0.004 in 20 mL of fresh LB with or without doxycycline (16 mg/L). Over a 15-h inoculation period, bacterial growth was measured and recorded every hour. To evaluate plasmid stability, transconjugant E. coli TS14 was maintained for 14 days in daily refreshed LB (100-fold dilution) without antibiotic selection, as previously described (Wu et al., 2018). Approximately 100 colonies were randomly chosen and replica plated onto LB agar plates with doxycycline. All colonies grown on doxycycline-supplemented agar were subjected to PCR analysis to confirm the presence of the tet(M) gene. M9-glycerin (0.2%) minimum medium was used for starvation survival experiments of E. coli J53, TS14, and a mixture of both. The percent survival was calculated as the ratio of the mean number of CFUs divided by the number of CFUs after overnight incubation for each of the triplicate suspensions on days 1, 2, 3, 5, 7, 10, and 15. Experiments were repeated in three separate assays.



Nucleotide Sequence Accession Number

The complete sequence of plasmid pTS14 was submitted to the GenBank under the accession number MN328348.



RESULTS AND DISCUSSION


Characterization of Salmonella Strain S14

The tet(M)-positive strain S14 was serotyped as S. enterica, belonging to ST3007. The results of the conjugation assay indicated that the tet(M) gene can be successfully transferred to Salmonella JS-500 and E. coli J53 at frequencies of 1.638 × 10–4 and 1.397 × 10–4, respectively, which were assigned as TS14-JS500 and TS14. Susceptibility testing showed that S14, TS14-JS500, and TS14 were all resistant to doxycycline, tetracycline, gentamicin, sulfamethoxazole-trimethoprim, and amoxicillin (Supplementary Table S1). The transconjugant TS14 was selected for further study. S1-PFGE and Southern hybridization indicated that the tet(M) gene was located on a plasmid of ∼119 kb in size, designated as pTS14 (Supplementary Figure S1). The results of the mating experiments demonstrated that plasmid pTS14 harboring tet(M) can be self-transmissible and spread between and across genera.



Characterization of Plasmid pTS14

Sequencing of the plasmid pTS14 from transconjugant TS14 revealed a 119,493-bp circular episome with a mean G + C content of 50.81% with 155 putative open reading frames (ORFs). The plasmid pTS14, belonging to IncF2:A1:B1, has a typical FII-type backbone and three conserved modules (Figure 1): (i) regions encoding the plasmid replication gene repA; (ii) regions responsible for plasmid transfer and two conserved pilus-encoding loci (tra and trb); (iii) plasmid maintenance region, plasmid segregation system (including ParAB and PsiAB) and a multiple toxin-antitoxin (TA)-based addiction system (including PemI/PemK, CcdA/CcdB, and Hok); and two accessory regions (regions encoding antimicrobial resistance and virulence).
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FIGURE 1. Whole-plasmid sequence of pTS14 and comparison of similar IncF2 plasmids. The 150326-bp pST90-1 was used as a reference plasmid at the highest coverage (79%). Key features of pST90-1 are highlighted in different colors. Replicon genes are in blue; transfer-associated genes in cyan; resistance genes in red; mobile elements in yellow; the loci of stability-associated genes (iutA-iucABCD and sitABCD) in maroon; and hypothetical proteins in black. The outer ring comprises the CoDing sequence of pST90-1. The plasmids in this study included pTS14 (IncF2:A1:B1, MN328348), pST90-1 (IncF2:A1:B58, CP050735), pYSP8-1-CTX-M-14 (IncF2:A1:B1, CP037912), pSI108-1 (IncF2:A1:B58, CP050770), pGDD25-16 (IncF2:A1:B1, MH316135), and pCA08 (IncF2:A16:B20, CP009233).


As shown in Figure 1, BLASTn comparisons demonstrated that plasmid pTS14 (IncF2:A1:B1) shared high homology to S. enterica serovar Typhimurium plasmid pST90-1 (IncF2:A1:B58, CP050735) with 99.97% identity at 81% coverage and to E. coli plasmid pYSP8-1-CTX-M-14 (IncF2:A1:B1, CP037912) with 100% identity at 80% coverage. In general, the incompatibility group IncFII is an epidemic plasmid lineage responsible for the dissemination of the rmtB and/or blaCTX–MS genes in Enterobacteriaceae (Deng et al., 2011; Hou et al., 2012). However, reports of tet(M)-harboring IncF plasmids are very scarce. Interesting, pTS14, pST90-1, and pYSP8-1-CTX-M-14 are the only three IncF2 plasmids known to carry the tet(M) gene (Figure 1). Several other plasmids harboring the tet(M) gene have been reported, such as the IncHI2-type plasmids p1106 (MG825373) and pECAZ147_2 (CP018993), pTW4-IncHI2 (MK293945), and the hybrids IncN1-IncHI2 pHN6DS (MH459020), and IncX1-FI:A:B pYPE12 (CP041443). In addition, pTS14 also exhibited high homology to other IncF2-type plasmids: i.e., the blaCTX–M–14-bearing E. coli plasmid pCA08 (CP009233) with 99.76% identity at 75% coverage, the blaCTX–M–27- and the rmtB-bearing Salmonella plasmid pSI108-1 (CP050770) with 99.97% identity at 73% coverage, and the blaCTX–M–27- and rmtB-bearing Salmonella plasmid pGDD25-16 (MH316135) with 99.97% identity at 71% coverage (Figure 1).

Comparative analysis revealed that the most noticeable difference among these IncF2 plasmids lay in the region encoding multidrug resistance (MDR) and virulence factors. The MDR region of pTS14 is composed of several segments, successively including a truncated transposon Tn10-like segment carrying the tet(B) and tet(D) genes, a Feo system for ferrous iron utilization, a tet(M)-containing segment, a resistance cluster of sul2-strA-strB, and an incomplete Tn3-harboring blaTEM–1b transposon (Figure 2). The truncated Tn10-like transposon, the first segment, has undergone deletion of IS10L and jemA, which are located upstream of the truncated jemB, and another IS10R that was divided into three segments, which were disrupted by the insertion of IS26 and IS1P with 8-bp direct repeats. The similar structure was observed in plasmid pJSWP006-1 (AP018939), and differed by deleting the IS10R in RCS89-p (LT985304) (Figure 2). This segment along with the Feo system exhibited high (99.99%) identity with those of plasmid pJSWP006-1 (IncF-:A1:B1, AP018939) with the exception of a three-nucleotide substitution (Figure 2). The sul2-strA-strB module, followed by an incomplete Tn3 transposon carrying blaTEM–1b, as the last segment, was located downstream of the tet(M)-containing segment. However, an incomplete Tn3 transposon carrying blaTEM–1b and rmtB was located upstream of the qepA1 in plasmid pST90-1 (Supplementary Figure S2).
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FIGURE 2. The MDR region of plasmid pTS14 and comparisons with related regions. Genes, mobile elements and other features are colored based on functional classifications. Numbers in parentheses show the nucleotide positions within the corresponding plasmids. Shaded regions denote homologous DNA regions (>97% nucleotide identity). Resistance genes are in red; mobile elements are in yellow; hypothetical proteins are in gray, and others in pink.


The tet(M)-bearing segment, an IS26-bracked composite transposon, was designated as Tn6709 using the Transposon Nomenclature Database5. Tn6709 consists of the insertion sequence IS26, an incomplete transposase tnpA from Tn5403, the incomplete transposase ΔtnpA from the Tn3 family, truncated orf13, the tet(M) leader peptide (LP) gene, the tetracycline resistance gene tet(M), the tnpX and ΔtnpR genes from the Tn1000 transposon, and the IS26 element (Figure 3). Comparative sequence analysis showed that fragment Δorf13-lp-tet(M) was relatively conserved with 100% sequence identity to the other six sequences displayed in Figure 3. Interestingly, the 3′-terminal end of the partial or complete sequence encoding a Tn3-family transposase was located upstream of Δorf13 in six similar sequences and Tn6709, indicating that the transfer of tet(M) was closely related to that of the Tn3 family. Besides, for Tn6709, only two sequences (p41-3 and pTW4) carried the IS26 element upstream of the tnpA or tnpA1 gene. Furthermore, the IS26 element was located downstream of the incomplete tnpR in plasmids pTW4, pYSP8-1-CTX-M-14, and pTS14. The IS26 element plays a key role in the reorganization of the MDR region of plasmids (Harmer et al., 2014). In this study, reverse PCR was performed to explore the existence of a circular intermediate of the IS26-bracked composite transposon Tn6709. However, no circular intermediate could be obtained from strain S14. In addition, sequence analysis revealed that there were no direct repeats flanking the IS26 element in transposon Tn6709, indicating that the IS26-bracked composite transposon Tn6709 acquired by pTS14 may have occurred by recombination rather than transposition.
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FIGURE 3. Comparisons of the genetic environment of Tn6709 harboring tet(M) in MN328348, with other sequences carrying tet(M) retrieved from the GenBank database. Similar regions are indicated by dotted lines (hp, gene encoding hypothetical protein; lp, gene encoding tet(M) leader peptide).


The tet(M) gene was originally designated by Burdett et al. (1982), and was subsequently found to be frequently connected with transposons in Gram-positive bacteria, such as the Tn916 transposon of Streptococcus faecalis (Roberts and Kenny, 1987), the Tn5801-like transposons of Staphylococcus aureus and Enterococcus faecalis (de Vries et al., 2009), and the Tn5397-like transposons of Clostridioides difficile and Enterococcus faecium (Agerso et al., 2006). In Gram-negative bacteria, the tet(M) gene was first reported in E. coli in 2006 as being flanked by IS26 and ISVs1 (Jones et al., 2006), and was first described in S. enterica isolated from chicken and pig feces in China in 2017 (Ma et al., 2017). The tet(M) gene was found to be associated with the Tn6539 transposon (Sun et al., 2018). In the present study, the tet(M) gene was located on the novel composite transposon Tn6709 in IncF2:A1:B1, related to the epidemic plasmid lineage IncF2. Taken together, these results suggest that the tet(M) gene can transfer from Gram-positive bacteria to Gram-negative bacteria and disseminate between different plasmid groups.

Comparative analysis demonstrated that the tet(M)-bearing plasmid pTS14 harbored a Feo system responsible for ferrous iron transportation (Figure 2), while the tet(M)-bearing plasmids pST90-1 and pYSP8-1-CTX-M-14 were absent. Interesting, plasmids pST90-1 and pYSP8-1-CTX-M-14 both contained aerobactin (iutA-iucABCD) and Sit (sitABCD) loci (Figure 1 and Supplementary Figure S2). Iron acquisition systems play important roles in colonization and pathogenicity of many bacteria, particularly the aerobactin (iutA-iucABCD), Sit (sitABCD) and Feo system loci (Sabri et al., 2008; Lau et al., 2016; Khajanchi et al., 2019). In Salmonella, the iron acquisition system can be encoded by chromosomal pathogenicity islands (Janakiraman and Slauch, 2000) or plasmid genes (Khajanchi et al., 2017). In S. enterica, the Sit (sitABCD) and aerobactin iron acquisition (iucABCD-iutA) systems encoded by the IncFIB plasmid have been well characterized, and are reported to enhance virulence potential of intestinal epithelial cells (Khajanchi et al., 2017). In the present study, the Feo system was encoded by the IncF2:A1:B1 plasmid, which may be associated with other biological traits. Thus, the stability of the tet(M)-harboring plasmid was further assessed in E. coli strain TS14.



The Biological Characteristics of the Plasmid pTS14

In the bacterial growth experiment, the growth rate of the transconjugant TS14 was similar to that of the recipient E. coli J53 in LB broth without doxycycline, while that with doxycycline was slightly lower than the recipient in LB broth without doxycycline (Figure 4A). The plasmid pTS14 existed stably in transconjugant TS14 for at least 14 days of passage in an antibiotic-free environment. The survival rate of TS14 was highest, followed by the mixture of TS14 and E. coli J53, and lowest for E. coli J53, which demonstrates that the growth of the transconjugant TS14 harboring pTS14 was not lower than that of E. coli J53. After 15 days, the bacterial numbers of the three cultures all decreased to less than 10% (Figure 4B). Overall, in this initial study, plasmid pTS14 carrying the Feo system did not affect bacterial growth, although there was no benefit to the transconjugant harboring pTS14. Further investigations are warranted to elucidate the role of the Feo acquisition system of plasmids in Salmonella.
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FIGURE 4. Growth kinetics of the transconjugant TS14 and recipient E. coli J53. (A) The growth kinetics of transconjugant TS14 harboring pTS14 and recipient E. coli J53 over a 15-h inoculation period in the presence and absence of doxycycline (16 μg/mL). (B) The starvation survival of J53, TS14, and their mixture. The values are presented as the mean ± standard deviation.




CONCLUSION

In summary, the self-transmissible IncF2:A1:B1 plasmid pTS14 from Salmonella carried the tet(M), tet(B) and tet(D) genes, along with the sul2-strA-strB module and the incomplete blaTEM–1b-bearing transposon Tn3. The tet(M) gene was located on the novel composite transposon Tn6709 and flanked by two IS26 elements oriented in the opposite direction. In addition, the plasmid pTS14 harbored a Feo system responsible for ferrous iron transportation.

The epidemic IncF2 plasmids have the potential to carry both virulence and antimicrobial resistance determinants, which might contribute to the further dissemination of the tet(M) gene via co-selection by other antimicrobials. Therefore, there is a need to monitor the dissemination of this MDR- and virulence-associated plasmid among Enterobacteriaceae.
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FIGURE S1 | S1-PFGE (A) and Southern hybridization (B) of Salmonella strain S14 and the corresponding transconjugant TS14 with the tet(M) gene as a probe. Marker, Salmonella Braenderup H9812.

FIGURE S2 | Comparative analysis of pTS14 with other IncF-type plasmids. Homologous segments generated by a BLASTn comparison (≥97% identity) are shown as gray boxes. Genes are represented by thick arrows. The color code equates to that described in this figure legend.

TABLE S1 | The MICs of S14 and transconjugant in this study.
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Limited data are available on the contribution of wildlife to the spread of antibacterial resistance. We determined the prevalence of resistance to antibiotics in Escherichia coli isolates collected from wild animals in 2013 and 2014 and the genetic basis for resistance to third-generation cephalosporin in Guadeloupe. We recovered 52 antibiotic-resistant (AR) E. coli strains from 48 of the 884 (5.4%) wild animals tested (46 iguanas, 181 birds, 289 anoles, and 368 rodents at 163 sampling sites). Rodents had higher rates of carriage (n = 38, 10.3%) than reptiles and birds (2.4% and 1.1%, respectively, p < 0.001). A significant association (p < 0.001) was found between the degree of anthropization and the frequency of AR E. coli carriage for all species. The carriage rate of ciprofloxacin- and cefotaxime-resistant isolates was 0.7% (6/884) and 1.5% (13/884), respectively. Most (65.4%) AR E. coli were multi-drug resistant, and the prevalence of extended-spectrum beta-lactamase (ESBL)-producing E. coli was low (n = 7, 0.8%) in all species. Eight ESBL-producing E. coli were recovered, two genetically unrelated isolates being found in one bird. These isolates and 20 human invasive ESBL E. coli isolates collected in Guadeloupe during the same period were investigated by whole genome sequencing. blaCTX–M–1 was the only ESBL gene shared by three animal classes (humans, n = 2; birds, n = 2; rodents, n = 2). The blaCTX–M–1 gene and most of the antimicrobial resistance genes were present in a large conjugative IncI1 plasmid that was highly similar (>99% nucleotide identity) to ESBL-carrying plasmids found in several countries in Europe and in Australia. Although the prevalence of ESBL-producing E. coli isolates was very low in wild animals, it is of concern that the well-conserved IncI1 plasmid-carrying blaCTX–M–1 is widespread and occurs in various E. coli strains from animals and humans.
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INTRODUCTION

Antimicrobial resistance (AMR) has become a major threat for human health worldwide, resulting in dramatic increases in morbidity and mortality (Laxminarayan et al., 2013). AMR is a complex, multifaceted problem involving humans, animals, and the environment; however, the role of wildlife in the spread of antibacterial resistance might be underestimated. The occurrence of antibiotic-resistant (AR) bacteria in wild fauna has been reported increasingly in diverse animal species in a wide range of habitats and locations since the first description in 1977 of chloramphenicol-resistant Escherichia coli isolates in Japanese wild birds (Sato et al., 1978; Wang et al., 2017).

Wild fauna, however, may not be exposed to antibiotics and should be protected from AR bacteria in view of their possible role in their transmission. The environment receives antibiotic residues and AR bacteria in human and animal waste, resulting in indirect exposure of wild fauna. Third-generation cephalosporin-resistant (3GC-R) Enterobacteriaceae have spread throughout the world, initially in hospitals and more recently in communities. Resistance is mediated mainly by acquired extended-spectrum beta-lactamase (ESBL) genes located on mobile genetic elements. ESBL enzymes can hydrolyze almost all beta-lactams (except for carbapenems and cephamycins) and are frequently associated with genes resistant to many types of antimicrobial agent (Peirano and Pitout, 2019). Since the first report of ESBL-producing E. coli isolates from wild animals in Portugal in 2006, at least 80 wildlife species worldwide have been reported to carry ESBL-producing Enterobacteriaceae (Wang et al., 2017). They have been reported mostly in waterfowl, birds of prey, and rats (Pinto et al., 2010; Guenther et al., 2012, 2013; Veldman et al., 2013) but also in species living in environments that are less exposed to human activities (Guenther et al., 2012). Most ESBL-producing bacterial pathogens in wild animals are E. coli, because of its ubiquity and its ability to acquire the AR gene through mobile genetic elements.

Guadeloupe, a French overseas territory located in the Caribbean, was considered a very high-resource country in 20131. One-third of the small island is devoted to agriculture, and the mountains are sparsely populated, resulting in a very high population density (247.7 inhabitants/km2 in 2013). The diversity and population of wild fauna are limited because of extensive hunting during the colonization period (Grouard, 2007; Lorvelec et al., 2007), and only a few animal classes have been described: mammals (agouti, mongooses, raccoons, bats, rats, and mice), reptiles and amphibians (frogs, toads, iguanas, anoles, geckos and turtles), and birds (278 listed species, including a number of migratory species)2 (Powell and Henderson, 2005; Davalos and Turvey, 2012). Most of the wild fauna live in close proximity to humans, and small reptiles such as anoles and geckos live inside dwellings (Powell and Henderson, 2005). Rats and mice proliferate on the island because of poor waste management and crops (fruit trees, sugar cane) that favor their increase. Birds such as bananaquit are also found around dwellings.

Few data on AMR in Guadeloupe are available. Although Enterobacteriaceae carbapenemase-producing strains have emerged (Bastian et al., 2015; Breurec et al., 2015), studies on community-acquired urinary tract infections (Guyomard-Rabenirina et al., 2016) and waste water treatment plants (Guyomard-Rabenirina et al., 2017) showed a low prevalence of ESBL-producing Enterobacteriaceae. Previous studies suggested that wildlife, particularly terrestrial, could be used as sentinels of environmental AMR (Furness et al., 2017). The primary objective of our study was to determine the prevalence of AR E. coli in the feces of wild animals. The secondary objectives were to determine the influence of human activities on the spread of AR E. coli in wild fauna, to use whole genome sequencing to identify the genetic background of ESBL-producing E. coli collected from wild animals and the genetic basis for resistance to 3GC, and to compare the genomic features of isolates with those from humans collected during the same period.



MATERIALS AND METHODS


Sampling

We sampled 884 animals between February 2013 and February 2014 at sites throughout Guadeloupe and nearby islands (Les Saintes, Marie-Galante, La Désirade, and Petite-Terre) identified with the geographical information system Q-GIS (Figure 1). A single cloacal swab was taken from 181 birds at 46 sampling sites and from 289 anoles at 76 sampling sites. Feces from 46 iguanas living in colonies were collected at six sampling sites. As part of an ancillary study, fragments of colon were collected during dissection of 368 rodents trapped live at 35 sampling sites and placed in sterile water. Species were identified according to morphological criteria.
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FIGURE 1. Map of Guadeloupe and location of sampling sites.


All the procedures were approved by the regional environment, planning, and housing agencies and by the Guadeloupe National Park. The project was also approved by the Committee for Ethics in animal experiments of the French West Indies and Guyana (references 69-2012-4; 69-2012-6; 69-2012-7). Animals were cared for and used according to the French decree No. 2013-118 of February 1, 2013, on the protection of animals, which meets European Union Directive 2010/63 on the protection of animals used for experimental and other scientific purposes.

In order to investigate the association between carriage of AR bacteria and proximity to human activities, sampling sites were classified into two groups according to their degree of anthropization with Q-GIS: (i) wilderness with no human presence or countryside with limited human activities, and (ii) human-perturbed landscapes with a matrix of agriculture and livestock activities, and urban and suburban areas with high levels of human activity.



E. coli Isolation and Antimicrobial Susceptibility Analysis

Buffered peptone water was added to the samples, which were then shaken manually. After incubation overnight at 37°C, 100 μL of the suspension was inoculated onto three lactose-TTC-agars supplemented with Tergitol-7, each containing a different antibiotic: 2 mg/L of ampicillin, 2 mg/L of cefotaxime, or 1 mg/L of ciprofloxacin. They were incubated at 37°C for 24 h (SFM and EUCAST, 2014). Presumptive Enterobacteriaceae colonies on lactose-TTC-agar (orange colonies, oxidase-negative, Gram-negative bacilli) were isolated randomly and identified by matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry on an Axima Performance (Shimadzu Corp., Osaka, Japan). Colony morphology was investigated as a means of screening isolates with different antibiotic susceptibilities. Three colonies were identified randomly for each identical morphology.

Susceptibility to amoxicillin (10 μg), amoxicillin/clavulanic acid (20 μg/10 μg), ticarcillin (75 μg), cephalothin (30 μg), cefotaxime (30 μg), ceftazidime (30 μg), cefoxitin (30 μg), aztreonam (30 μg), imipenem (10 μg), gentamicin (15 μg), amikacin (30 μg), trimethoprim/sulfamethoxazole (1.25/23.75 μg), nalidixic acid (30 μg), ciprofloxacin (5 μg), and tetracycline (30 UI) was tested by the disk diffusion method on Mueller–Hinton agar (Bio-Rad, Marnes-la-Coquette, France), and production of ESBL was detected by the double-disk synergy test, according to the 2014 guidelines of CA-SFM/EUCAST (SFM and EUCAST, 2014). Isolates depicting resistant or intermediate phenotype were classified together for analysis. Growth inhibition diameters were measured with the Adagio automated system (Bio-Rad). E. coli ATCC 25922 was used as the control strain. If more than one E. coli strain with the same antibiotic susceptibility pattern was isolated from the same animal, only one randomly chosen isolate was analyzed. An AR E. coli isolate was defined as a strain resistant to at least one of the antibiotics tested and a multi-drug-resistant E. coli as an isolate resistant to three or more antimicrobial classes (Magiorakos et al., 2012).



Core Genome Phylogenetic Analyses and Antibiotic Resistance Genes

Whole genome sequencing was performed at the “Plateforme de microbiologie mutualisée” of the Pasteur International Bioresources Network (Institut Pasteur, Paris, France) on eight ESBL-producing E. coli isolates collected from wild animals for this study and on all human ESBL-producing E. coli isolates (n = 20) recovered during the same period from patients admitted to the University Hospital of Guadeloupe for community-acquired (n = 4) and nosocomial (n = 16) bloodstream infections. Isolates were considered to be community-acquired if recovered by culture from a sample obtained within 48 h after admission. The study protocol was approved by the Ethics Committee of the University Hospital of Guadeloupe (reference A5_19_12_05_TRAMID).

DNA was extracted with a DNA Mini Kit (Qiagen). The libraries were prepared with a Nextera XT Kit (Illumina), and sequencing was performed with the NextSeq 500 system (Illumina), generating 100–151 base-pair (bp) end reads, which have been deposited in the NCBI-SRA public archives under the project’s accession number PRJNA600948. Reads were trimmed and filtered with an AlienTrimmer (Criscuolo and Brisse, 2014) and a quality Phred score threshold of 13 on a minimum length of 30 nucleotides, yielding a mean of 98-fold estimated coverage (minimum, 82-fold; maximum, 149-fold). Reads were then assembled de novo with SPAdes v3.9.0 (Bankevich et al., 2012) and the “–careful” option. The quality of assemblies was assured with QUAST software (Gurevich et al., 2013), resulting in a mean N50 of 81 916 (minimum, 48 588; maximum, 173 865). The assembled genomes were annotated with Prokka (Seemann, 2014). A core genome was extracted with Roary software (Page et al., 2015). Recombination sequences were identified and removed from the global core genome alignment with fastGEAR software (Mostowy et al., 2017), giving a global alignment of 1 784 574 bp, 3082 genes shared by 100% of bacterial isolates and 47 690 polymorphic sites. Maximum likelihood (ML) phylogenetic reconstruction was performed with RAxML v8 (Stamatakis, 2014), the GTR-CAT model, and 100 bootstrap replicates, and the tree was drawn with iTOL (Letunic and Bork, 2019). The content of antibiotic resistance genes was assessed with ResFinder (Zankari et al., 2012), and plasmids were identified with PlasmidFinder (Carattoli et al., 2014).

Previously described polymerase chain reaction (PCR) methods were used to screen for genes encoding plasmid-encoded blaCTX–M, blaTEM, and blaSHV beta-lactamase genes (Guyomard-Rabenirina et al., 2016).



Plasmid Sequencing by Oxford Nanopore Technology and Syntenic Analysis

PlasmidFinder and ResFinder were used to identify an IncI1/sequence type (ST3) signature and the presence of an ESBL gene blaCTX–M–1 in six bacterial strains (EC1, EC7, EC23, EC28, EC38, and EC45). Such profile has been described in a previous IncI1/blaCTX–M–1/ST3 assembled and annotated plasmid called pESBL20150178 (GenBank accession number MK181568) purified from a strain of E. coli sampled from a bloodstream infection in Denmark in 2015 (Valcek et al., 2019). In order to fully sequence plasmids in EC1, EC7, EC28, and EC38 isolates, we performed a nanopore sequencing [Oxford Nanopore Technology® (ONT))]3. Libraries were prepared following manufacturer instructions using the SQK-LSK109 Ligation Sequencing Kit with the EXP-NBD104 Native Barcoding Expansion 1–12 Kit and performed without optional shearing steps to select for long reads. FLO-MIN106 flowcell connected to the MinION device were used to sequence the library during 48 h using the MinKNOW software (ONT). MinION reads were base-called using Guppy software v3.6.0 and further de-barcoded and screened for quality (resulting in mean q > 11) using EPI2ME v2020.2.10 “Fastq Barcoding worklow.” We obtained a mean reads size of 6343 bp (minimum, 4405; maximum, 8541) and a mean of 156-fold estimated coverage (minimum, 124-fold; maximum, 193-fold). A hybrid assembly was then performed using both high-quality Illumina and nanopore reads thanks to Unicycler pipeline (Wick et al., 2017). PlasmidFinder and pMLST were used to correctly identify contigs corresponding to IncI1/ST3 plasmids in each assembly. Using this approach we successfully recovered the full sequence of a circularized plasmid in strains EC1, EC7, EC28, and EC28, so-called pEC1, pEC7, pEC28, and pEC38. Plasmids sequences have been deposited in the GenBank database (accession numbers pEC1: CP053560; pEC7: CP053679; pEC28: CP053678; and pEC38: CP053677). Antibiotic resistances were further confirmed by ResFinder. A syntenic analysis of all plasmids (including pESBL20150178) versus pEC1 was generated with BRIG software (Alikhan et al., 2011). The reference plasmid pEC1 was annotated using RAST (Aziz et al., 2008). The nucleotide sequence of pESBL20150178 was searched with Mash Screen (Ondov et al., 2019) in the PLSDB database (a resource containing 16 168 plasmid sequences collected from the NCBI nucleotide database) (Galata et al., 2018). All plasmids were further aligned using Mauve software (Darling et al., 2004).



Statistical Analysis

Microsoft Access 2003 was used for data entry and Stata Version 10 for statistical analysis. In univariate analyses, the χ2 test (or Fisher’s exact test when appropriate) was used to compare categorical data. We considered p-values < 0.05 to be significant.



RESULTS


Prevalence of Antibiotic-Resistant E. coli

A total of 52 AR E. coli isolates were recovered from 48 (5.4%) of the 884 wild animals tested (46 iguanas, 181 birds, 289 anoles, and 368 rodents at 163 sampling sites). Rodents had a higher rate of carriage (n = 38, 10.3%) than reptiles and birds (2.4% and 1.1%, respectively, p < 0.001). Among rats, the frequency of carriage was significantly higher in Rattus norvegicus (n = 23, 14.2%) than Rattus rattus (n = 12, 6.4%) (p < 0.05). Among reptiles, only the invasive species of iguana (Iguana iguana) and the most common species of anoles (Anolis marmoratus) in Guadeloupe were carriers of AR E. coli (Table 1).


TABLE 1. Wild animal species sampled and the prevalence of antibiotic resistant-, multidrug resistant-, and extended spectrum beta-lactamase producing-Escherichia coli from respective host species from Guadeloupe (French West Indies).

[image: Table 1]The carriage rate of ciprofloxacin-, cefotaxime-, and ampicillin-resistant E. coli isolates in wild animals was 0.7% (6/884), 1.5% (13/884), and 4.9% (43/884), respectively. Most of the isolates (34/52, 65.4%) were resistant to at least three classes of antibiotics and were thus classified as multi-drug-resistant. E. coli isolates were characterized by high rates of resistance to amoxicillin (n = 46, 88.5%), ticarcillin (n = 46, 88.5%), cephalothin (n = 30, 57.7%), tetracycline (n = 29, 55.8%), trimethoprim/sulfamethoxazole (n = 21, 40.4%), amoxicillin/clavulanic acid (n = 18, 34.6%), aztreonam (n = 17, 32.7%), cefotaxime (n = 14, 26.9%), and ceftazidime (n = 14, 26.9%) and by moderate rates of resistance to nalidixic acid (n = 11, 21.1%), cefoxitin (n = 9, 17.3%), and ciprofloxacin (n = 6, 11.5%). No resistance to imipenem, gentamicin, or amikacin was found. We recovered 34 resistance phenotypes; the two most frequent were to amoxicillin and ticarcillin (n = 5) and to amoxicillin, ticarcillin, trimethoprim/sulfamethoxazole, and tetracycline (n = 9). Of the 14 3GC-R isolates, 8 (0.9% of all 884 animals) were positive in the double-disk synergy test, indicating the presence of an ESBL gene; 5 were from 5 rats, 2 were from 1 bird, and 1 were from 1 iguana. No ESBL gene was recovered among the six isolates with a negative double-disk synergy test using PCR.

Of the 884 animals sampled, 416 (47.1%) were trapped in areas with no or little human activity (wilderness, mangrove forests, and countryside) and 468 (52.9%) in regions with moderate or high human activity (agriculture and livestock activities and suburban and urban areas). The animal class found at the sampling sites depended on the extent of human activity (Table 2). Rodents and reptiles trapped in areas under anthropic influence were not significantly more likely to be carriers of AR bacteria; however, the prevalence of carriage of AR and multi-drug-resistant E. coli was significantly higher in areas with moderate or high human activity (p < 0.001) (Table 2). We observed no significant difference in the number of ESBL-producing E. coli according to the degree of anthropization (p = 0.12), probably because few isolates were recovered.


TABLE 2. Antibiotic resistant-, multidrug resistant-, and extended-spectrum beta-lactamase producing-Escherichia coli according to the level of anthropization.
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Genetic Background of ESBL-Producing E. coli Isolates

Maximum likelihood phylogenetic analysis based on 47 690 single nucleotide polymorphisms (SNPs) in the core genomes (3082 genes, global alignment 1784574 bp) of the 28 ESBL-producing E. coli revealed clustering into three main branches (Figure 2 and Supplementary Figures S1, S2). The first branch consisted mainly of sequence types (STs) ST131 isolates (n = 11) and 1 ST95 and 1 ST1193 isolated from humans; no ST131 E. coli was recovered from wild animals. This cluster was the least polymorphic (mean SNP between isolates n = 3747, minimum n = 3, maximum n = 11152). A second branch grouped four clinical samples (ST349, ST38, and 2 ST69) and 1 ST117 isolated from a rat (mean SNP between isolates n = 17363, minimum n = 751, maximum n = 20407). The last branch consisted of six isolates found in wild animals (ST6914, ST1844, 2 ST155, 2 ST196, ST10) and three clinical samples (2 ST410 and ST124) (mean SNP between isolates n = 10422, minimum n = 2, maximum n = 15424). The isolates from humans and wild animals within each cluster were genetically unrelated, and no ST was shared between wild animals and humans.
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FIGURE 2. Maximum likelihood (ML) phylogenetic tree of extended-spectrum beta-lactamase-producing Escherichia coli isolates based on multiple sequence alignments of the 3082 core genome loci. Sequence type (ST) is indicated for each isolate. Bootstrap values > 60 are indicated on nodes. Hosts and ESBL genes are indicated by vertical colored strips. Other antibiotic resistance genes characterized by ResFinder are indicated by black dots; antimicrobial resistance profiles are represented by triangles: gray for resistance, empty gray for intermediate, and no triangle for susceptibility to corresponding antimicrobial agents.


Of the isolates carrying blaCTX–M–1, the 6 ESBL-producing E. coli isolates belonged to 5 STs: 196, 69, 117, 349, and 124. Two ST196 isolates (EC1 and EC7) from birds and rats trapped at different sites were almost identical, with four core genome multilocus sequence typing allelic mismatches.



Genetic Analysis of Antimicrobial Resistance Genes and Associated Plasmids

To better characterize the circulation of AMR genes among ESBL-producing E. coli collected from wild animals and humans, 20 human E. coli isolates collected from bloodstream infections were randomly selected during the study period and added to the eight isolates recovered from wild animals for whole genome sequencing analysis. We found 30 different resistance genes in the isolates (Figure 3A and Supplementary Tables S1, S2). The distribution varied considerably by animal class, some being present only in the human or wild animal reservoir and others common to both (Figure 3A). The only genes shared by all animal classes and the human isolates conferred resistance to sulfonamides (sul2) and tetracycline [tet(34)]. Chloramphenicol resistance genes (catA1 and catB3) and quinolone resistance genes qnr (qnrB1 and qnrB19) were found only in the human strains (Figure 3A and Supplementary Tables S1, S2).
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FIGURE 3. Venn diagram of the antibiotic resistance genes (A) and of the plasmid incompatibility groups recovered from extended-spectrum beta-lactamase-producing Escherichia coli isolates from humans and wildlife (B).


The blaCTX–M–1 ESBL encoding gene was the only gene shared by three animal classes (birds, n = 2; humans, n = 2; rodents, n = 2) and not in reptiles. The other blaCTX–M genes were found only in human isolates, the most common being blaCTX–M–15 (9) and blaCTX–M–27 (8). The other ESBL genes found in wild animals were blaTEM–52 in three rats and blaTEM–150 in one iguana (Figure 3A and Supplementary Tables S1, S2). IncF plasmids were the most prevalent in all isolates (23 of the 28 E. coli tested, 82.1%) (Figure 3B and Supplementary Tables S1, S2).

As blaCTX–M–1 strains in our study systematically presented an IncI1/ST3 signature (Supplementary Figure S2), we used ONT sequencing approach for EC1, EC7, EC28, and EC38 E. coli isolates to fully sequence plasmids, respectively, named pEC1 (114 029 bp), pEC7 (114 029 bp), pEC28 (113 774 bp), and pEC38 (108 435 bp) (Figure 4). Syntenic analyses revealed that previously described plasmid pESBL20150178 share 95% of its sequence with pEC1 while pEC7 is identical, and pEC28 shares 92% and pEC38 shares 91% with pEC1. Nucleotide identity was >99%. The IncI1 backbone was organized into four major conserved regions encoding replication, stability, leading and conjugative transfer. The blaCTX–M–1 gene was identified in all plasmidic assemblies, while the aadA5, dfrA17, and sul2 genes, conferring resistance to streptomycin, trimethoprim, and sulfonamides, respectively, were characterized only on pEC1 and pEC7. Gene tet(A) conferring resistance to tetracyclin was only described in pEC28 and pEC38 (Figure 2). The typical genetic environment of the blaCTX–M–1 gene was observed, with the tryptophan synthase gene downstream and the ISEcp1 upstream. No gene encoding resistance to heavy-metal ions was detected. A type II toxin–antitoxin system consisting of Phd and YacB was annotated on all plasmids (Figure 4).
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FIGURE 4. Syntenic analysis of 4 ST3/IncI1/CTX-M1 plasmids versus reference plasmid pESBL20150178. The innermost black ring 1 represents the reference sequence of pEC1. The subsequent rings correspond to GC skew and pairwise comparisons with pESBL20150178, pEC7, pEC28, and pEC38. The last 2 rings represent a genetic map of pEC1: antibiotic resistance genes are indicated by red boxes, and toxin–antitoxin by pink boxes.


During the search for this type of IncI1/blaCTX–M–1/ST3 plasmid in the PLSDB database, 24 plasmids (from 83 410 to 122 616 bp) sampled only from E. coli were identified that shared >99% nucleotide identity with pESBL20150178. All plasmids were defined as IncI1/blaCTX–M–1/ST3 with the aadA5/dfrA17/sul2 region (Supplementary Table S3). All but one (from Australia) plasmid were recovered in isolates from Europe (Denmark, n = 10; France, n = 4; Netherlands, n = 1; Switzerland, n = 8). All plasmids except four collected from humans were identified in isolates from livestock.



DISCUSSION

The overall prevalence of AR E. coli in Guadeloupe was low (5.4%), reflecting the low level of resistance observed in E. coli from community-acquired urinary tract infections (Guyomard-Rabenirina et al., 2016) and waste water treatment plants (Guyomard-Rabenirina et al., 2017), although the method used may be a partial explanation. We targeted resistance to three antibiotics (ampicillin, cefotaxime, and ciprofloxacin) belonging to two major classes of antibiotics (beta-lactams and fluoroquinolones) used in clinical practice, which may have resulted in underestimation of the level of resistance to other antibiotics such as tetracycline and colistin, which is frequently reported in E. coli isolated from wildlife (Shobrak and Abo-Amer, 2014; Ramey et al., 2018; Vogt et al., 2018). The frequency of AR bacteria in wildlife is affected by various factors, which are not yet fully understood, although the anthropogenic impact in areas where they live and feed is a key factor (Bonnedahl and Järhult, 2014; Arnold et al., 2016; Wang et al., 2017; Dolejska and Papagiannitsis, 2018). Our study supports this hypothesis, although no significant difference was observed for any one species, probably because of the few isolates and their inconsistent distribution according to the degree of anthropization. For example, only iguanas belonging to an invasive species and living in close proximity to humans (in a hotel garden and in an urban area) were carriers of AR E. coli, as previously described in iguanas in Galapagos (Wheeler et al., 2012).

The carriage rates of AR E. coli differed by species. The overall frequency in the birds studied was 1.1%, which is in the lower range of the reported values (1.5–52%) (Radimersky et al., 2010; Hassell et al., 2019) although comparisons are difficult due to differences between the methodologies used. In our study, most of the species sampled were small birds that feed on seeds, fruits, and insects in areas with no or limited human activity. Few data on AMR in reptiles are available, as they are not natural carriers of E. coli. Although they are not the best indicator of the distribution of AMR in wildlife, we decided to investigate them because anoles and geckos are considered peridomestic animals, which could be affected by human activity4. Despite their close proximity to humans, they had a low rate of carriage (1.7%). Rodents are some of the best studied sentinels of environmental transmission of AMR because of their proximity to human activities. Unsurprisingly, they had the highest rates of carriage of the species included in our study. As previously described (Guenther et al., 2013), R. norvegicus, a synanthropic species living in urban and periurban areas, had higher rates of carriage than R. rattus, a commensal species closely linked to people and their movements but which readily establishes itself in undeveloped areas, including native forests.

Although most of the AR E. coli were multi-drug resistant, ESBL-producing E. coli were isolated from only 0.9% of the wild animals and especially rodents (5 of the 8 strains). This frequency is in the lower range of values reported previously for any species (Dolejska and Papagiannitsis, 2018). To the best of our knowledge, we found the first case of ESBL-producing E. coli in a wild reptile.

We investigated the genetic relatedness of ESBL-producing E. coli from wild animals and humans in Guadeloupe in a “One Health” approach. The E. coli from wild animals were not closely related to the isolates that cause human disease in our region, suggesting that wild animals are not a direct source of infection for humans and that human invasive E. coli are not passed to wildlife. The pandemic ST131 genetic background that contributed extensively to global dissemination of CTX-M-15 accounted for most human E. coli infections in our study; however, it was not reported in wild animals, although it has been found to be dominant in numerous other studies (Wang et al., 2017). ST10, a major clone in humans and in livestock animals, was previously recovered from one iguana (Day et al., 2019; Manges et al., 2019). To the best of our knowledge, only ST117 and ST155 have previously been reported in wild animals (birds) (Dolejska and Papagiannitsis, 2018).

CTX-M-15 and CTX-M-27 were the two dominant ESBL recovered from our human isolates, mainly associated with the ST131 genetic background. CTX-M-15 is currently recognized as the most widely distributed CTX-M beta-lactamase, and CTX-M-27 has begun to emerge worldwide, notably in Europe and Japan (Peirano and Pitout, 2019). Unlike in previous studies (Wang et al., 2017; Dolejska and Papagiannitsis, 2018), we did not find these two variants in our isolates from wild fauna; CTX-M-1 was the only ESBL found in all animal classes except reptiles. In addition to CTX-M enzymes, TEM-52, which has been described in humans, livestock, and wild and companion animals (Saliu et al., 2017), was present in three rats.

The blaCTX–M–1 ESBL gene from our E. coli isolates was present in a large conjugative IncI1 plasmid. The strong similarity in organization, structure, and accessory regions, including the occurrence of a similar AMR gene pattern, indicates a common evolutionary origin. This plasmid was closely similar to the pESBL20150178 plasmid found in a human ESBL-producing E. coli isolate in Denmark and also to ESBL-carrying plasmids found in several countries in Europe and in Australia (Supplementary Figure S3), demonstrating its significant role in the worldwide spread of blaCTX–M–1 genes (Carattoli et al., 2018). Its epidemiological relevance may be even greater, as it has been recovered in E. coli isolates from animal and human sources. Its higher frequency in animals than in humans suggests an animal contribution to the CTX-M-1 reservoir in humans through the spread of this specific IncI1/blaCTX–M–1/ST3 plasmid. Further studies should be conducted in Guadeloupe on the role of livestock and domestic animals in its spread to humans.

To the best of our knowledge, this is the first description of the IncI1/blaCTX–M–1/ST3 plasmid in the Caribbean islands and of its spread in E. coli isolates from humans and wild animals living in the same area. The plasmid was recovered not only in one E. coli clone (ST196) in one bird and one rodent but also, more importantly, in E. coli with unrelated genetic backgrounds. It has been hypothesized that, under conditions in which a plasmid has a selective advantage, such as resistance to antibiotics or to heavy metals, that increases the probability of survival and/or the growth rates of their host bacteria, the plasmid would become established and the bacteria carrying them would be maintained at a high frequency in the bacterial population (Levin and Stewart, 1980). We did not find any selective advantage of our IncI1/blaCTX–M–1/ST3 plasmid, except for resistance to antibiotics. Its spread is therefore not favored only by antibiotic selection, as wild animals are unlikely to be directly exposed to clinically relevant antimicrobials. Addiction systems, such as the toxin–antitoxin modules encoded by our plasmid, can prevent loss of a plasmid but cannot compensate for disadvantages imposed by its carriage (Mnif et al., 2010). In vitro, however, the fitness cost in the absence of antibiotics imposed on its E. coli host by the IncI1/ST3 plasmid carrying the blaCTX–M–1 gene was negligible (Fischer et al., 2014). This is a concern, as, if this hypothesis is confirmed in vivo, the spread of such a gene–plasmid combination in humans and animals will continue despite a reduction in antibiotic use.

Low rates of AR E. coli carriage in wild animals in Guadeloupe in 2013 and 2014 were recovered. Although the prevalence of ESBL-producing E. coli isolates was very low, our study indicate that well-conserved IncI1/blaCTX–M–1/ST3 plasmids are spread across wide geographical distances and occur in different E. coli strains in animal and human sources.
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The aim of this study was to investigate the characteristics of a fosA3 carrying IncC–IncN plasmid from a multidrug-resistant Salmonella isolate HNK130. HNK130 was isolated from a chicken and identified as ST17 Salmonella enterica serovar Indiana and exhibited resistance to 13 antibiotics including the cephalosporins and fosfomycin. S1 nuclease pulsed-field gel electrophoresis and Southern blot assays revealed that HNK130 harbored only one ∼180-kb plasmid carrying fosA3 and blaCTX–M–14, which was not transferable via conjugation. We further examined 107 Escherichia coli electro-transformants and identified 3 different plasmid variants, pT-HNK130-1 (69), pT-HNK130-2 (15), and pT-HNK130-3 (23), in which pT-HNK130-1 seemed to be the same as the plasmid harbored in HNK130. We completely sequenced an example of each of these variants, and all three variants were IncC–IncN multi-incompatible plasmid and showed a mosaic structure. The fosA3 gene was present in all three and bounded by IS26 elements in the same orientation (IS26-322bp-fosA3-1758bp-IS26) that could form a minicircle containing fosA3. The blaCTX–M–14 gene was located within an IS15DI-ΔIS15DI-iroN-IS903B-blaCTX–M–14-ΔISEcp1-IS26 structure separated from the fosA3 gene in pT-HNK130-1, but was adjacent to fosA3 in pT-HNK130-3 in an inverted orientation. Linear comparison of the three variants showed that pT-HNK130-2 and pT-HNK130-3 resulted from the sequence deletion and inversion of pT-HNK130-1. Stability tests demonstrated that pT-HNK130-1 and pT-HNK130-3 could be stably maintained in the transformants without antibiotic selection but pT-HNK130-2 was unstable. This is the first description of an IncC–IncN hybrid plasmid from an ST17 S. Indiana strain and indicates that this plasmid may further facilitate dissemination of fosfomycin and cephalosporin resistance in Salmonella.
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INTRODUCTION

Fosfomycin is a natural broad-spectrum antibiotic with activity against both Gram-positive and Gram-negative bacteria and has a unique mechanism of action and can synergize with other antibiotics including β-lactams, aminoglycosides, and fluoroquinolones (Raz, 2015; He et al., 2017). The recent rapid increase of multidrug-resistant (MDR) bacteria has limited antibiotic treatment options for infections caused by these pathogens and fosfomycin has become a new choice for the treatment of MDR bacterial infections (Raz, 2015).

Although the use of fosfomycin is prohibited in animals in China, a plasmid-mediated fosfomycin resistance gene fosA3 is often observed in Escherichia coli isolates from pets and food animals (Hou et al., 2012, 2013; He et al., 2013, 2017). Furthermore, fosA3 has been found in association with blaCTX–M, rmtB, floR, blaNDM, and other antibiotic resistance genes (ARGs) on disseminated plasmids, and this has promoted further spread of fosA3 (Hou et al., 2012, 2013; He et al., 2013, 2017; Villa et al., 2015; Hadziabdic et al., 2018). At present, fosA3 has been detected primarily in E. coli isolates from pets, pigs, wild animals, and food animals at rates of 1.1 to 9.0% (Hou et al., 2012, 2013; Ho et al., 2013). However, there are only a few reports that have identified fosA3 in Salmonella isolates (Lin and Chen, 2015; Villa et al., 2015; Wang et al., 2017; Hadziabdic et al., 2018; Fang et al., 2019).

Salmonella is an important global food-borne pathogen of both humans and livestock and 70–80% of annual foodborne diseases in China are attributed to Salmonella infections (Coburn et al., 2007; Wang and Zhang, 2013). Recent reports of Salmonella isolates have found fosA3 in association with blaNDM–1 and blaCMY–16 on an IncA/C plasmid (Villa et al., 2015; Hadziabdic et al., 2018) as well as with mcr-1, oqxAB, and rmtB on HI2 and F33:A-:B- plasmids (Wong et al., 2016; Wang et al., 2017; Fang et al., 2019). However, there is still little information about the prevalence and characteristics of the fosA3 gene among Salmonella isolates. Herein, we report the emergence of an IncC–IncN [IncC, previously termed IncA/C2 (Harmer and Hall, 2016)] plasmid that possesses fosA3, blaCTX–M–14, the heavy metal resistance genes sil and mer as well as other ARGs in Salmonella isolates from chickens in China. This is the first description of an IncC–IncN hybrid plasmid from an ST17 Salmonella Indiana strain, and this hybrid plasmid may have originated from a variety of different plasmids. Our findings also provide important insights into plasmid evolution and the dissemination of fosfomycin resistance in Salmonella.



MATERIALS AND METHODS


Strains

Salmonella strain HNK130 was isolated from fecal swabs collected from healthy chickens in Henan province of China during 2014 as reported in the previous study (Zhang et al., 2016). In our previous research on the monitoring of drug resistance of Salmonella from food animals (Zhang et al., 2016), this strain was found to be highly resistant to fosfomycin (MIC > 512 μg/ml). The presence of fosA3 and other resistance genes of this strain was screened by PCR amplification using primers described previously (Hou et al., 2012; Li et al., 2015; Lin and Chen, 2015). This strain was then serotyped using slide agglutination with hyperimmune sera (S & A Company, Bangkok, Thailand) and the results were interpreted according to the Kauffman–White scheme as described previously (Zhang et al., 2016). Multilocus sequence typing (MLST) of this strain was performed by PCR and DNA sequence analysis of seven housekeeping genes aroC, dnaN, hemD, hisD, purE, sucA, and thrA to determine the allelic profiles using software available online.1

To detect the prevalence of fosA3-carrying IncC–IncN hybrid plasmid among Salmonella isolates, a total of 288 Salmonella isolates collected and preserved in our laboratory during 2009–2014 were used for screening. Out of the 288 isolates, 126 (44%) isolates were recovered from a total of 1728 pork samples collected from a large-scale slaughterhouse in Guangdong, China, during the period of April 2013 to April 2014. Among the remaining 162 (56%) isolates, except for 3 (1.0%) that were obtained from 180 chicken fecal samples collected from Guangdong, China in October 2009, the other 159 (55%) strains were all isolated from 3850 non-repetitive fecal swabs collected from healthy chickens and pigs in Guangdong, Shandong, Henan, and Hubei provinces of China during 2014. Of these samples collected in 2014, 2090 samples were from chickens and 1760 samples were from pigs; the Salmonella isolates obtained from chickens and pigs were 90 and 69, respectively.



Antimicrobial Susceptibility Testing

The minimum inhibitory concentrations (MICs) of this strain and its transformants for 15 different antibiotics including ampicillin (AMP), cefotaxime (CTX), cefoxitin (CXT), ceftiofur (CTF), ceftriaxone (CTR), nalidixic acid (NAL), ciprofloxacin (CIP), enrofloxacin (ENR), kanamycin (KAN), gentamycin (GEN), amikacin (AMK), tetracycline (TET), chloramphenicol (CHL), florfenicol (FLF), and fosfomycin (FOM) were determined by the agar dilution method according to the CLSI guidelines (CLSI, 2018). E. coli ATCC25922 served as a quality control strain. MIC of AgNO3 was determined by broth microdilution method in an aerobic atmosphere as previously described (Fang et al., 2016); E. coli C600 and E. coli DH5α was used as a reference strain.



Conjugation and Transformation Assays

To test the transferability of the fosA3-positive plasmid, both conjugation experiments and transformation experiments were performed. Conjugation experiments were conducted for strain HNK130 using the sodium azide–resistant E. coli J53 as the recipient by both liquid and solid mating-out assay in Luria-Bertani medium (LB-medium). Transconjugants were selected on MacConkey agar supplemented with 300 mg/L sodium azide and 200 mg/L fosfomycin. For transformation experiments, plasmid DNA from the fosA3-positive strains were extracted using Qiagen Plasmid Midi Kits according to the manufacturer’s instruction (Qiagen, Hilden, Germany). Purified plasmids were transformed into E. coli DH5α (Takara, Dalian, China). Selection of transformants was performed on MacConkey agar containing 200 mg/L fosfomycin, 1 mg/L cefotaxime, and both 200 mg/L fosfomycin and 1 mg/L cefotaxime. The presence of the fosA3 and blaCTX–M–9G genes in the transconjugants and transformants were confirmed by PCR.



Plasmid Characterization

PCR-based replicon typing (PBRT) was performed on transformants using primers as described previously (Carattoli et al., 2005). To determine the location of fosA3 and blaCTX–M–14, pulsed-field gel electrophoresis (PFGE) with S1 nuclease (Takara) digestion of whole genomic DNA was carried out as described previously (Barton et al., 1995). The resulting gels were analyzed by Southern transfer and probing with a DIG-labeled fosA3 gene and blaCTX–M–9G gene fragment according to the manufacturer’s instructions using a DIG High Prime DNA Labeling and Detection Starter Kit I (Roche, Mannheim, Germany).



Plasmid Sequencing and Bioinformatics Analyses

The complete sequence of plasmid was determined by sequencing using long-read MinION (Oxford Nanopore) and short-read Illumina MiSeq technologies. Plasmid DNA was extracted from transformants with the Qiagen Plasmid Midi Kit (Qiagen, Courtaboeuf, France) according to the manufacturer’s instructions and then sent to Biomarker Technologies for sequencing (Biomarker, Beijing, China). The long reads were generated by Oxford Nanopore MinION flowcell R9.4 (Li et al., 2018) with a depth more than 300 times and the 150 bp paired-end short reads were generated by Illumina MiSeq system (Illumina, San Diego, CA, United States) with a depth more than 100 times. The MinION reads were filtered using Filtlong (version 0.2.0) to remove any reads <2000 bp, followed by removal of the lowest 10% of reads by quality. Complete sequence assembly was performed with Canu version 1.5 (Koren et al., 2017) using a combination of short and long reads, followed by error correction by Pilon version 1.12 (Walker et al., 2014). Gene prediction and annotation were done with RAST,2 and IS finder.3 Plasmid replicon types and the plasmid MLST (pMLST) were analyzed using the CGE server.4 Sequences were analyzed and compared using BLAST,5 and map generation was performed using Easyfig (version 2.3) (Sullivan et al., 2011) and BRIG (Alikhan et al., 2011).



Plasmid Stability Testing

The stability of HNK130 and 3 fosA3-positive transformants (T-HNK130-1,-2,-3) was studied by passage in antibiotic-free Luria broth (LB) as previously described (Sandegren et al., 2012). Three separate cultures of each strain carrying the plasmid were grown in 3 ml antibiotic-free LB overnight at 37°C, followed by serial passage of 3 μl overnight culture into 3 ml LB each day, yielding 10 generations for each strain, lasting 20 days. Every 2 days, the cultures were collected and serially diluted using 0.85% saline and grown on LB agar in the absence of antibiotics. Then, 50 colonies were screened on LB agar plates with or without fosfomycin to determine the fraction of plasmid-containing cells, and the plasmid loss was verified by PCR amplification of fosA3 and blaCTX–M–9G.



Accession Number(s)

The plasmid sequences of pT-HNK130-1, pT-HNK130-2, and pT-HNK130-3 have been deposited in GenBank with accession numbers CP045742, CP046032, and CP047128, respectively. We also have submitted the raw reads (both Illumina and Nanorope) of pT-HNK130-1, pT-HNK130-2, and pT-HNK130-3 to the Sequence Read Archive (SRA); the SRA accession was PRJNA631125.



RESULTS


Characterization of fosA3-Bearing Salmonella HNK130

The Salmonella strain HNK130 was found to be ST17 S. enterica serovar Indiana and exhibited an MDR profile for a wide range of antimicrobial agents, including the cephalosporins, aminoglycosides, tetracyclines, and fluoroquinolones (Table 1). The metal susceptibility testing showed that HNK130 and its transformants had the MIC of AgNO3 higher than that for the recipient E. coli C600 and E. coli DH5α (MICAgNO3 = 0.015–0.03 mM vs. 0.008 mM) when compared with E. coli C600 and E. coli DH5α (Table 1). Screening for other resistance genes confirmed that this strain co-harbored blaCTX–M–14 and floR. S1-PFGE and hybridization revealed only one plasmid (∼180 kb) in the strain HNK130 and fosA3 and blaCTX–M–14 were present on this plasmid (Figure 1).


TABLE 1. Characteristics of HNK130 and its transformants selected for this study.
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FIGURE 1. Analysis of HNK130 and its fosA3-positive transformants. (A) S1-PFGE; (B) Southern hybridization with IncC-specific probe; (C) Southern hybridization with IncN-specific probe; (D) Southern hybridization with fosA3-specific probe; (E) Southern hybridization with blaCTX–9G-specific probe.


Although multiple attempts to transfer the fosA3-bearing plasmid from the donor bacteria to E. coli J53 by conjugation were not successful, the fosfomycin resistance trait could be successfully transferred into E. coli DH5α via electro-transformation. We selected three to five clones for blaCTX–M–9G and fosA3 amplification by PCR to verify the transformants. Interestingly, after repeated verifications, we found two different types of transformants: group 1 contained both fosA3 and blaCTX–M–14 while group 2 contained fosA3 and lacked blaCTX–M–14. To further study the presence of two different types of transformants, we randomly selected 107 transformants for PCR detection. Among the 107 transformants, 86% (92/107) of them belong to group 1, and the remaining 14% (15/107) belong to group 2. Plasmid replicon typing revealed that all 107 transformants contained both IncC and IncN replicons.

We then randomly selected nine transformants from groups 1 and 3 from group 2 for S1-PFGE analysis. The nine transformants from group 1 possessed plasmids of two different sizes, i.e., 7 were ∼180 kb and the remaining 2 were ∼80 kb. The group 2 transformants possessed only ∼80 kb plasmids. We examined the genetic features of three of these plasmid variants and designated them as pT-HNK130-1 to pT-HNK130-3 from group 1 fosA3/blaCTX–M–14 positive ∼180 and ∼80 kb plasmids and from group 2 the fosA3 positive ∼80 kb plasmid, respectively. We performed Southern hybridization with DIG-labeled blaCTX–M–9G, fosA3, IncC, and IncN-specific probe in transformants harbored pT-HNK130-1, pT-HNK130-2, and pT-HNK130-3 and showed that the plasmid replicon gene and the antibiotic resistance gene were co-located on the same plasmid in the all three transformants (Figure 1). In addition, based on S1-PFGE and plasmid replicon typing, the plasmid variant pT-HNK130-1 was the same as the plasmid in the wild-type strain.

We also assessed the stability of the three transformants and parent strain HNK130 in the absence of antibiotic selection. The blaCTX–M–14 and fosA3 genes co-transferred plasmids (pT-HNK130-1 and pT-HNK130-3) were stably maintained in the transformants and plasmid loss did not occur. In contrast, the pT-HNK130-2 that contained only the fosA3 gene was unstable and plasmid loss was associated with passage in the absence of antibiotic pressure (Supplementary Figure S1).



Sequence Analysis of pT-HNK130-1, pT-HNK130-2, and pT-HNK130-3

Complete sequences of pT-HNK130-1, pT-HNK130-2, and pT-HNK130-3 were obtained to investigate the genetic features of the three variants and the genetic context of the fosA3 gene and blaCTX–M–14 gene. The largest variant plasmid pT-HNK130-1 was 180,784 bp with a GC content of 51% and carried 255 open reading frames (ORFs). This plasmid belonged to the IncC and IncN incompatibility types. pT-HNK130-1 was 99.88% identical at 53% coverage to plasmid pSE12-01738-2 (CP027679.1), a blaNDM–1-carrying IncC plasmid derived from a Salmonella strain isolated in 2012 from a wild bird in Germany. pT-HNK130-1 also showed high similarity to pRH-1238 (KR091911.1, recovered from a Salmonella isolated from a migratory wild bird in Germany) with 53% coverage and 99.92% identity. pRH-1238 is the first completely sequenced blaNDM–1-fosA3 IncC plasmid and pSE12-01738-2 is a derivative of pRH-1238. Sequence comparisons between pSE12-01738-2 and pT-HNK130-1 showed that in addition to missing and inverted portions of the part of IncC plasmid backbone, there were two regions of (∼70 and ∼20 kb, respectively) of pT-HNK130-1 that did not align to pSE12-01738-2 (Figure 2). The ∼70 kb region of pT-HNK130-1 included backbone elements that encoded functions for horizontal transfer and IncN plasmid replication. BLASTN results for further analysis of this region showed that it was 99.91% identical to the plasmid pCombat13F7-3(CP019248.1) at 77% coverage. pCombat13F7-3 was recovered from a clinical E. coli strain in Hong Kong and belonging to incompatibility groups N and I1. The ∼20 kb region of pT-HNK130-1 contained a Tn7-like transposon (∼5.55 kb) encompassing the tnsABCD genes and silver resistance genes silR, silS, and silE were related to pIncHI2-MU3(MF174859.1) with 86% coverage and 99.64% identity. Sequence analysis indicated that pT-HNK130-1 showed a mosaic structure and may have formed from a variety of plasmids (Figure 2).
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FIGURE 2. Sequence linear comparison between pT-HNK130-1, pCombat13F7-3 (GenBank accession no. CP019248.1), pIncHI2-MU3 (accession no. MF174859.1), pSE12-01738-2 (accession no. CP027679.1), and pRH-1238 (accession no. KR091911). Gray shading indicates shared regions with a high degree of homology. Genes are represented by arrows and are colored depending on gene function as depicted. Genes are color coded as follows: dark blue, replication; green, mobile element; red, antimicrobial resistance; yellow, heavy metal–resistant protein; blue, transposition-associated protein; orange, conjugative transfer; rose red, maintenance protein; gray, other protein.


The plasmid backbone elements of pT-HNK130-1 encoded functions for plasmid replication, horizontal transfer, maintenance and stability as well as a wide range of mobile genetic elements. In addition, eight predicted ORFs were associated with resistance to aminoglycosides (aph(6)-Id and aph(3″)-Ib), fosfomycin (fosA3), phenicols (floR), β-lactams (blaCTX–M–14), sulfonamides (sul1 and sul2), and tetracycline (tet(A)). These ARGs were grouped together on pT-HNK130-1 with the exception of blaCTX–M–14. This plasmid also contained six ORFs associated with resistance to mercury: merA, merD, merE, merT, merP, and merR (Figure 3).
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FIGURE 3. Circular alignment of plasmids pT-HNK130-1, pT-HNK130-2, and pT-HNK130-3. GC content and GC skew are indicated from the inside out. ORFs are indicated by arrows, positions and transcriptional directions of genes depicted in the outer circle belong to pT-HNK130-1, which was included as reference.


Genetic-environment analysis showed that the fosA3 gene was surrounded by two IS26 elements in the context IS26-322 bp-fosA3-1758 bp-IS26. In this structure, the IS26 elements were in the same orientation forming a minicircle containing fosA3, and this was confirmed by inverse PCR. However, the blaCTX–M–14 gene was located on a IS15DI-ΔIS15DI-iroN-IS903B-blaCTX–M–14-ΔISEcp1-IS26 structure outside the multi-resistance region (MRR) where the fosA3 gene was located (Figures 3, 4A).
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FIGURE 4. (A) Complete sequence linear comparison of pT-HNK130-1, pT-HNK130-2, and pT-HNK130-3; (B) possible mechanism of pT-HNK130-2 formation; (C) possible mechanism of pT-HNK130-3 formation. Boxed arrows represent the position and transcriptional direction of ORFs. Regions of >99% identity are marked by gray shading.


The second variant plasmid pT-HNK130-2 had a size of 85,132 bp with GC content of 52%, carried 116 ORFs, and belong to the IncC and IncN incompatibility types. Sequence analysis showed that pT-HNK130-2 was identical to pT-HNK130-1, except for a ∼98.6 kb segment between two IS4321Rs of the pT-HNK130-1 backbone that was missing (Figures 3, 4A). The region located between two copies of IS4321R was 99.91% identical to pCombat13F7-3(CP019248.1) at 55% coverage. This region contained the ARG blaCTX–M–14, horizontal transfer associated genes traUVWXY, and many mobile genetic elements and genes associated with plasmid maintenance. These latter were exactly the same as those missing from pT-HNK130-2 compared with plasmid pT-HNK130-1 (Figure 3).

The third variant plasmid pTHNK130-3 was 85,943 bp and composed of 119 ORFs with a GC content of 51% and belonged to the IncC and IncN incompatibility types. A linear comparison with pT-HNK130-1 revealed two segments of ∼23.7 and ∼72.7 kb that were absent from pT-HNK130-3 and blaCTX–M–14 was completely inverted (Figures 3, 4A). This led to the formation of IS26-fosA3-orf1-orf2-orf3-IS26-ΔISEcp1-blaCTX–M–14-IS903B-iroN-ΔIS15DI-IS15DI structure (Figure 4A and Supplementary Figure S3).

Based on the aforementioned sequence analysis, we designed PCR primers to distinguish between these three variants and screened 107 randomly selected transformants. Each transformant possessed only one of the three variants and the percentage we obtained for pT-HNK130-1 to pT-HNK130-3 were 65% (69/107), 14% (15/107), and 21% (23/107), respectively. Interestingly, using these primer sets with the original wild-type strain HNK130 indicated the presence of all three plasmids (Supplementary Table S3 and Supplementary Figure S4).



Prevalence of IncC–IncN Hybrid Plasmid in Salmonella Isolates

These PCR primers were then used to screen 288 Salmonella isolates preserved in our laboratory during 2009–2014 to detect the prevalence of IncC–IncN hybrid plasmid pT-HNK130 among Salmonella isolates. A total of four (1.4%) isolates were detected positive for pT-HNK130. The four isolates were all recovered from chicken fecal swabs collected from 2014, but from a different location (Supplementary Figure S2). They were all resistant to fosfomycin (MIC > 256 μg/ml) and PFGE profiles were identical to that of strain HNK130. In addition, the ST and serotypes of the four strains were also the same as HNK130 and all were ST17 and serovar Indiana (Supplementary Figure S2).



DISCUSSION

Previous studies have reported that fosA3 genes coexisted with blaCTX–M–14 on IncF II, IncN, IncHI2, and untypeable plasmids (Hou et al., 2012; So-Young et al., 2012; Sato et al., 2013; Yang et al., 2014; He et al., 2017). However, in the present study, the fosA3 gene coexisted with blaCTX–M–14 on the fused plasmids that contained both IncC and IncN replicons. The IncC plasmid is a broad-host range plasmid that can be transmitted not only in Enterobacteriaceae but also in other Gram-negative bacteria such as Pseudomonas aeruginosa and Acinetobacter baumannii (Zhang et al., 2014). Previous studies have identified fosA3 co-located with blaNDM–1 and blaCMY–16 on an IncC plasmid in Salmonella isolated from a wild animal in Germany (Villa et al., 2015; Hadziabdic et al., 2018). To the best of knowledge, our research for the first time reported the presence of both fosA3 and blaCTX–M–14 on IncC-IncN hybrid plasmid in Salmonella.

The fosA3-positive IncC–IncN hybrid plasmid-carrying strains in this study were all MDR ST17-type S. Indiana even if they were collected from different provinces, which may indicate that clonal spread of ST17 S. Indiana was responsible for the dissemination of fosA3. Little information about S. Indiana was available until this serotype was reported in food animals and exhibited resistance to numerous ARGs (Yang et al., 2010). After this, the separation rate of S. enterica serovar Indiana has increased rapidly and is becoming more common in patients, retail meats and food-producing animals (Yang et al., 2010; Bai et al., 2016). In addition, the newly identified Indiana strain also showed resistance to colistin and carbapenem, the last line of defense for treating MDR infections, indicating that MDR ST17-type S. Indiana has become a serious problem (Wang et al., 2017).

In the present study, we completely sequenced the three variant plasmids carried by transformants obtained from parent strain HNK130 and pT-HNK130-1 was the same as the parent plasmid. This plasmid was highly similar to conjugative IncC plasmids pSE12-01738-2 and its derivative pRH-1238 that were identified in S. enterica serovar Corvallis isolated from a wild bird in Germany, and carried blaNDM, fosA3, blaCMY, and other ARGs (Villa et al., 2015; Hadziabdic et al., 2018). Compared with them, in addition to the lack of resistance genes blaNDM and blaCMY, pT-HNK130-1 also lacked some plasmid backbone genes necessary for horizontal transfer including traI, traB, traC, traN, and traG and may explain why pT-HNK130 was not conjugative.

The first variant plasmid pT-HNK130-1 harbored two MRRs, one of which consisted of seven ARGs (sul2, aph(3″)-Ib, aph(6)-Id, tetR, tetA, floR, and fosA3) and six mercury resistance gens (merA, merD, merE, merT, merP, and merR). The other one possessed a single ARG blaCTX–M–14 in the IS15DI-ΔIS15DI-iroN-IS903B-blaCTX–M–14-ΔISEcp1-IS26 structure, a structure similar to the genetic environments of blaCTX–M–14 in the ST131 E. coli isolates from hospitals in the Kyoto and Shiga regions of Japan, in which three CTX-M-14-H30 (non-Rx) isolates had an IS26-ΔISEcp1-blaCTX–M–14-ΔIS903D-IS26-like structure (Matsumura et al., 2015). The blaCTX–M genes are often captured by ISEcp1 forming the transposition units ISEcp1-blaCTX–M-IS903D and ISEcp1-blaCTX–M-orf477 that can be horizontally transferred and disseminated between different host bacteria (D’Andrea et al., 2013). Here, we present the first report of an IS15DI-ΔIS15DI-iroN-IS903B-blaCTX–M–14-ΔISEcp1-IS26 structure and our sequence analysis suggest that the blaCTX–M–14 may originated from other sources via this structure, and the lack of direct repeats may have been caused by multiple transposition processes (Partridge, 2011).

The genetic environment of fosA3 in the largest variant pT-HNK130-1 was IS26-322bp-fosA3-1758 bp-IS26, which was 100% identical to fosA3 genetic structure reported in Salmonella isolates from a wild bird in Germany and E. coli isolates from healthy individuals in Japan and E. coli isolates from chickens in China (So-Young et al., 2012; Ho et al., 2013; Hadziabdic et al., 2018). However, another genetic environment of fosA3 and blaCTX–M–14 was obtained from pT-HNK130-3; IS26-322 bp-fosA3-1758 bp-IS26-ΔISEcp1-blaCTX–M–14-IS903B-iroN-ΔIS15DI-IS15DI. The IS26-associated context of fosA3 has been reported in different plasmids from multiple Enterobacteriaceae and has frequently been associated with several blaCTX–M variants (So-Young et al., 2012; Sato et al., 2013; Yang et al., 2014; Lin and Chen, 2015; He et al., 2017). The genetic environment of both fosA3 and blaCTX–M–14 genes carried by the IncC–IncN plasmid in the current study was very similar to the structure reported from E. coli chicken isolates in China and human clinical isolates in Korea (Hou et al., 2012; So-Young et al., 2012; Ho et al., 2013). In addition, the finding of a circular intermediate carrying fosA3 in this study suggests that horizontal transfer of the IS26 composite transposon might accelerate ARG dissemination. Furthermore, our results also demonstrated that the blaCTX–M–14 and fosA3 co-transferred plasmids were stably maintained even in the absence of antibiotic. A previous study has reported that the association with blaCTX–M likely favored the dissemination and maintenance of fosA3 (Hou et al., 2012). Fosfomycin is used for bacterial infections including urinary tract infections caused by extended spectrum β-lactamase–producing Enterobacteriaceae, thus the persistence of the IS26 transposon-like structure co-carrying blaCTX–M–14 and fosA3 from MDR ST17-type S. Indiana strains may pose a new public health threat.

pT-HNK130-1 also contained a Tn7-like transposon downstream of silver resistance genes silS, silE, and silR. Tn7-like transposons play important roles in cross-genus transfer of the sil and pco operons among Enterobacteriaceae (Fang et al., 2016). There is increasing concern that metal contamination functions as a selective agent in the proliferation of antibiotic resistance (Fang et al., 2016). The coexistence of metal resistance determinants and fosA3, and blaCTX–M–14 may facilitate fosA3 and blaCTX–M–14 dissemination under metal selective pressures in the absence of antibiotics.

The other two sequenced variant plasmids were altered in size compared with the parental plasmid, and linear comparisons of the three variants indicated they were identical except for partial sequence deletions in pT-HNK130-2 and pT-HNK130-3. Detailed analysis based on the three plasmids enabled us to predict the possible mechanism of pT-HNK130-2 and pT-HNK130-3 formation during electro-transformation. pT-HNK130-1 and pT-HNK130-2 shared a common IS element, IS4321R. IS4321R was present in both pT-HNK130-1 and pT-HNK130-2 and could be used as a homologous recombination target to form a cointegrate whereby pT-HNK130-2 is excised (Figures 4A,B). However, the formation of pT-HNK130-3 could be a result of the fusion of pTHNK130-1 via two recombination events (double crossover) (Figures 4A,C). The DNA fragments between two directly oriented copies of IS15DI and IS26 result in the exchange of these segments (Partridge, 2011). Our results revealed that homologous recombination between two copies of IS4321R, IS26, and IS15DI, contributes to changes in plasmid size. Plasmid recombination through IS elements is not uncommon in Gram-negative bacteria and is associated with ARG spread including the New Delhi MBL (NDM) gene (Xie et al., 2018). In addition, plasmid DNA sequences are dynamic and a single plasmid may actually be a cluster of plasmids containing heterogeneous MRRs and is a reflection of its heterogeneity. This would benefit plasmid and host survival to antimicrobial threatening conditions (He et al., 2019). In support of this, we detected all three plasmids in the parent strain using PCR. However, only one plasmid was detected in the original strain by S1-PFGE and further dissection of plasmid identities awaits further investigation.

In conclusion, this study for the first time identified and characterized a hybrid IncC–IncN plasmid carrying fosA3, blaCTX–M–14 as well as heavy metal resistance genes (sil and mer) in MDR ST17-type S. Indiana Salmonella isolates from chickens in China. The presence of ARGs and metal resistance genes in a single plasmid can further enhance stability in the absence of antibiotic selective pressure in the presence of metal contamination. Fosfomycin is an alternative treatment for multidrug-resistant Enterobacteriaceae infections in the clinic, so it cannot be excluded that this isolate may spread to humans via direct contact or the food chain. The emergence of this plasmid from S. Indiana isolates will seriously limit future therapeutic options and the further spread of this plasmid among Salmonella would be a serious public health concern.
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Conjugative transfer is one of the mechanisms allowing diversification and evolution of bacteria. Rhizobium etli CFN42 is a bacterial strain whose habitat is the rhizosphere and is able to form nodules as a result of the nitrogen-fixing symbiotic relationship it may establish with the roots of Phaseolus vulgaris. R. etli CFN42 contains one chromosome and six large plasmids (pRet42a – pRet42f). Most of the genetic information involved in the establishment of the symbiosis is localized on plasmid pRet42d, named as the symbiotic plasmid (pSym). This plasmid is able to perform conjugation, using pSym encoded transfer genes controlled by the RctA/RctB system. Another plasmid of CFN42, pRet42a, has been shown to perform conjugative transfer not only in vitro, but also on the surface of roots and inside nodules, using other rhizobia as recipients. In addition to the rhizobia involved in the formation of nodules, these structures have been shown to contain endophytic bacteria from different genera and species. In this work, we have explored the conjugative transfer of the pSym (pRet42d) from R. etli CFN42 to endophytic bacteria as putative recipients, using as donor a CFN42 derivative labeled with GFP in the pRet42d and RFP in the chromosome. We were able to isolate some transconjugants, which inherit the GFP, but not the RFP marker. Some of them were identified, analyzed and evaluated for their ability to nodulate. We found transconjugants from genera such as Stenotrophomonas, Achromobacter, and Bacillus, among others. Although all the transconjugants carried the GFP marker, and nod, fix, and nif genes from pRet42d, not all were able to nodulate. Ultrastructure microscopy analysis showed some differences in the structure of the nodules of one of the transconjugants. A replicon of the size of pRet42d (371 Kb) could not be visualized in the transconjugants, suggesting that the pSym or a segment of the plasmid is integrated in the chromosome of the recipients. These findings strengthen the proposal that nodules constitute a propitious environment for exchange of genetic information among bacteria, in addition to their function as structures where nitrogen fixation and assimilation takes place.

Keywords: plasmid, conjugative transfer, nodulation, symbiosis, rhizobia


INTRODUCTION

Rhizobium etli CFN42 is able to establish a symbiotic relationship with the roots of Phaseolus vulgaris plants, forming nitrogen-fixing nodules. The ability to nodulate and fix nitrogen in association with leguminous plants is a characteristic shared by many rhizobial strains (Gage, 2004; Wielbo, 2012; Quinto et al., 2014; Westhoek et al., 2017). This ability depends on the presence of a set of genes required for nodulation (nod) and nitrogen fixation (fix and nif). In many strains, the nod, fix, and nif genes are localized on plasmids (pSym) or on symbiotic islands (Romero and Brom, 2004; González et al., 2010). Some plasmids and genomic islands are known for their capacity to carry out horizontal transfer by conjugation. Symbiotic and non-symbiotic plasmids from diverse rhizobial strains have been shown to contain DNA transfer and replication (Dtr) and mating pair formation (Mpf) genes, involved in conjugative transfer (Ding and Hynes, 2009; Bañuelos-Vazquez et al., 2017). Studies have been done regarding the regulation mechanism of rhizobial plasmids. To date four main types have been described. The most prevalent is regulation by quorum-sensing (type I), the second most distributed mechanism is through regulation by the RctA repressor (type II). Analysis of TraA and TraG sequence phylogeny led to the proposal of type III and type IV systems (Ding and Hynes, 2009; Ding et al., 2013; Torres Tejerizo et al., 2014; Wathugala et al., 2020).

R. etli CFN42 contains one chromosome and six plasmids, named pRet42a to pRet42f, whose sizes range between 184 and 642 Kb (González et al., 2006). Plasmid pRet42d corresponds to the pSym. This plasmid is able to transfer by conjugation using two different mechanisms. The first system allowing transfer of pRet42d depends on its cointegration with plasmid pRet42a. pRet42a is a conjugative plasmid that contains Dtr and Mpf genes whose expression is regulated by quorum-sensing (Tun-Garrido et al., 2003). Plasmids pRet42a and pRet42d can form cointegrates through homologous RecA-dependent recombination, or through a site-specific recombination system. The cointegrate transfers using the pRet42a-encoded transfer genes. In the recipient, the cointegrate resolves regenerating the wild-type plasmids in 90% of the events, while in 10% of the ransconjugants the resolution of the cointegrate leads to the formation of recombinant plasmids (Brom et al., 2004). The second transfer mechanism depends on Dtr and Mpf genes encoded in pRet42d. These genes are constitutively repressed by the RctA regulator. Only when RctA is inactivated by mutation, or the positive regulator RctB is overexpressed, the Dtr and Mpf genes are activated and transfer occurs (Pérez-Mendoza et al., 2005; Nogales et al., 2013). This system is also present in pSymA of Sinorhizobium meliloti, where the regulation has some differences compared to that of R. etli. Bioinformatics has shown that rctA and rctB are also present in the pAT plasmid of Agrobacterium tumefaciens, where they are under quorum-sensing control (reviewed in Bañuelos-Vazquez et al., 2017). The natural conditions that allow expression of this system are as yet unknown.

Recently, we have determined that conjugative transfer of pRet42a from R. etli CFN42 occurs on the root surface and also inside bean nodules (Bañuelos-Vazquez et al., 2019). The experiments were done introducing recipient and donor strains, but in a control where only the donor was introduced, we also found some putative transconjugants, and speculated that they may be the result of plasmid transfer to endophytic recipient bacteria residing in the nodules. Nodules often contain a great variety of bacterial populations from different genera and species, such as Agrobacterium, Enterobacter, Chryseobacterium, Sphingobacterium, Actinobacteria, and unclassified Enterobacteriaceae. The relative abundance of the different bacteria seems to depend on the soil and plant types. For example, Enterobacter spp., Pseudomonas spp., and Bacillus spp. were found to be the most abundant endophytic bacteria in some legumes (Dudeja et al., 2012; De Meyer et al., 2015; Leite et al., 2016; Lu et al., 2017). In general, these bacteria are considered to be beneficial for the plant, either through biological nitrogen fixation, or plant growth promotion (Dudeja et al., 2012), however, there is no information available regarding genetic interactions among the nodule endophytes. The aim of this work was to determine if the pSym of R. etli CFN42 is able to transfer to endophytic bacteria in the nodule, using the RctA-regulated transfer genes that it encodes.



MATERIALS AND METHODS


Bacterial Strains and Plasmids

The bacterial strains and plasmids used in this work are described in Table 1. Rhizobium etli strains were grown on PY medium at 30°C (supplemented with 10 mM CaCl2) (Noel et al., 1984). Endophytic bacteria were grown on Pseudomonas Isolation Agar (PIA) (Catalog No. 292710) and Pseudomonas Agar Pyocyanin (PAP) (Catalog No. 244910), were purchased from DIFCO. Antibiotics were added at the following concentrations (in μg/ml); Nalidixic Acid (Nal) 20, Gentamicin (Gm) 30, and Spectinomycin (Sp) 100.


TABLE 1. Strains and plasmids used in this work.
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Plant Growth Conditions

P. vulgaris cv Negro Jamapa seeds were surface-sterilized in 96% (v/v) ethanol for 30 sec, then incubated for seven min in 10% (v/v) commercial sodium hypochlorite, and finally rinsed five times in sterile distilled water. Subsequently, seeds were germinated on moist sterile paper towels at 30°C for 2 days in darkness (Cárdenas et al., 1995; Zepeda et al., 2014).

Selected uniform seedlings were planted in CYGTM seed germination pouches under controlled environmental conditions. Each seedling was inoculated with 1 ml of a culture of the desired strain at 0.05 OD at 600 nm and grown in a controlled environmental chamber (14/10 h light/dark cycle, 22/16°C and relative humidity 60–70%). Each germination pouch was watered with 10 ml of Fahraeus nitrogen-free nutrient solution (Fahraeus, 1957).

Alternatively, seedlings were planted in hydroponic trays containing eight L of Fahraeus (Fahraeus, 1957) nitrogen- free nutrient solution, and each seedling was inoculated with 1 ml of liquid culture of the desired strain.



Tagging of pRet42d and Chromosome of R. etli CFN42 With GFP and RFP

First, we tagged the chromosome of CFNX182 (a derivative of R. etli CFN42 cured of pRet42a) by means of a Mini-Tn7-DsRed cassette. Mini-Tn7 integration occurs downstream of the gene encoding glucosamine-6-phosphate synthetase (glmS) (Lambertsen et al., 2004), generating CFNX182-RFP.

Plasmid pRet42d from CFNX182-RFP was tagged with GFP as follows: first we amplified a fragment of 579 bp (primers p42d_left_in and p42d_right_in) and cloned it in pCRTM2.1-TOPOTM, generating plasmid pGX33. The 579 bp fragment is located between genes RHE_PD00110 andRHE_PD00113, which are arranged tail to tail, and does not interrupt any open reading frame. Plasmid pGX33 was further digested with PstI and HindIII. The released 655 bp fragment was cloned into the pK18mob-sacB vector previously digested with PstI and HindIII, generating plasmid pGX77. Next, we introduced a NotI-cassette with promoter nptII-gfpmut3∗-Sp from plasmid pGX537 (Torres Tejerizo et al., 2015) into the NotI site of pGX77. The resulting vector, pGX542, was introduced into R. etli CFNX182-RFP and recombination events were selected, generating CFNX182-1, a CFN42 derivative lacking pRet42a, with RFP in the chromosome and GFP in pRet42d. The correctness of the integration was evaluated by PCR, using primers internal to the cassette CasNot-Ter-out and Pneo-out and external primers from pRet42d for each side, p42d_left_out and p42d_right_out. The oligonucleotides used in this work are shown in Supplementary Table S1.



Bacterial Matings in Symbiotic Conditions

Two-day-old germinated seedlings were introduced into tubes with Fahraeus medium (Fahraeus, 1957) inoculated with the donor strain (CFNX182-1) at 0.05 OD at 600 nm. After 21 days the nodules were processed to recover putative transconjugants.



Isolation of Culturable Endophytic Bacteria Containing the GFP Labeled pRet42d From Root Nodules of P. vulgaris

The endophytic bacteria containing the pRet42d-GFP were recovered from nodules (about 150), collected from three P. vulgaris plants. To isolate bacteria from the nodules, the nodules were collected and sterilized with 10% (v/v) commercial sodium hypochlorite, and rinsed five times in sterile distilled water. The sterilized nodules were crushed in 1 ml of ice-cold buffer containing 0.25 M mannitol, 0–05 M Tris-HCl, pH 7.8 and 100 mg polyvynyl-polypirrolne (PVPP). To remove all the plant tissue material, the suspension was centrifuged at 3000 rpm for 10 min at 4°C. Supernatant was carefully removed and centrifuged again at 3000 rpm at 4°C for 4 min. After removing the supernatant, the pellet (containing bacteria and bacteroids) was washed and resuspended in 1 ml PBS buffer (Tsyganov et al., 2003), and then plated on calcium-free PY, PIA, and PAP media supplemented with Sp 100. These media present conditions not favorable for the growth of the donor strain CFNX182-1, increasing the possibility of recovering transconjugants where the plasmid was transferred to endophytic recipients. After 48 h of incubation (30°C) the colonies were analyzed for green fluorescence at a wavelength of 488 nm and the fluorescent colonies were purified.



PCR Amplification of 16S rRNA Sequences and Genes Involved in Nodulation and Nitrogen Fixation in the Putative Transconjugants of Endophytic Recipient (TER) Strains

Putative TER strains recovered from nodules of P. vulgaris were classified at the genus level by phylogenetic analysis of the 16S rRNA gene (rrs) sequences amplified with the universal fD1 and rD1 primers (Supplementary Table S1). To analyze the presence of sequences from the pSym of R. etli CFN42 in the TER strains, PCR amplifications were performed with primers from nodulation genes: nodA and nodD1, and nitrogen fixation genes: fixNd and nifH (Supplementary Table S1), using DNA from the TER strains as template.



Taxonomic Identification of Putative TER Strains

The taxonomic identification of TER candidates at genera level was performed only for the strains that produced PCR products with primers for the nodulation and nitrogen fixation genes in addition to the GFP gene. The 16S rRNA gene from these strains was amplified by PCR from their genomic DNA with the universal primers fD1 and rD1 using standard conditions (Supplementary Table S1). The amplicons were purified and then sequenced by Sanger technology in the USSDNA, IBt-UNAM. The bacterial genera were determined by performing a BLASTn of the obtained sequences against the NCBI database in order to identify the genera of the closest matches. The homologous sequences (only type strains were used as reference) were aligned (from 800 nucleotides of the internal part of the sequence) with Clustal Omega (Sievers and Higgins, 2013) and this alignment was used to generate a Maximum-likelihood tree with PhyML 3.0 (Guindon et al., 2010) to visualize the phylogenetic associations of TER strains.



Stability Assay

A single colony of each strain was picked from a selective plate, inoculated into 5 ml of PY medium with antibiotic (Sp 100), and incubated overnight at 30°C. After that, the culture was washed and inoculated in a flask with 50 ml of PY medium at 0.05 OD, without antibiotic. Samples were collected at inoculation (T0) and after 72 h of incubation (T72) and plated on media with and without the corresponding antibiotics.



Nitrogenase Activity and Leghemoglobin Content

After 21 days of inoculation, eight plants grown in hydroponic trays were harvested for nitrogenase activity determined by acetylene reduction activity (ARA), using a gas chromatograph equipped with a flame ionization detector and a capillary column (Varian 3300 Gas Chromatograph), as described by Hardy et al. (1968). Specific activity is expressed as μmol ethylene h–1 per gram of nodule dry weight (NDW). Nodule, plant and root dry weight were determined after drying at 60°C for 2 days.

Leghemoglobin content was measured as previously described by LaRue and Child (1979), from eight plants grown in seed germination pouches. Nodules (0.3 g) were ground with 4 ml LB extraction buffer (40 mM Na2HPO4. 2H2O, pH 7.4; 10 mM NaH2PO4. H2O, pH 7.4; 0.02% K3Fe (CN)6; 0.1% NaHCO3) supplemented with 0.1 g polyvinylpolyrrolidone (PVPP). The homogenate was centrifuged at 12,000 rpm at 4°C for 20 min. Clear supernatant (50 μl) and saturated oxalic acid (3 ml) were mixed in screw-capped tubes, which were sealed and autoclaved for 30 min at 120°C and then allowed to cool at room temperature. The fluorescence of the solutions was measured using a microplate reader (SynergyTM H1). The excitation wavelength was 405 nm and the emission was 650 nm. The difference in fluorescence between heated and unheated samples is proportional to haem protein content. These experiments were done with plants grown in seed germination pouches.



Microscopy and Flow Cytometry Analysis

For preparation of the samples, and analysis by microscopy of fluorescence and flow cytometry, we used the protocol described by Bañuelos-Vazquez et al. (2019). Briefly, for flow cytometry analysis, hydroponic tubes containing P. vulgaris seedlings were inoculated at 0.05 OD at 600 nm only with CFNX182-1 as a donor and no recipient strain. For the analysis we used three biological and three technical replicates. After 21 dpi, bacteria were isolated from the medium by centrifugation, and from the root surface by subjecting them to ultrasound for 20 min in a Branson 200 ultrasonic cleaner. After taking out the roots, the medium was centrifuged for 15 min at 5000 rpm, at 4°C to recover the bacteria attached to the roots surface. Bacteria were recovered from sterilized nodules (about 150) using the protocol from Tsyganov et al. (2003). Finally, bacteria from the different sources were resuspended in 500 μl of PBS buffer. For each sample, images were simultaneously collected for 20,000 events. Acquisition was performed on an Imaging flow cytometer (ImageStreamx; Amnis/EMD Millipore, Seattle, WA), and the Analysis was performed with IDEAS® software version 5.0, and individual cell images were created using IDEAS® software version 6.1 (Amnis Corp., Seattle, WA). All experiments were repeated at least three times, their average and standard deviations are shown. For microscopy of fluorescence analysis, we used an Olympus IX-81 inverted microscope (Tokyo, Japan) described in Bañuelos-Vazquez et al. (2019). Images were processed using ImageJ 1.47v (Wayne Rasband National Institutes of Health) and Adobe Photoshop 7.0 software (Adobe Systems, Mountain View, CA).



Histological and Transmission Electron Microscopy Analysis

Nodule samples, harvested at 21 days post inoculation, were fixed in 2.5% glutaraldehyde, 4% paraformaldehyde in 0.1 M Na-cacodylate buffer (pH7.2), post-fixed with 1% osmium tetroxide, and dehydrated with graded series of ethanol (10–100%), as described in Sánchez-López et al. (2011). Samples were gradually embedded in EMbed 812 resin and sectioned using an ultramicrotome (Ultracut Leica). Semi-thin sections (0.5–1.0 mm) were stained with 0.1% toluidine blue and examined with an AX10 microscope coupled to Axiocam 503 color (Zeiss). Ultra-thin sections were stained with 2% uranyl acetate and observed in a Transmission Electron Microscope Libra 120 Plus (ZEISS) operated at 70 kV. Image processing was performed using Fiji ImageJ package.



RESULTS


Identification and Characterization of Transconjugants Generated by Transfer of pRet42d to Endophytic Nodule Bacteria

To determine if the conjugative transfer of pSym to endophytic bacteria of root nodules occurs, we used as donor strain CFNX182-1, a derivative of R. etli CFN42 cured of pRet42a, with a GFP marker in the symbiotic plasmid and an RFP marker in the chromosome. P. vulgaris roots were inoculated with this strain as a donor, without adding a recipient strain, in hydroponic conditions. At 21 days post inoculation (dpi), we recovered the bacteria from the nodules as described in section “Materials and Methods”. To have a quantitative measure of the pSym transfer we analyzed the distribution of the bacterial population collected from either the medium where the plants were grown, the root surface and nodules by flow cytometry. Putative transconjugants acquire the GFP fluorescence located in the plasmid, but not the RFP fluorescence associated to the chromosome of the donor strain. The results showed that there were no transconjugants in the medium or on the root surface but, interestingly, some transconjugants were present in the nodules (Figure 1). Analysis by confocal microscopy confirmed that transconjugants were present only in nodules but not on the root surface or infection threads (Figures 2A–C). Fifty-five strains that showed green fluorescence were isolated from approximately 150 nodules, collected from three plants, as described in section “Materials and Methods”. The use of media supplemented with spectinomycin and detection of fluorescent colonies represented the selection criteria applied to skew the isolation toward transconjugants of endophytic recipients (TER) carrying the symbiotic plasmid pRet42d. Different specific R. etli genes involved in nodulation (nodA and nodD1) and nitrogen fixation (fixNd and nifH) of the R. etli pSym, as well as the GFP coding sequence, were selected to determine their presence in the TER strains. The results (Supplementary Figure S1 and Table 2) showed that all the markers were present in only 9 of the 55 isolates, suggesting that they contain the pRet42d, or a fragment of the plasmid. These 9 endophytic isolates were cultured and genomic DNA extraction was performed as described in section “Materials and Methods”. The DNAs obtained were used to amplify the internal fragments of the 16S gene by PCR. The amplification products obtained were purified and sequenced by Sanger technology at the Institute of Biotechnology, UNAM (Supplementary Table S2).
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FIGURE 1. Flow cytometry analysis of bacteria recovered from the root surface and nodules of plants infected with CFNX182-1. Plants were inoculated with strain CFNX182-1, which carries a RFP marker on the chromosome and a GFP marker on the pSym. Bacteria were recovered at 20 dpi from: (A) the medium, (B) the root surface and (C) nodules. Populations corresponding to donors (D) show red plus green fluorescence, putative endophytic recipients (PE) have no fluorescence, transconjugants of endophytic recipients (T) carry GFP and show green fluorescence, and pSym-cured derivatives (C) with RFP show red fluorescence.



[image: image]

FIGURE 2. Visualization of roots, infection threads and nodules of P. vulgaris plants infected with CFNX182-1 and TER strains. Plants were inoculated with the donor strain CFNX182-1 (A–C), and with transconjugant strains TER31 (D–F), TER38 (G–I) and TER49 (J–L). Samples of the root surface (A,D,G,J), infection thread (B,E,H,K), and nodules (C,F,I,L) were analyzed 21 dpi by confocal microscopy. CFNX182-1 is yellow (red plus green fluorescence) and transconjugants of endophytic recipients (TER) carry green fluorescence. Arrowheads indicate the localization of transconjugants (C).



TABLE 2. Characteristics of putative transconjugants from endophytic recipients isolated from nodules.

[image: Table 2]The sequences obtained were used to perform a homolog search (with the BLASTn tool of the NCBI database). The position of the TER strains in the phylogenetic tree showed that they present a wide taxonomic diversity, belonging to eight different genera: Four were alpha-proteobacteria: Mesorhizobium, Brevundimonas, Phyllobacterium, Ochrobactrum, one was a beta- proteobacteria: Achromobacter, two were gamma-proteobacteria: Pseudomonas and Stenotrophomonas, and one was from the Firmicutes phylum: Bacillus (Table 2, Supplementary Table S2, and Supplementary Figure S2).



Stability of the Transferred pRet42d Genetic Marker in the Transconjugants

Stability assays of the TER strains (see Section “Materials and Methods”) showed that the antibiotic resistance marker associated to pRet42d was very stable after 72 h of inoculation (Supplementary Figure S3). This could be due to two possibilities: first, that the symbiotic plasmid (pSym) has been integrated into the chromosome of the TER strain, maybe due to incompatibility with an endogenous plasmid and therefore the effect on its stability, and second, that the Rhizobium etli pSym is quite compatible with the endophytic strains. We favor the first possibility, as we could not identify a plasmid of the size of the pSym in the TER strains using Eckhardt type gels (Eckhardt, 1978), which allow the visualization of large plasmids (data not shown).



Some TER Strains Are Able to Nodulate and Fix Nitrogen in Phaseolus vulgaris Roots

In order to explore whether TER strains formed effective nitrogen-fixing nodules in common bean roots, an experiment was performed as follows: 2-days-post-germination (dpg) P. vulgaris seedlings were independently inoculated with each of the 9 purified TER strains that presented nod, fix, nif and GFP genes, using also donor strain CFNX182-1 as a control. Only four of the strains: TER22, TER31, TER38, and TER49 were able to produce nodules in P. vulgaris roots at 21 dpi. For all experiments, uninoculated controls did not contain nodules. For strain TER31, bacteria were isolated from approximately 300 nodules from 3 plants. The nodules were surface sterilized and crushed, and bacteria were recovered in PY medium with calcium and spectinomycin (3.15 × 103), and in PY without calcium but with spectinomycin (3.4 × 103). Rhizobium CFNX182-1 does not grow without calcium, assuring that all recovered bacteria correspond to the inoculated strain TER31, and there is no contamination by R. etli.

To determine if these nodules were able to fix nitrogen, we measured the nitrogenase-specific activity through an ARA assay and leghemoglobin content (see section “Materials and Methods”) of strains TER31, TER38, and TER49, as representative of alpha, beta, and gamma -proteobacteria. The results (Figure 3) showed that all strains did present nitrogenase activity; TER31 and TER38 nodules displayed nitrogenase-specific activity similar to that of the control, whereas a significantly higher activity was detected in TER49 nodules (Figure 3A). However, no significant differences in the leghemoglobin content were seen among the strains (Figure 3B). Nevertheless, the number of nodules produced by each strain (Figure 3C), and the weight of the dry root and shoot (Figures 3D,E) in TER samples were not significantly different from the control. The plants were also similar in size and color to the control strain (data not shown). In the experiments we employed hydroponic trays. This could be the reason for not detecting differences between the plants inoculated with the different strains.
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FIGURE 3. Symbiotic performance of TER strains with P. vulgaris. Bean plants were inoculated with the different strains, after 21 dpi symbiotic performance was analyzed by: (A) nitrogenase-specific activity by ARA, (B) leghemoglobin content, (C) number of nodules per plant, (D) shoot dry weight, and (E) root dry weight. Strains: CFNX182-1 (black bars), TER31 (gray bars), TER38 (white bars), and TER49 (striped bars). A t-test (P < 0.05), was used to determine statistically significant differences in the nitrogenase specific activity in (A). 0.0021 (**), 0.0001 (****).


These data indicate that TER31, TER38, and TER49 strains are able to induce the formation of N2-fixing nodules in P. vulgaris plants, suggesting that, at least nod, fix and nif genes from the pSym were transferred from CFNX182-1 to TER isolates.



Visualization of Transconjugants on the Root Surface, in Infection Threads and in Nodules

To analyze if the TER strains adhere to and infect P. vulgaris roots similar to R. etli, the root surface, the initial infection features and nodules were visualized using confocal microscopy in TER infected roots (21 dpi). The results showed that TER31, TER38 and TER49 are able to adhere to the root surface, although the density of the bacterial cells seemed to be lower than in roots inoculated with R. etli (Figures 2A,D,G,J). They were able to produce infection threads (Figures 2B,E,K). As in nodules generated by rhizobia, in nodules incited by TER strains the infection is concentrated in the central tissue, where infected cells are visualized (Figures 2C,F,I,L). Most of the nodules formed by the three TER strains were similar to those of the R. etli control strain (Figure 2C).

In an attempt to better describe the subcellular localization of TER31 in infected cells, we performed a comparative histological analysis of the nodule central tissue (Figures 4A,B). In toluidine blue stained sections of R. etli- infected nodules, the bacteria were easily distinguishable, infected cells had the typical pattern of dark dots and rods surrounded by a lightly stained area (Sánchez-López et al., 2011), an indicative of symbiosomes containing R. etli bacteroids (Figure 4A). In contrast, the bacterial population in TER31-infected cells displayed a poorly contrasted appearance, as if the dye barely reached the bacteria but stained their immediate environment (Figure 4B). A transmission electron microscopy examination lead us to determine that the intracellular TER31 bacteria are contained in a symbiosome-like structure. That structure is enriched in an electron-dense matrix that renders an inconspicuous contrast of TER31 features, other than the presence of abundant polyhydroxybutyrate (PHB)-like storage material when compared with CFNX182-1 (Figures 4C,D). It is known that differentiated rhizobia can form carbon storage compounds such as PHB and glycogen (Lodwig et al., 2005), although the symbiotic performance of rhizobia unable to synthesize PHB can be defective (Ensifer meliloti) or enhanced (R. etli). Also, it has been suggested that PHB may participate in stress protection, although the mechanisms are not clearly understood (Sun et al., 2019). Nevertheless, our data suggest that the genetic information of pRet42d present in the TER strains is sufficient to allow them to infect P. vulgaris plants, although the genomic background may be affecting the outcome of the symbiosis.
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FIGURE 4. Histology and transmission electron microscopy of infected cells from nodules generated on roots inoculated with TER31 and CFNX182-1 strains. Semi-thin and ultra-thin sections of nodule central tissue (21 dpi) were analyzed by bright field (A,B) and transmission electron microscopy (C,D). Samples: (A,C) nodules from roots inoculated with CFNX182-1 and (B,D) TER31. bt, bacteroids; ic, infected cells; sm, symbiosome matrix; TER31, intracellular TER31 bacteria; uic, uninfected cells; arrowheads, PHB-like storage material.




DISCUSSION

Endophytic bacteria have been shown to be able to colonize several tissues of the plant (Rosenblueth and Martínez-Romero, 2004; Turner et al., 2013). Specifically, in legumes, one of the most relevant groups of plants for human nutrition, endophytic bacteria have been isolated from nodules, roots, seeds and stems (Sturz et al., 1997; Rosenblueth and Martínez-Romero, 2004). These endophytic bacteria belong to many different genera from alpha-, beta-, and gamma-proteobacteria, and gram-positive bacteria (Kan et al., 2007; Moulin et al., 2015). In a comprehensive review about the nodule microbiome, Martínez-Hidalgo and Hirsch (2017) report the presence of many diverse non-rhizobia, some of them able to induce nitrogen-fixing nodulation. They speculate about the functions of the nodule-associated bacteria not involved in nodulation, suggesting that they have the potential to affect legume survival. In the first report of a gamma-proteobacteria that seems to generate effective nodules, Benhizia et al. (2004) found that the root nodules of three Mediterranean legume species contained diverse gamma-proteobacteria, including Pantoea agglomerans, Enterobacter kobei, Enterobacter cloacae, Leclercia adecarboxylata, Escherichia vulneris, and Pseudomonas sp. No evidence of any rhizobial-like sequence was found. Lima et al. (2009) using siratro as a trap plant, isolated efficient nodulating strains such as Janthinobacterium sp. (beta-proteobacterium) and Stenotrophomonas sp. (gamma-proteobacterium), from the soils of the Western Amazon region. It is possible that there are many more non-rhizobia able to nodulate, which may have been discarded as contaminants, due to the selection techniques used (Martínez-Hidalgo and Hirsch, 2017).

Although rhizobia that infect plant roots usually come from the rhizosphere, it has also been shown that some rhizobia species are found inside the legume’s seeds (Mora et al., 2014; López et al., 2018). Some of these rhizobia, after isolation, are also able to perform the complete infection process, attaching to the root hairs, generating infection threads and invading nodules, in the known symbiotic procedure.

In this work, we show that the pSym of R. etli CFN42 transfers to endophytic recipients inside nodules, allowing them to acquire new features. TER strains were isolated from nodules of bean seedlings inoculated exclusively with the labeled donor strain CFNX182-1, which contains a RFP marker in the chromosome and a GFP marker on the pSym, without an inoculated recipient strain. The putative transconjugants recovered from nodules were initially checked for presenting green and lacking red fluorescence and containing the Sp resistance associated to the GFP marker. Fifty-five strains showed these characteristics, they were further analyzed for presence of the GFP and symbiotic genes, using PCR. Only nine strains gave positive results, indicating that a high proportion of the putative transconjugants were false positives, probably due to endogenous fluorescence or Sp resistance. The genus of each of the nine TER strains that did show positive signals for the GFP and symbiotic genes was determined by sequencing PCR products obtained with primers from the 16S rRNA gene. The results showed that the transconjugants belonged to diverse genera, further indicating that nodules constitute an environment where bacteria may interact with each other. Surely many of the genetic interactions are not fruitful, due to impossibility of conjugation, recombination, gene expression, or other factors. But those events that are successful may be conducive to the generation of variants with new features, providing them with an advantage for survival. We cannot disregard that non-cultivable bacteria could also receive the symbiotic genes. Analysis of the capacity to establish symbiosis with bean roots showed that only four of the nine TER strains were able to nodulate and fix nitrogen, however the microscopy analyses indicated differences with the nodules formed by the R. etli strain. This finding is not unexpected, as the genomic background also may affect the symbiotic features. The transfer of symbiotic genes to endophytes inside the nodules, irrespective of the genus of the recipients, could be one of the mechanisms through which plant bacteria interactions have evolved, generating new variants with better symbiotic capacities. This suggestion agrees with data reported in the review by Andrews et al. (2018), where they found phylogenetic incongruence between core and symbiosis genes for strains of 14 out of the 15 currently accepted genera of rhizobia, concluding that transfer of symbiosis genes is not restricted by geography or specific genera, and may allow bacteria adapted to local soil conditions to acquire the ability to nodulate new hosts. Also, in our previous work (Cervantes et al., 2011) we found a very nice example of a conjugative non-symbiotic plasmid (pSfr64a) from Sinorhizobium fredii GR64, a strain isolated from bean nodules in Granada, Spain. This plasmid carries large segments of different evolutionary origins, 23% of the plasmid is highly similar to sequences of the chromosome of S. fredii NGR234, 22% showed similarity to pRet42a and 31% to the pSym (pRet42d) from R. etli CFN42.

Since the information that many pSyms are transmissible was available in the literature, researchers have used this to introduce symbiotic information into different strains, trying to generate strains able to effectively nodulate other plant hosts. The effectivity of transconjugants generated is usually lower than that of the parental (Martinez et al., 1987; Rogel et al., 2001). We think that our results regarding the isolation of effective transconjugants are due to the approach we used, where we let the plant do the work and select the transconjugants. The fact that P. vulgaris is a promiscuous legume, able to be nodulated by many different strains may also have been a contributing factor (Wang et al., 2019). Surely the genetic background of the recipients is an important factor, for the outcome of the conjugation. Questions that remain for the future are the determination of how competitive the TER strains are in the presence of other nodulating strains, and the isolation of the putative recipients, which would be very helpful to determine the scope of possible transfers. Recently, Doin de Moura et al. (2020) introduced the symbiotic plasmid of Cupriavidus taiwanensis into the plant pathogen Ralstonia solanacearum, and repeatedly inoculated the C. taiwanensis host, Mimosa pudica with the transconjugant. This experimental evolution allowed for the selection of derivatives able to nodulate and improve efficiency after various passages through the plant. These results support our assumption that the plant constitutes an environment strongly affecting the bacterial diversification and evolution.

Also, there have been some interesting efforts trying to determine the minimal set of genes required for effective nodulation. A very elegant approach was employed by diCenzo et al. (2016). Using Sinorhizobium meliloti strain Rm2011, they transferred the region containing essential genes from the pSymB into the chromosome, this allowed them to obtain derivatives cured of pSymB, as well as of pSymA, without affecting growth fitness. They reintroduced the plasmids into the cured strain, recovering the wild-type phenotype for alfalfa nodulation. Finally, they identified single copy essential symbiotic genes, through the generation of deletion mutants in both plasmids. The single copy genes required for symbiosis were located in four regions, corresponding to 12% of pSymA and pSymB. This minimal set of symbiotic genes was identified in the Sinorhizobium chromosomal background. Would this minimal set function in the background of a non-rhizobia? Could we identify a minimal set of symbiosis genes for Phaseolus vulgaris? Which genes of the chromosomal background are required for the minimal set to function? Would these genes vary among strains from different genera? Answers to all these questions could impact on the possibility to employ synthetic biology to manipulate the process to obtain improved nitrogen fixation in soils.

The pSym is a large plasmid (371 Kb), however, we could not visualize a bona fide pSym in any of the TER strains recovered in Eckhardt type gels (data not shown). Nevertheless, R. etli pSym sequences were present in these strains, and their antibiotic resistance marker was stable. A possible explanation for these data is that the pSym sequences are integrated in the chromosome of the TER strains. The fact that the donor strain lacked plasmid pRet42a suggests that transfer of the pRet42d must have occurred through the transfer genes located in this plasmid, which are regulated by the RctA/RctB system. Conjugative transfer genes of the pSym have been shown to be repressed, until an unknown signal activates their expression (Sepúlveda et al., 2008; Nogales et al., 2013). Our results suggest that the nodule constitutes an environment where pSym transfer may be activated. Further work will be needed to determine the manner in which this transfer system is induced under symbiotic conditions.
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FIGURE S1 | PCR amplifications of R. etli pSym markers in the TER strains. To determine the presence of markers of the R. etli pSym in the putative transconjugants of endophytic recipients, DNA was isolated from the different strains and used as template to produce PCR products for nodD1 (A), nodA (B), fixNd (C), nifH (D), and GFP (E), from the pSym of R. etli CFNX182-1. The lane labeled 182-1 corresponds to strain CFNX182-1, MWM – molecular weight markers.

FIGURE S2 | Maximum-likelihood tree of 16S rRNA gene of the TER isolates from nodules of Phaseolus vulgaris. The tree shows the phylogenetic association of TER isolates with strains of different genera (reference type strains) belonging to Proteobacteria and Firmicutes phyla from according to their 16S rRNA gene sequences. The tree was built under the GTR model and rooted at the midpoint. The bar indicates the number of expected substitutions per site under this model. The bootstrap support value (100 replicates) of the branches of tree is shown in each node.

FIGURE S3 | Stability of pSym-associated antibiotic resistance markers in TER strains. The different TER strains were inoculated into antibiotic-free media, and samples were taken at inoculation (T0) and after 72 h of incubation (T72), to determine the loss of antibiotic resistance, by quantifying the populations in the presence and absence of antibiotic. Each strain was compared to the control strain CFNX182-1. (A) TER31, (B) TER38, and (C) TER49. CFNX182-1 with antibiotic (black bars), CFNX182-1 without antibiotic (gray bars), TER strains without antibiotic (white bars), TER strains with antibiotic (striped bars).
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Carriage of resistance genes can underpin bacterial survival, and by spreading these genes between species, mobile genetic elements (MGEs) can potentially protect diversity within microbial communities. The spread of MGEs could be affected by environmental factors such as selection for resistance, and biological factors such as plasmid host range, with consequences for individual species and for community structure. Here we cultured a focal bacterial strain, Pseudomonas fluorescens SBW25, embedded within a soil microbial community, with and without mercury selection, and with and without mercury resistance plasmids (pQBR57 or pQBR103), to investigate the effects of selection and resistance gene introduction on (1) the focal species; (2) the community as a whole; (3) the spread of the introduced mer resistance operon. We found that P. fluorescens SBW25 only escaped competitive exclusion by other members of community under mercury selection, even when it did not begin with a mercury resistance plasmid, due to its propensity to acquire resistance from the community by horizontal gene transfer. Mercury pollution had a significant effect on community structure, decreasing alpha diversity within communities while increasing beta diversity between communities, a pattern that was not affected by the introduction of mercury resistance plasmids by P. fluorescens SBW25. Nevertheless, the introduced merA gene spread to a phylogenetically diverse set of recipients over the 5 weeks of the experiment, as assessed by epicPCR. Our data demonstrates how the effects of MGEs can be experimentally assessed for individual lineages, the wider community, and for the spread of adaptive traits.
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INTRODUCTION

Many of the traits that make bacteria economically, ecologically, or clinically important are encoded by accessory genes carried by mobile genetic elements (MGEs) (Hall et al., 2017a). Conjugative MGEs, i.e., those with genes that produce a channel (the conjugative pilus) through which the MGE can be copied between neighboring bacteria (Garcillán-Barcia and de la Cruz, 2013; Cury et al., 2017), are particularly important for the spread of traits in bacterial communities. This is because of the efficiency with which conjugative MGEs can transmit large accessory gene cargos between individuals, including those of different species (Halary et al., 2010; Klümper et al., 2015). By enabling adaptive traits to move into new lineages, conjugative MGEs can drive rapid evolution, and adaptation to environmental change (Hall et al., 2017a).

The impacts of MGE acquisition for adaptation can be seen at the level of an individual bacterial lineage, where trait acquisition can allow survival in the face of a new abiotic stress like disinfectants or toxic metals (Silver and Misra, 1988; Wassenaar et al., 2015), provide genes to outcompete rivals (Riley and Wertz, 2002), or enable that lineage to occupy a new niche, such as a new animal or plant host (Faruque and Mekalanos, 2003; Platt et al., 2012). Horizontal gene transfer through MGE exchange also has effects that manifest at the level of the wider bacterial community. From a community perspective, adaptive traits spread by MGEs can potentially sustain community-wide diversity — and community function — in the face of strong selection for that trait. In mouse gut microbial communities, for example, antibiotic treatment caused increased mobilization of resistance genes by bacteriophage (Modi et al., 2013), which could mediate functional resilience of the microbiome. The effects of MGE transmission can also be considered from the perspective of the trait in question. Mobile traits are likely to be more persistent relative to traits that are more tightly linked to a particular lineage, particularly at times where positive selection is weak or absent, because mobile traits can move into lineages that are better adapted to the prevailing local conditions (Bergstrom et al., 2000; Niehus et al., 2015). Probiotic treatments, designed to introduce new traits such as phytoprotection or detoxification of pollutants into microbial communities (also known as “bioaugmentation”), could therefore benefit from a consideration of the mobility of the genes encoding the introduced function (Garbisu et al., 2017).

The maintenance and spread of MGEs in a bacterial community is affected by several factors. MGE acquisition varies across taxa, and across different strains of the same species (McNally et al., 2016; Wyres and Holt, 2018). Lineages vary in their ability to acquire and maintain plasmids, due to conflicting genes such as restriction-modification systems and CRISPR immunity (Oliveira et al., 2016; Westra et al., 2016). Lineages that are favorable to MGE acquisition would therefore be predicted to be susceptible to infectious parasites like bacteriophage, but also more resilient to environmental change as they can acquire adaptive MGEs (Jiang et al., 2013; Bellanger et al., 2014; Westra et al., 2016). Patterns of MGE transmission also vary with the MGEs themselves: different MGEs vary in their host range (Jain and Srivastava, 2013; Cury et al., 2018), impose varying burdens on recipient fitness, and have differing baseline rates of transmission (e.g., Hall et al., 2015). The prevailing environmental conditions will also affect the spread of MGE-borne traits. Selection for the traits carried by MGEs can favor MGE spread by enhancing the fitness of recipients, but may at the same time reduce MGE spread by removing potential recipients from the community (Lopatkin et al., 2016; Stevenson et al., 2017). Highly transmissible MGEs can effectively spread traits in the absence of selection, particularly when MGE persistence depends on infectious transmission (Lopatkin et al., 2016; Hall et al., 2016). Although the factors driving MGE spread have been investigated in laboratory studies, there is a general lack of experimental data describing MGE transmission in the context of species-rich bacterial communities in their natural habitat, and how patterns of MGE exchange are affected by selection.

To understand how both genetic and ecological factors drive the spread of MGEs, and what the consequences are for individual lineages and the broader bacterial community, we established an experiment in which a trait was introduced into a diverse bacterial community on different conjugative plasmids, with and without positive selection for the trait. We used the Pseudomonas fluorescens SBW25/pQBR plasmid system. P. fluorescens SBW25 is a plasmid-free strain isolated from the same site as the pQBR plasmids, and thus represents a naturally relevant host. P. fluorescens SBW25 is plant-associated, but can proliferate in bulk potting soil, and has been studied in soil microcosm experiments both by itself and alongside the resident soil community (Lilley and Bailey, 1997b; Gómez et al., 2016; Hall et al., 2016). The pQBR plasmids were isolated by their ability to mobilize mercury resistance (Lilley et al., 1996). Though all pQBR plasmids sequenced to date contain the same mercury resistance operon located on a Tn5042 transposon, the plasmid backbones can be very different. Previous work has shown that pQBR103 and pQBR57 — conjugation-proficient megaplasmids of 425 and 307 kb, respectively — carry identical merA genes but pQBR103 has a larger fitness cost and a lower conjugation rate than pQBR57, when tested in P. fluorescens SBW25 (Hall et al., 2015). Both plasmids are known to transfer into other species of Pseudomonas, but their broader ranges are unknown (Hall et al., 2016; Kottara et al., 2018). Both plasmids are predominantly comprised of uncharacterized genes with unknown relevance to the soil environment, but there is evidence that some pQBR103 genes are associated with plant interactions (Lilley and Bailey, 1997a; Zhang et al., 2004). The microbial community was derived from a suspension of the same soil used in the experiments: it represents a species-rich natural assemblage likely to contain archaea and eukaryotes alongside bacteria. Though this community has been artificially extracted from potting soil by a soil wash process (which may have failed to sample some members of the original assemblage) it remains directly relevant to the experimental conditions under investigation.

We cultured P. fluorescens SBW25 (the “focal strain”), carrying either of two mercury resistance plasmids, pQBR57 and pQBR103, or no plasmid, and either by itself, or embedded within this semi-natural community from potting soil. These soil microcosms contained either unsupplemented potting soil or potting soil supplemented with two different concentrations of ionic mercury, in a fully factorial design. The levels of mercury used represented moderate-high, and very high levels of pollution seen in natural sites (Arbestain et al., 2008). Over the course of five growth cycles in soil microcosms, we tracked the dynamics of the focal strain, the composition of the bacterial fraction of the community as a whole, and the spread of mercury resistance.



MATERIALS AND METHODS


Bacterial Soil Culture

Pseudomonas fluorescens SBW25 was previously labeled with a streptomycin resistance cassette and the lacZ marker gene and used as a recipient for conjugation of plasmids pQBR103 and pQBR57 (Hall et al., 2015). Strains were streaked onto Kings B media (20 g proteose peptone, 1.5 g MgSO4⋅7H2O, 1.5 g K2HPO4⋅3H2O, 10 g glycerol per liter, supplemented with 12 g/L agar) containing 200 μg/ml streptomycin, and 20 mM HgCl2 where appropriate, and isolated colonies used to set up liquid KB cultures for the experiment (one colony per replicate). Cultures were grown for 40 h to reach saturation before beginning the experiment. Soil cultures were maintained in twice-autoclaved “potting soil microcosms,” which consisted of 10 g John Innes #2 potting compost in a 30 ml glass universal tube. Before inoculation, microcosms were amended by addition of 900 μl of either water, or HgCl2 solution to adjust Hg2 + concentration to 16 or 64 μg/g, and vortexed briefly. Microcosms were incubated at room temperature for approximately 1 h after amendment before use. Soil water content was approximately 25% v/w (Hall et al., 2015). To establish the experiment, the natural community was first extracted using a soil wash. Unautoclaved soil (200 g), from the same bag as that used to make the microcosms, was added to a 500 ml duran flask with 400 glass beads (5 mm) and 200 ml sterile M9 buffer (47.8 mM Na2HPO4, 22 mM KH2PO4, 8.55 mM NaCl, 18.7 mM NH4Cl, pH 7.4) and mixed thoroughly by shaking and vortexing for 5 min. Supernatant was removed into a sterile falcon tube, and sample of this was autoclaved for the “no natural community” treatments. P. fluorescens cultures were pelleted and resuspended in M9 buffer at 1:20 dilution. Samples were mixed 1:1 v/v with either natural community or autoclaved natural community, and 200 μl was added to the soil microcosm and vortexed briefly to disperse. Soil cultures were maintained at 28°C and 80% relative humidity.

Every 7 days, samples of soil wash from each population was transferred into fresh media. M9 buffer (10 ml) and twenty 5 mm glass beads were added to each microcosm and vortexed for 1 min. A sample of soil wash (100 μl) was transferred into a fresh microcosm to continue the experiment, and samples were spread on media to establish population densities. Routinely, samples were spread on KB agar supplemented with 50 μg/ml X-gal and 200 μg/ml streptomycin to enumerate P. fluorescens SBW25 cfu/g, onto 0.1× nutrient agar (NA, Oxoid) supplemented with 50 μg/ml X-gal to enumerate the total community, and onto 0.1× NA with 50 μg/ml X-gal and 2 μM HgCl2 to enumerate the mercury resistant portion of the natural community. Natural community plates were counted after 4 days growth at 28°C. Mercury resistance amongst P. fluorescens SBW25 was tracked by plating samples of culture onto KB + 200 μg/ml streptomycin + 20 μM HgCl2, or by replica plating from the KB + 200 μg/ml streptomycin plates onto 100 μM HgCl2. In some cases (e.g., from the plasmid-free populations) mercury resistance was also estimated by spreading samples on KB supplemented with 200 μg/ml streptomycin and 20 μM HgCl2. Mercury concentrations were adjusted across media types to be selective for resistance, based on results from preliminary experiments. Colony PCR was performed on up to 12 mercury-resistant endpoint clones from each surviving population to test for the presence of plasmid backbone genes (oriV, trfA) as described previously (Harrison et al., 2015; Hall et al., 2016); plasmid loss with merA maintenance was found in only two populations: pQBR57 with 64 μg/g Hg2+ with natural community, replicate a; and pQBR103 with 16 μg/g Hg2+ with natural community replicate d. In each case, 3/12 (25%) of tested clones had lost the pQBR plasmid but maintained merA.

Samples of communities for downstream analyses (16S sequencing, epicPCR) were frozen by adding glycerol to soil wash at 20% w/v final concentration and freezing at −80°C.



Extracting Bacteria From Soil

We adapted a nycodenz centrifugation protocol from Burmølle et al. (2003) to extract bacteria from soil for 16S and epicPCR analysis. Frozen soil wash/glycerol samples were thawed and pelleted at 5 G for 5 min, and resuspended in 600 μl 0.2% w/v sodium pyrophosphate. Resuspended samples were vortexed for 1 min, then 300 μl of Nycodenz cushion (1.3 g/ml) was carefully pipetted below each sample, avoiding mixing. Samples were centrifuged for 10 min at 10.9 G, before the top layer and interface (∼700 μl) was carefully removed and added to a new tube containing 400 μl 0.85% NaCl. Samples were pelleted again at 5 G for 5 min and resuspended in 1 ml nuclease-free water. Preliminary experiments showed that this protocol often resulted in aggregates. To remove these and generate the single-cell suspension necessary for epicPCR, all samples were gently pipetted and then filtered through a 5 μm syringe filter, pelleted, and resuspended in H2O. A sample was taken for epicPCR bead prep and the remainder was frozen in 20% glycerol in M9 for subsequent 16S amplicon PCR.



Generating Acrylamide Beads for epicPCR and Generation of epicPCR Amplicons

Un-lysed cells were used to generate acrylamide beads for epicPCR according to Spencer et al. (2016) with a lysozyme step for cell lysis. Full details are provided in Supplementary Methods. Samples of beads were stained with SYBR green (1:10,000) and imaged using a fluorescence microscope to ensure that >99% of beads were empty before generating emulsions for epicPCR. Beads were used as templates in the first-round of epicPCR using the primers merA_F1B, merA_F2 + R1, and R1 (Supplementary Table 7), and samples of the PCR reaction were imaged to ensure emulsion stability and the presence of only one acrylamide bead per drop. Second-round epicPCR products were generated using primers merA_F3E and PE16S_V4_E786_R. Blocking primers R1 + F1block10F and R1 + F1block10R were added to block amplification of unfused products. Quadruplicate reactions were performed for each sample and the products pooled and purified using AMPure XP beads.



DNA Extraction for 16S Amplicon Generation

Total DNA from cells extracted using the nycodenz protocol was extracted using the DNeasy Blood & Tissue Kits’ (QIAGEN) and 5 μl used for PCR using primers PE16S_V4_U515_F and PE16S_V4_E786_R using Phusion Hot-Start Flex polymerase. Full details are provided as Supplementary Methods. Quadruplicate reactions were performed for each sample and the products pooled. 16S and epicPCR amplicons were barcoded and pooled and each library was sequenced using a MiSeq v2 with 250 bp paired-end reads. The 16S amplicon analyses generated >50,000 read pairs per sample library. Yield from epicPCR was variable due to low input from some samples.



Community Sequence Analysis

Amplicon data was analyzed using QIIME2 (version qiime2-2018.11) (Bolyen et al., 2019) using the dada2 denoising module, and R (R Foundation for Statistical Computing, Vienna, Austria). Short read sequences can be found at the short read archive PRJEB34647.

For the 16S data, primer sequences were removed using “–p-trim-left-f 23” and “–p-trim-left-r 20” functions. Reads were truncated to maintain read quality above a PHRED-scaled score of 30, which resulted in a truncation length of 210 in the forward read and 190 in the reverse read. About 25% of reads were lost, primarily through the removal of chimeras. Low abundance sequence variants (total frequency <0.001%) were removed, leaving 4,863,898 sequences comprising 613 variants across the evolved populations. Preliminary data exploration revealed that one sample (replicate a, plasmid-free, no mercury) had a very divergent population structure which could be traced to a technical issue with DNA extraction, so this sample was excluded from the analysis. Data were subsampled to 50,000 reads for all analyses. Alpha diversity metrics were analyzed using linear models with plasmid, mercury, and their interaction as fixed effects, using Type II Sums of Squares to assess main effects, and the sjstats package (Lüdecke, 2020) was used to calculate eta-squared. Beta-diversity was analyzed by permutational MANOVA using the adonis2 function in the vegan package (Okansen et al., 2019).1 Dispersion for each distance measure was extracted using the betadisper function in the vegan package and analyzed as with alpha diversity. We identified a generally good correlation between plate counts for P. fluorescens SBW25 and abundance of reads matching the expected SBW25 amplicon sequence variant (ASV; Spearman’s rho = 0.879, p < 0.001). Dominant, abundant amplicon sequences can cause technical artifacts with 16S amplicon analyses. Though the SBW25 amplicon was not overwhelmingly abundant, we repeated all of the analyses with the SBW25 amplicon excluded, and found that this had no qualitative effect on our conclusions. To investigate enrichment of specific taxa across treatments we performed differential abundance analysis using balances via gneiss, implemented in QIIME2. Balances were identified that were associated with increasing and decreasing abundance with mercury, and the distributions of taxa across these balances (from phylum to genus) were tested with Chi-squared goodness-of-fit tests, with Benjamini–Hochberg correction for multiple testing.

For the epicPCR data, a preliminary analysis was first conducted to test that primers were amplifying the correct merA allele. Primer sequences were removed using “–p-trim-left-f 21” and “–p-trim-left-r 20” functions, and as products were expected to be fused amplicons, the data were initially denoised for preliminary analysis without chimera checking using the option “–p-chimera-method none.” Reads were truncated to 205 bp in the forward read and 180 bp in the reverse read to ensure PHRED-scaled quality scores >30. Representative sequences were analyzed for the presence of the expected merA fragment. Of 10,906 sequences, 8,994 contained the correct sequence for merA. Of the remaining sequences, approximately half were truncated 16S fragments, and approximately half had only single basepair differences from the expected merA fragment, suggesting that these amplicon variants are likely to have a negligible effect on data interpretation. Nevertheless, all non-matching amplicons were removed from subsequent analysis. Primers and merA fragments were removed from matching reads, which were denoised and merged. Samples with <1,000 reads were considered amplification failures, and so only the remaining samples (n = 13, all of which had >150,000 reads) were used for subsequent analyses. The two negative controls (a no-sample control, and a control representing the natural community before pQBR plasmid addition) both yielded very few reads (2 and 102, respectively), almost all of which matched P. fluorescens SBW25 and Enterobacterales which were abundant in other samples, and thus likely represent a low level of contamination.

Plasmid recipients were analyzed by removing the ASV corresponding to P. fluorescens SBW25 from all samples and subsampling to the smallest sample (2,000 reads) before proceeding with taxonomy assignment. To analyze 16S data and epicPCR data together (Supplementary Figure S6), reads from the corresponding samples were processed to remove primer sequences and the merA fragment. The ASV corresponding to SBW25 was removed, and samples were subsampled to 2,000 reads before running the QIIME “core diversity metrics.”



Sequencing and Analysis of the Acquired Mobile Genetic Element

Nine specific mercury resistant clones, identified by growth on KB agar amended with 20 μM HgCl2, were selected for sequencing. These isolates represented “early” (retrieved from the first transfer) and “late” samples (retrieved at the end of the experiment) (Figure 1). Samples of bacteria were sent for short-read sequencing at MicrobesNG (Birmingham, United Kingdom). Reads were mapped to the P. fluorescens SBW25 chromosome (EMBL accession AM181176) using bwa-mem (Li and Durbin, 2009), and non-mapping reads were extracted using the “-f 4” option. For each sample, non-mapping reads were assembled using SPAdes (Bankevich et al., 2012), and contigs >1,000 bp extracted (the merA gene is approximately 1.6 kb, so this threshold was unlikely to exclude any relevant genes). All samples were found to have three contigs of similar sizes: 52, 3.3, and 2.6 kb. Corresponding contigs from each sample were aligned and examined. The 3.3 kb contigs matched the lacZ gene, whereas the 2.6 kb contigs carried the streptomycin 3′-adenylyltransferase gene (aadA). Both of these fragments were known to have been inserted into the experimental strain prior to inoculation, as resistance and reporter constructs (Zhang and Rainey, 2007; Hall et al., 2015). The 52 kb candidate was therefore the candidate mercury resistance element. Corresponding contigs from the different samples were aligned and trimmed to the same length, and were found to be identical.
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FIGURE 1. Mobile genetic elements rescued Pseudomonas fluorescens SBW25 in competition with a natural community in the presence of mercury stress. Each line indicates the population dynamics of P. fluorescens in an independent population. Different combinations of treatments are shown on separate subpanels. Subpanels are organized into rows corresponding to different P. fluorescens SBW25 plasmid states at the initiation of the experiment (“plasmid–” = no added plasmid), into columns corresponding to different mercury pollution treatments, and into a left and right block corresponding to absence/presence of the natural community. Lines are colored according to plasmid treatment for consistency with other figures. Timepoint indicates transfers, which occurred weekly. Dots in the mercury-treated plasmid– populations indicate populations and timepoints from which single mercury resistant clones were isolated for sequencing. Six replicate populations were established for each combination of treatments.


Annotation of this putative mercury resistance element using the RAST server2 (Aziz et al., 2008) predicted a merRTPCABD operon, which has a merD gene absent from the pQBR plasmid Tn5042 mer operon. Additionally, the merRTPCAB genes were divergent from those of Tn5042, with 71.5% nucleotide identity. Specific mercury resistance had therefore been acquired independently of the pQBR plasmids. The mercury resistance element carried a Rep_3 superfamily plasmid replication initiator protein gene (ORF 21), as well as putative plasmid partitioning proteins (ORFs 12 and 23). However, an integrase was identified at the 5′ end of the sequence, and in each sample, the candidate element was identified in whole genome de novo assemblies, with sufficient contiguous sequence at the ends to identify a putative insertion site into the P. fluorescens SBW25 chromosome. Sequencing coverage across the mercury resistance element and the contiguous P. fluorescens SBW25 chromosome was approximately 1:1. The insertion site resulted in a 12 bp duplication at 1181688.1181699 (GAGTGGGAGTGA) on the reverse strand of the reference sequence. This region is at the 3′ end of the guaA gene encoding GMP synthase (PFLU_5043), a locus that is a common target for integrative and conjugative elements (ICE) (Burrus et al., 2002; Song et al., 2012). The fact that the element transferred into P. fluorescens SBW25, and is predicted to carry the genes required for conjugation (MOBP1/MPFT system identified using the MacsyFinder CONJscan module (Cury et al., 2020), also identified from RAST prediction, and by tblastx similarity to plasmid RK2) led us to consider the mercury resistance element to be an ICE. A transposon number was requested from the Tn registry (Tansirichaiya et al., 2019) and the mercury resistance element was designated integrative and conjugative element (ICE)6775. Putative CDS, identified and annotated using RAST, were supplemented with manual functional predictions based on InterProScan 5 and BLASTP queries of the NCBI refseq database, and the sequence was submitted to GenBank and given accession number MT279197.



Statistics

Single-species P. fluorescens SBW25 population dynamics were analyzed using a mixed effects model in nlme with mercury and plasmid and their interactions as main effects, and a random effect of population to account for repeated measures. Dynamics of P. fluorescens SBW25 in the presence of the natural community were analyzed using linear models of cumulative densities across the experiment to resolve heteroscedasticity (resulting from population extinctions at later timepoints), with mercury and plasmid and their interactions as main effects. Effects of the natural community were assessed by comparing measurements at transfer 1, with mercury, plasmid, natural community, and their interactions as main effects. Effects on the natural community (both total density, and mercury resistant density) were assessed using a mixed effects model in nlme with mercury, timepoint, plasmid and their interactions as main effects, and a random effect of population to account for repeated measures. The assumptions of parametric modeling were tested using Q-Q and residual plots, Shapiro–Wilk, Fligner, and Bartlett’s tests, and data Box-Cox transformed as necessary.



Data Availability

Short read sequencing data associated with this study can be found on the Short Read Archive (SRA) using accession PRJEB34647. The sequence of ICE6775 can be found on Genbank, accession MT279197. Other data and sample analysis scripts can be found on the University of Liverpool DataCat, doi: 10.17638/datacat.liverpool.ac.uk/1076.



RESULTS


The Focal Strain: Addition of Mercury Promoted P. fluorescens Persistence in the Soil Microbial Community

Consistent with previous studies, P. fluorescens SBW25 grew well in soil microcosms when cultured alone (Figure 1 and Supplementary Figure S1, left panels). A negative effect of mercury pollution at high levels (64 μg/g) on the density of P. fluorescens SBW25 over time was detected in the plasmid-free treatment [linear mixed effects model (LMM), likelihood ratio test (LRT) plasmid:mercury:timepoint interaction, χ2 = 9.91, p = 0.007], but these populations persisted at levels ∼10% of those of plasmid bearers.

In contrast, P. fluorescens SBW25 densities were strongly suppressed when grown within the natural potting soil community, when cultured in unpolluted microcosms (linear model of densities at transfer 1, main effect of natural community F1,90 = 269.0, p < 0.0001; Figure 1 and Supplementary Figure S1, right panels). In all populations, with and without plasmids, density of P. fluorescens SBW25 reduced below the detection threshold (estimated as 220 cfu/g soil) over the course of the experiment, suggesting that P. fluorescens SBW25 was a poor competitor in the absence of mercury. It is likely that there existed one or more other members of the community that competitively excluded P. fluorescens SBW25 under unpolluted conditions. Mercury treatment at both moderate (16 μg/g) and high (64 μg/g) levels enhanced the persistence of both pQBR57- and pQBR103-bearing P. fluorescens SBW25 within the soil community (linear model of cumulative densities, plasmid:mercury interaction F4,24 = 13.77, p < 0.0001, main effect of mercury F2,45 = 19.5, p < 0.0001). Selection for plasmid-borne specific resistance genes carried by the otherwise uncompetitive P. fluorescens SBW25 thus apparently enhanced its competitiveness.

Surprisingly, mercury pollution also enhanced persistence of plasmid-free P. fluorescens SBW25 when embedded within the soil community. By the end of the experiment, 3/6 populations grown with 16 μg/g mercury, and 3/6 of those grown with 64 μg/g mercury, had detectable P. fluorescens SBW25, in contrast with the extinctions observed in the absence of mercury. Replica plating of samples onto mercury-supplemented media indicated that these populations of P. fluorescens SBW25 had acquired specific mercury resistance. No similar specific resistance was found for plasmid-free SBW25 evolved without the natural community.

Specific mercury resistance could have emerged either by de novo mutation or by horizontal acquisition of resistance genes from the natural community. To distinguish between these possibilities, we conducted whole genome sequencing of clones from 5 of these populations, and identified a 52 kb ICE6775 encoding mercury resistance had integrated into the P. fluorescens SBW25 chromosomes of all evolved clones, explaining their acquired mercury resistance (Figure 2, see section “Materials and Methods” for details). Attempts to conjugate ICE6775 from P. fluorescens SBW25 into a gentamicin-resistant recipient using 20 μM mercury chloride for selection did not succeed, regardless of whether mating took place in liquid KB broth or in soil microcosms. It is therefore possible that ICE6775 was mobilized by other elements into P. fluorescens SBW25, and/or that ICE6775 is not conjugation competent in P. fluorescens SBW25, at least under the tested conditions. Although we did not identify the specific member of the natural community that was the donor of this ICE, BLAST analyses identified a similar ICE present in other soil proteobacteria, including Burkholderia, Pseudomonas, and Rahnella. These data suggest that an environmental stress, to which P. fluorescens SBW25 was initially vulnerable, enabled the survival of P. fluorescens SBW25 in a competitive community, due to the ability of P. fluorescens SBW25 to acquire novel genetic material by conjugative transfer.
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FIGURE 2. Acquisition of ICE6775 conferred specific mercury resistance to P. fluorescens SBW25 that did not begin with a pQBR plasmid in mercury-polluted environments. ICE6775 is 52,235 bp and carries 60 predicted coding sequences (CDS). Blocks indicate CDS, those above the line run 5′–3′ left to right across the page, whereas those below the line are 5′–3′ right to left. Key regions are indicated and colored: int = P4-like tyrosine recombinase; tra = conjugative machinery, with major components virD2 relaxase, virD4 coupling protein, and virB4 major ATPase indicated below; mer = mercury resistance operon, with mer gene names indicated below. Asterisks indicate regions that were absent from the closest BLASTN hits as performed April 2020, exemplifying the mosaic nature of mobile genetic elements. In all cases, ICE6775 inserted toward the 3′ end of guaA GMP synthase, resulting in a 12 bp GAGTGGGAGTGA tandem duplication at each end.




The Community as a Whole: Composition Was Affected by Mercury Treatment, but Not Plasmid Addition

Mercury pollution had a significant effect on the natural community as assessed by culture on 0.1× nutrient agar (i.e., the culturable heterotrophic compartment), boosting both mercury resistance over time (LRT, mercury:timepoint, χ2 = 46.89, p = 6.6e-11), and the culturable portion of the community (LRT, effect of mercury χ2 = 28.05, p = 8.1e-07), probably through species sorting shifting the community composition toward fast-growing and thus more easily cultured taxa (Rasmussen and Sørensen, 2001; Supplementary Figure S2). We did not find support for the hypothesis that addition of the mercury resistance plasmid affected the overall success of the culturable fraction of the population under mercury pollution, indeed we found no significant effect of plasmid treatment or any higher-order interactions on either the culturable fraction of the natural community (all effects p > 0.11) nor on the size of the mercury resistant compartment (all effects p > 0.4; Supplementary Figure S2). This suggests that any effects of resistance plasmid addition were overwhelmed by pre-existing mercury resistance in the community, as exemplified by the presence of ICE6775 carrying mercury resistance (Figure 2).

To understand how mercury pollution and mercury resistance plasmid addition affected the composition of the entire bacterial community, we conducted 16S amplicon sequencing on the endpoint samples. Mercury pollution reduced species richness (alpha diversity estimated by Faith’s phylogenetic divergence, F2,48 = 114.67, p < 2e-16), consistent with species sorting favoring more resistant and/or faster-growing strains (Figure 3). No significant effect of plasmid treatment, either as an interaction with mercury or as a main effect, was identified (plasmid:mercury interaction F4,44 = 1.96, p = 0.12; main effect of plasmid F2,48 = 1.44, p = 0.25). Similar trends were also noted with alternative alpha diversity measures (Pielou’s evenness, Shannon’s H, Supplementary Figure S3).
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FIGURE 3. Increased mercury pollution decreased within-sample (alpha) diversity regardless of plasmid treatment. Each point indicates a population, with different colors and panels indicating the different plasmid and mercury treatments. Groups of replicate treatments are summarized with an overlaid boxplot, where the thick horizontal line indicates the median. Plots showing alternative alpha diversity metrics are provided in Supplementary Figure S3.


Alongside the negative effect that mercury had on alpha diversity, we also detected a significant effect of mercury on community composition suggesting that pollution shifted community structure in a broadly consistent manner across replicates of the same treatment, primarily through species presence/absence (Figure 4, unweighted UniFrac measure, effect of mercury, pseudo-F = 20.1, p = 0.001; weighted UniFrac pseudo-F = 5.13, p = 0.001; all effects of plasmid p > 0.3; Supplementary Tables 1–3). At the same time, community structure across replicate populations diverged with increasing concentrations of mercury (Figure 5, distances to centroid, effect of mercury unweighted UniFrac F2,44 9.6, p < 0.001; weighted UniFrac F2,44 = 32.3, p < 0.001; Supplementary Tables 4–6). A significant main effect of plasmid treatment was detected only when species relative abundance was considered (weighted UniFrac F2,44 = 6, p = 0.005) but the effect was small (η2 = 0.097).
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FIGURE 4. Mercury pollution shifted community composition, with effects that were not ameliorated by plasmid addition. Principal coordinates analysis of unweighted UniFrac distances. Each point indicates a population, with different colors indicating different plasmid treatments, and shapes indicating mercury treatments. Groups of replicates subjected to the same combination of treatments are enclosed within dotted lines and are connected to their group centroid with solid lines. PCoA1 = 38.6% of the variance; PCoA2 = 8.8% of variance. Plots showing analyses conducted with alternative distance measures are provided in Supplementary Figure S4.
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FIGURE 5. Mercury pollution increased community compositional divergence between-replicates. Distance for each population from corresponding treatment centroids, calculated from unweighted UniFrac data presented in Figure 4. Points and bars are colored as Figure 3. Plots showing alternative beta diversity metrics are provided in Supplementary Figure S5.


We detected some differences in the distribution of taxa that were enriched or depleted with increasing mercury at the Order and Family levels (Chi-squared test, padj = 0.009 for both levels). Pseudomonadales and Xanthomonadales were enriched in the pool of taxa that increased with increasing mercury, whilst Bacillales, Burkholderiales, Rhodospirillales, Sphingobacteriales were represented in the pool of taxa that were depleted as mercury concentration increased and were not amongst the taxa that were enriched.

Together, the results from 16S amplicon analyses contribute to an overall picture whereby mercury pollution generally favors a shift in population structure toward a subset of lineages, but their exact identity and relative abundance varies stochastically across replicates. Plasmid addition had a negligible effect on community composition regardless of mercury pollution.



The Resistance Gene: Both Plasmids Mobilized Resistance to a Phylogenetically Broad Range of Recipients

Previous experiments have shown that pQBR57 and pQBR103 vary in their transmission between isogenic P. fluorescens SBW25 strains, suggesting that spread of the mercury resistance genes through the community may vary depending on plasmid backbone (Hall et al., 2015). To understand how the different plasmids, and application of mercury pollution, affected transmission of the introduced mercury resistance operon, we used epicPCR. epicPCR is an emulsion amplicon library preparation technique, whereby primers ensure that the V4 region of the 16S gene is amplified from single cells only when a gene of interest is present (Spencer et al., 2016). By performing the reaction on single cells trapped in “beads” of an emulsion, 16S amplicons are only generated from those individuals with the gene of interest. We designed primers targeting the specific merA allele introduced on pQBR103 and pQBR57 and performed epicPCR on endpoint samples to determine what members of the community had acquired mercury resistance from the introduced plasmids. Note that as our primers were designed to target a specific region of Tn5042 merA they would not bind the divergent ICE6775 merA (10/19 mismatches for the forward primer, 5/18 mismatches in the reverse primer).

We found that epicPCR consistently highlighted a subset of the community as harboring the introduced merA allele, that had a composition distinct from that indicated by bulk 16S amplicon sequencing (Supplementary Figure S6). After removing the original P. fluorescens SBW25 donor from the analysis, we found that merA had mostly transferred into other Gammaproteobacteria, particularly Pseudomonadales and Xanthomonadales. However, we also detected merA transmission to more phylogenetically distant taxa, including Burkholderiales [which often possess multireplicon genomes and thus represent potentially favorable plasmid recipients (diCenzo and Finan, 2017)], Rhizobiales, and even Bacillales. We note that these data do not necessarily imply pQBR maintenance in these recipient bacteria, since “dead-end” transmission would still yield epicPCR products. Indeed, given that the pQBR plasmids’ merA gene is located on an active transposon (Tn5042) (Hall et al., 2017b) it is possible that merA has translocated onto other replicons by various mechanisms, which were subsequently transferred into recipients. Nevertheless, our data is consistent with our previous findings showing pQBR103 and pQBR57 readily transmit between diverse Pseudomonas species (Kottara et al., 2018).

We did not obtain sufficient epicPCR data from enough samples to statistically compare between mercury and plasmid treatments, but a visual inspection of Figure 6 and Supplementary Figure S6 do not show any obvious clustering of the different treatments. We were not able to conclude, therefore, whether mercury stress or plasmid identity had an effect on merA transmission into the community.
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FIGURE 6. epicPCR analysis shows merA transmission into a diverse range of recipients in the soil community. Top: yellow bars indicate, for each sample, the proportion of reads from the epicPCR data that exactly match the expected 16S sequence from the P. fluorescens SBW25 donor. Bottom: bar chart showing, for each sample, the proportion of non-SBW25 reads matching different amplicon sequence variants (ASV). Black outlines indicate different ASV, colored according to broad phylogenetic category described in the legend below. Populations are grouped according to treatment.




DISCUSSION

By taking an experimental evolution approach to study entire microbial communities, we show how community structure responds to an environmental change, in this case mercury pollution, and, furthermore, how MGEs play a critical role by transferring adaptive genes among lineages. Our data provides a clear example of how receptiveness to MGE acquisition can enhance adaptation of a bacterial lineage in a changing environment. Our focal strain, P. fluorescens SBW25, was uncompetitive in the presence of the natural community under normal conditions. However, a new environmental stress, mercury, promoted P. fluorescens SBW25 even when that strain did not originally possess mercury resistance, because P. fluorescens SBW25 acquired the mercury resistance element ICE6775 from the broader community. We hypothesize that P. fluorescens SBW25 is relatively receptive to acquisition of new MGEs, endowing it with an adaptability that underpins its success in changing environments. Indeed, previous studies have shown that P. fluorescens SBW25 can rapidly evolve to accommodate new conjugative plasmids, relative to other Pseudomonas species (Kottara et al., 2018; Hall et al., 2019), a factor that may enable this plant-associated microbe to exploit plant-associated niches during the course of the growing season (Lilley and Bailey, 1997b). That P. fluorescens SBW25 was competitively excluded in unpolluted environments is perhaps not surprising, because it is likely that the bacteria resident in potting soil would be better adapted to that environment than an incomer that was previously isolated from the sugar beet phyllosphere (Bailey et al., 1995). It is interesting to consider why competitive exclusion was less effective under mercury selection. Presumably, the competitor(s) in the broader community were either less able to acquire, or less able to maintain, functioning mobile mercury resistance. MGE acquisition can be impeded by various mechanisms. By inserting into a resident replicon, ICE can have a broader host range than plasmids and are not so constrained by incompatibility (Cury et al., 2018), but ICE transmission can be inhibited by resident surface- or entry-exclusion systems as well as genome defense loci such as restriction-modification or CRISPR (Brockhurst et al., 2019). Many CRISPR spacers in sequenced genomes target elements of the conjugation machinery, which acts to reduce flow of adaptive traits (Jiang et al., 2013; Westra et al., 2016; Shmakov et al., 2017). Notably, P. fluorescens SBW25 does not have an identified CRISPR/Cas system (Couvin et al., 2018). In addition, acquisition of resistance could have imposed lower fitness costs in P. fluorescens SBW25 compared with its competitor. We were not able to measure the effects of ICE6775 acquisition in our study because we could not transfer ICE6775 from P. fluorescens SBW25, despite a predicted functional conjugation system. Nevertheless, maintenance of acquired MGEs is known to differ between recipient genetic backgrounds, in part through varying fitness costs (De Gelder et al., 2007; Kottara et al., 2018). It would be interesting for future studies to investigate whether capacity for adaptation via MGE acquisition in the face of environmental change trades off against competitive ability under less stressful environments.

Mercury pollution reduced within-community diversity and caused the composition of the natural community to diverge between replicates (i.e., increased beta diversity). Previous studies examining the effects of environmental stressors on microbial communities have found broadly similar patterns. An investigation into the consequences for soil microbial communities of the underground passing of a coal seam fire in Centralia, Pennsylvania showed a reduction in within-community (alpha) microbial diversity driven by strong environmental filtering caused by high temperatures. Interestingly, as with mercury pollution here, the microbial communities in Centralia also underwent an increase in between-community (beta) diversity during the period of maximum stress (high soil temperatures) (Lee et al., 2017). The authors of that study suggest that the between-community variability is due to priority effects, in their case arising from the stochastic emergence of thermotolerant bacteria from dormancy. Similar patterns may be at play in our experiments, where the identity of species that come to occupy the niches rendered vacant by the inhibition of mercury-sensitive taxa is either non-deterministic, or has not been given sufficient time to equilibrate. Frossard et al. (2017) found that increasing mercury pollution in seven different natural soils shifted bacterial and fungal community composition by reducing alpha diversity, consistent with our data, though in their study soil type remained the main factor explaining community structure. Rasmussen and Sørensen (2001) found that mercury pollution of soil microbial communities had an immediate negative impact on genetic diversity, and though the overall effect weakened over time this was due predominantly to the appearance of new strains rather than the recovery of the prior community. Together this suggests that in selecting for resistant — or at least tolerant — taxa, the stress imposed by mercury decreased the diversity of communities and drove between-community differences. In our experiments, it is notable that neither of these ecological processes was significantly ameliorated by the addition of mercury resistance genes on plasmids.

Ionic mercury (i.e., Hg2+ such as was added to the communities in our experiments) is toxic owing to its high affinity for sulfhydryl (thiol) groups which disrupts protein function (Boyd and Barkay, 2012). The mer operon confers resistance because of the activity of MerA, a mercuric reductase that transfers electrons to the mercuric ion to transform it into elemental mercury (Hg0), a relatively unreactive gas that diffuses away (Barkay et al., 2003; Boyd and Barkay, 2012). Resistance encoded by mer therefore has a social aspect, in that mer-carrying bacteria detoxify their extracellular environment enabling otherwise susceptible bacteria to survive and proliferate (O’Brien and Buckling, 2015). We expected that introduction of pQBR mercury resistance plasmids to communities experiencing heavy mercury pollution would have affected community composition by preserving otherwise sensitive strains and increasing alpha diversity, relative to the treatments where no additional mercury resistance plasmids were added. Sensitive strains might have been protected either by acquiring mer by horizontal gene transfer, or as a side effect of detoxification by mer carried by the focal strain. However, as we did not detect a significant effect of pQBR plasmid treatment, it is likely that mercury resistance already resident in the soil wash community — in ICE6775 and probably also other instances — rendered the introduced mer operon redundant or diminished its effects. Mercury resistance is ubiquitous, and mer-harboring MGEs are diverse in natural soil communities (Lilley et al., 1996; Drønen et al., 1998; Smit et al., 1998; Sen et al., 2011), even from sites which have not experienced recent mercury pollution. The field from which the pQBR plasmids were isolated was pristine with no specific mercury pollution (Lilley et al., 1996). Indeed, though increased environmental concentration of mercury is associated with industrialization, mercury resistance MGEs have even been identified in ancient Arctic permafrost (Mindlin et al., 2005), so it is not surprising that mer was present in the soil wash community we isolated from unpolluted potting soil. The low fitness costs of this operon (Stevenson et al., 2017) (due to repression by MerR in the absence of mercury) and its association with diverse and efficient MGEs (Nakahara et al., 1977; Pal et al., 2015) are likely to be instrumental in the widespread presence of mer (Boyd and Barkay, 2012).

Resident MGEs may have been better adapted to spread in the communities than the introduced pQBR-borne resistance. Nevertheless, using epicPCR we were able to detect transmission of the introduced merA allele into diverse recipients. The principal recipients were other Gammaproteobacteria, particularly Pseudomonadales (most closely related to P. fluorescens SBW25), and Xanthomonadales (a large group of soil- and plant-associated bacteria), though we found a non-negligible subset of recipients from more phylogenetically distant taxa. Both pQBR57 and pQBR103 are known to transmit across different Pseudomonas species, but neither plasmid conforms to previously characterized incompatibility (Inc) groups and the extents of their host ranges are unknown. However, as we tracked the merA allele and not the plasmids themselves, our data describes the capacity of these plasmids to transmit a resistance gene into the community, rather than the host ranges of the plasmids per se. In our experiments, the mer operon is located on a Tn5042 transposon on the plasmids. Mercury resistance transposons like Tn5042, Tn21, and Tn5041 (Liebert et al., 1999; Kholodii et al., 2002) can efficiently transfer mer between conjugative elements, potentially allowing onward spread by the activity of diverse genetic vehicles. We have previously shown that Tn5042 readily transfers from the pQBR plasmids onto other replicons (Harrison et al., 2015; Hall et al., 2017b; Kottara et al., 2018), and this property may explain why we detected the introduced merA allele in very phylogenetically distant hosts, like Bacillus, that would not necessarily be expected to maintain Pseudomonas plasmids (Jain and Srivastava, 2013). Another possibility is that merA was detected from pQBR plasmids that had transferred into diverse taxa, but were not able to replicate in these recipients. Previous studies have found proteobacterial plasmid transmission to a broad phylogenetic range of bacteria, including Gram-positive recipients (Klümper et al., 2015), and even if carriage is transient within a lineage, the evolutionary and ecological consequences could be significant if accessory genes are able to relocate to the chromosome prior to plasmid loss. Future work, tracking both adaptive traits and their vehicles, will provide a detailed picture of the routes by which genes spread in complex communities, crucial to understanding how microbial communities respond to selective pressures such as antibiotic and industrial pollution (Garbisu et al., 2017; Smalla et al., 2018).

Horizontal transfer of resistance genes plays a central role in bacterial evolution and ecology even over relatively short timescales. Innovative approaches to understand HGT in experimental settings and on the scale of the microbial community, including fluorescence approaches (Klümper et al., 2016), meta-C sequencing (Stalder et al., 2019), and epicPCR (Cairns et al., 2018), represent powerful tools to survey community responses to ecological treatments, enabling experimental analyses to unpick the relative contributions of these evolutionary drivers. Tracking the patterns and consequences of HGT for individual lineages, for the genes involved, and for the structure and function of the broader microbial community will underpin the design of effective interventions to mitigate or control resistance gene spread.
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FIGURE S1 | Mercury resistance dynamics in P. fluorescens SBW25 largely mirror the broader population dynamics. Lines in black are drawn according to Figure 1. Lines in red indicate dynamics of the mercury resistant compartments of the populations. Six replicate populations were established for each combination of treatments.

FIGURE S2 | Population dynamics of the total community. Lines in black describe total population dynamics, while lines in red indicate dynamics of the mercury resistant compartments of the populations, as with Figure S1. Note that population dynamics were calculated from cfu grown on 0.1× nutrient agar and thus represents only part of the culturable heterotrophic portion of the community. Six replicate populations were established for each combination of treatments.

FIGURE S3 | Effects of experimental treatments on alpha diversity (Shannon’s H, Pielou’s evenness). Figures are displayed as Figure 3. We detected a significant effect of mercury, but not plasmid, on Shannon’s H (effect of mercury, F2,48 = 11.8, p = 6.63e-5; effect of plasmid F2,48 = 1.7, p = 0.19). We did not detect significant effects of either treatment on Pielou’s evenness (effect of mercury, F2,48 = 2.5, p = 0.09; effect of plasmid F2,48 = 1.01, p = 0.37).

FIGURE S4 | Effects of experimental treatments on community composition differences (Bray–Curtis distance, weighted UniFrac). Principal coordinates analysis of Bray–Curtis (top) and weighted UniFrac (bottom) distances. Plot is displayed as Figure 4. For Bray–Curtis, PCoA1 = 21.6% of the variance; PCoA2 = 11.8% of variance; effect of mercury pseudo-F = 6.13, p = 0.001; effect of plasmid pseudo-F = 0.85, p = 0.64. For weighted UniFrac, PCoA1 = 42.9% of the variance; PCoA2 = 16.7% of variance; effect of mercury pseudo-F = 5.23, p = 0.001; effect of plasmid pseudo-F = 0.99, p = 0.43.

FIGURE S5 | Effects of experimental treatments on community composition dispersion (Bray–Curtis distance, weighted UniFrac). Beta dispersion analysis of Bray–Curtis (top) and weighted UniFrac (bottom) distances. Plot is displayed as Figure 5. For Bray–Curtis, plasmid:mercury interaction F4,44 = 0.3, p = 0.8723. For weighted UniFrac, plasmid:mercury interaction F4,44 = 1.22, p = 0.32.

FIGURE S6 | epicPCR samples a separate compartment of the community to general 16S amplicon sequencing. Principal coordinates analysis of unweighted UniFrac (top), Bray–Curtis (middle), and weighted UniFrac (bottom) distances, comparing epicPCR and whole-population 16S amplicon sequencing approaches. The amplicon corresponding to P. fluorescens SBW25 was removed to ensure that only the effects of merA transmission were analyzed. Each point indicates a sample, with colors and shapes indicating the treatment of the corresponding population (colors indicating different plasmid treatments, shapes indicating mercury treatments). Solid lines connect replicate treatments to the group centroid. Samples prepared with the same technique (epicPCR or 16S) are enclosed within dotted lines, and the area is shaded for the epicPCR samples for clarity. The variances explained by each axis for each distance are as follows: unweighted UniFrac PCoA1 = 47.2%, PCoA2 = 8.7%; Bray–Curtis PCoA1 = 16%, PCoA2 = 11.2%; Weighted UniFrac PCoA1 = 34.8%, PCoA2 = 24.3%.


FOOTNOTES

1
https://CRAN.R-project.org/package=vegan

2
https://rast.nmpdr.org/
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Bacterial biofilms have an impact in medical and industrial environments because they often confer protection to bacteria against harmful agents, and constitute a source from which microorganisms can disperse. Conjugative plasmids can enhance bacterial ability to form biofilms because conjugative pili act as adhesion factors. However, plasmids may interact with each other, either facilitating or inhibiting plasmid transfer. Accordingly, we asked whether effects on plasmid transfer also impacts biofilm formation. We measured biofilm formation of Escherichia coli cells harboring two plasmid types, or when the two plasmids were present in the same population but carried in different cells. Using eleven natural isolated conjugative plasmids, we confirmed that some indeed promote biofilm formation and, importantly, that this ability is correlated with conjugative efficiency. Further we studied the effect of plasmid pairs on biofilm formation. We observed increased biofilm formation in approximately half of the combinations when both plasmids inhabited the same cell or when the plasmids were carried in different cells. Moreover, in approximately half of the combinations, independent of the co-inhabitation conditions, one of the plasmids alone determined the extent of biofilm formation – thus having a dominant effect over the other plasmid. The molecular mechanisms responsible for these interactions were not evaluated here and future research is required to elucidate them.

Keywords: conjugative plasmids, biofilms, interactions, dominance, Escherichia coli


INTRODUCTION

Bacteria may live as unicellular planktonic organisms or as part of biofilms, which are complex bacterial communities embedded in a polymeric matrix. These complex structures have an important impact in medical and industrial environments because they often confer protection to bacteria against harmful agents, such as antimicrobials and host immune components, and constitute a source from which microorganisms can disperse (Costerton et al., 1999; Hall-Stoodley et al., 2004; Flemming et al., 2016). Clinically, biofilms are estimated to be involved in at least 65% of bacterial infections (Joo and Otto, 2012). Additionally, due to the close proximity between cells in biofilms, these structures can potentially favor horizontal gene transfer, mediated by mobile genetic elements such as plasmids, contributing to the spread of antibiotic resistance genes [reviewed in Molin and Tolker-Nielsen (2003), Sorensen et al. (2005), Stalder and Top (2016))]. Plasmids, concurrently, can also promote biofilm formation (Ghigo, 2001; Reisner et al., 2006).

Escherichia coli strains carrying plasmid F are good biofilm formers while plasmid-free isogenic strains are not (Ghigo, 2001). This effect is no longer observed when using a derivative of plasmid F not expressing sex pili, showing that these appendages can act as adhesion factors to increase biofilm formation (Ghigo, 2001). Plasmid-mediated biofilm promotion is more evident when plasmid-carrying strains invade a population of plasmid-free cells (Ghigo, 2001; Krol et al., 2013). The role of plasmids as biofilm developers was confirmed by screening 403 E. coli strains (Reisner et al., 2006) of which almost 50% developed better biofilms when co-cultured with plasmid-free cells than when cultured alone. This sub-collection of strains was shown to carry conjugative plasmids. Those plasmid-free cells that acquired plasmids during co-culture also became better biofilm producers.

While sex-pili promote cellular contact in early phases of biofilm formation (Ghigo, 2001), plasmids may enhance biofilm formation by other means (D’Alvise et al., 2010; Lim et al., 2010) allegedly acting in parallel or in subsequent phases. As an example, the conjugative machinery of plasmid F also stimulates E. coli to synthesize colanic acid and curli proteins, which play a role in biofilm maturation (May and Okabe, 2008). Other studies, focused on plasmid R1drd19, showed that the expression of several E. coli chromosomal genes changed due to the presence of this plasmid (Barrios et al., 2006; Yang et al., 2008). Such changes increase cell aggregation, promote quorum sensing AI-2 signaling and decrease motility, thus resulting in enhanced biofilm formation. These examples affecting the different biofilm phenotypes are due to molecular cross-talk between plasmid and chromosome, that was additionally shown to be specific of plasmid-host combinations. For instance, plasmid pKJK5 decreases Pseudomonas putida’s ability to form biofilms and increases that of Kluyvera sp. but does not affect E. coli (Roder et al., 2013).

Plasmids carry accessory genes that shape biofilm formation. As an illustration, plasmids belonging to the incompatibility subgroup IncX1, as plasmids pOLA52 and pMAS2027, commonly encode type 3 fimbriae (Burmolle et al., 2012), which mediate attachment to surfaces and promote biofilm formation (Burmolle et al., 2008; Ong et al., 2009). The effect of plasmid pOLA52 was to foster an increase in biofilm formation in Salmonella enterica serovar Typhimurium, Kluyvera sp. and Enterobacter aerogenes, whereas in Klebsiella pneumoniae, that also chromosomally encodes other type 3 fimbriae, the effect was lower (Burmolle et al., 2008). On the other hand, common antibiotic resistance genes frequently carried in plasmids can also affect biofilm development. Specifically, overexpression of efflux pumps leading to tetracycline resistance induces expression of surface structures that promote biofilm formation, while class A and D β-lactamases inhibit biofilm formation, possibly by preventing the correct assembly of such structures (Gallant et al., 2005; May et al., 2009). Intriguingly, conjugative pili may sometimes decrease the ability of conjugative plasmids to enhance biofilm formation (Ong et al., 2009), and even non-conjugative plasmids may enhance biofilm formation despite not expressing sex pili (Teodosio et al., 2012; Mathlouthi et al., 2018; Nakao et al., 2018).

Altogether, the role of plasmids in biofilm formation seems to be complex, not being dictated in a single direction nor by single factors, also obeying interactions with the host chromosome. Another layer to this already complex behavior is that multiple mobile genetic elements can be found in bacterial communities, even at the intracellular level, and interact among themselves. The existence of such interactions can shape individual effects, leading to a diversity of behaviors (Dionisio et al., 2019).

As far as it concerns the effect of specific and multiple plasmid interactions on biofilm formation, research is scarce. It has been shown that a conjugative and a non-conjugative plasmids interacted in a synergistic manner to promote biofilm formation (Dudley et al., 2006). Moreover, antagonistic interactions were reported when cells in a population carried different, but related, plasmids such that they expressed surface exclusion (a process by which plasmid-carrying cells become less capable to engage in conjugation with cells harboring a related plasmid) which prevented cell contacts and biofilm formation (Reisner et al., 2006).

In order to expand the limited research on this subject, we aim to evaluate how conjugative plasmids interactions affect biofilm formation. We show that the ability of conjugative plasmids to promote biofilm formation is correlated with their conjugative efficiency. Furthermore, in half of the strains with multiple plasmids analyzed, one of the plasmids exhibited a dominant effect on biofilm development.



MATERIALS AND METHODS


Bacterial Strains, Plasmids and Media

We used the following bacterial strains: E. coli K12 MG1655 Δara, as plasmid-free, containing each of the 11 natural conjugative plasmids (summarized in Table 1), or containing the 33 possible combinations (due to incompatibility or selective markers) of two plasmids. For single-plasmid conjugation experiments, we used E. coli K12 MG1655 as the recipient strain. All these strains were produced in prior work (Gama et al., 2017). We conducted all experiments in Lysogeny Broth (LB) without antibiotics, unless otherwise stated.


TABLE 1. Plasmids used in this work.

[image: Table 1]


Growth Rate Measurements

We cultivated the plasmid-free strain, 11 single-plasmid carrying strains and six strains carrying two plasmids (combinations of F, R16a, R388 and R6K) in LB overnight at 37°C with agitation. We diluted these cultures 100-fold in LB, and added 250 μL (∼2 × 107 CFU/mL) to a 96-well plate. We conducted the experiments with three biological replicates, each consisting of three technical replicates. We incubated the plates overnight at 37°C in an EPOCH 2 microplate reader (BioTek Instruments, Inc) with continuous shaking, taking OD600 measurements every 10 min. We used GrowthRates v3.0 (Hall et al., 2014) to estimate growth rates. We calculated growth rates for each biological replicate as the average of the technical replicates (after discarding those with a R2 correlation coefficient <0.95). Finally, we estimated the growth rate of each strain relative to the plasmid-free strain. Thus, we calculated the ratio between the growth rate of each biological replicate of each strain by the mean growth rate of the plasmid-free strain.

To estimate the population size of cultures for each of the strains mentioned above, we plated serial 10-fold dilutions of the respective overnight cultures in LB agar plates and incubated them overnight at 37°C, to estimate the CFU/mL. We performed this experiment with three biological replicates.



Biofilm Formation Assays

We measured biofilm formation in four conditions: (i) the plasmid-free strain cultivated alone (reference values); (ii) single-plasmid carrying strains co-cultivated with the plasmid-free strain; (iii) double-plasmid carrying strains co-cultivated with the plasmid-free strain; (iv) two different single-plasmid carrying strains co-cultivated together.

To assay biofilm formation, we followed the protocol by Christensen et al. (1985). Briefly, we cultivated the strains in 96-well plates (U-bottom, polystyrene, Greiner bio-one) containing 200 μL of LB per well. After overnight incubation at 37°C with agitation, we mixed 5 μL of the donor and 5 μL of the recipient strain in 190 μL of LB in a new 96-well plate. We then transferred 5 μL of each mix (∼2.5 × 105 CFU per strain) into 195 μL of LB in a new plate, which we incubated for 24 h at 37°C without agitation, inside plastic bags to prevent evaporation.



Biofilm Formation Quantification

We washed the plates three times to remove unattached cells and then stained them with crystal violet (0.1%) for 15 min [adapted from Christensen et al. (1985)]. We dissolved the crystal violet with ethanol (96%) and measured absorbance at 595 nm (Microplate Reader Tecan Spec 11.A Rainbow). We collected the values for the monoculture of the plasmid-free strain, for each plate and averaged them after removing outliers (see section “Statistics”). We normalized all well-measurements of the same plate by dividing each value by the average of the monoculture of the plasmid-free strain.

We performed at least six biological replicates for each experiment. As the number of replicates varies for different strains/conditions, we indicate the number of biological replicates used (after removal of outliers) in Figures 1, 3 and 4.


[image: image]

FIGURE 1. Effect of single plasmids on biofilm formation. Y axis represents biofilm formation relative to the plasmid-free strain (WT). Annotations under the boxes indicate the identity of the plasmids and, in parenthesis, the number of biological replicates. Results of Dunnett’s multiple comparison test against the plasmid-free strain are indicated above the boxes as: **p-value < 0.01; ***p-value < 0.001. Box color indicates the phenotype qualitatively, such that biofilm formation: increased significantly (orange), decreased significantly (blue), or did not change significantly (light gray). Dark gray indicates the plasmid-free reference strain (WT).




Conjugation Efficiency

To measure the conjugative efficiency of the 11 individual plasmids, we set up 96-well plates as described above for biofilm assays, with two differences: (1) we co-cultivated each E. coli K12 MG1655 Δara carrying a single plasmid with plasmid-free E. coli K12 MG1655 (ara+), and (2) we incubated the plates for 2 h. After incubation, we diluted a 100 μL culture sample in 0.9% NaCl and plated serial dilutions on tetrazolium arabinose (TA) agar to quantify donor and recipient CFU/mL (red and white colonies, respectively) and on M9 minimal media supplemented with one antibiotic (Table 1) selective for the specific plasmid to quantify transconjugants. We incubated TA plates overnight and M9 plates for 48 h, at 37°C. We estimated conjugation efficiency as[image: image], where T, D, and R are the CFU/mL of transconjugants, donors and recipients, respectively. We performed three biological replicates for each experiment.

When co-cultivating two different single-plasmid carrying strains together, we repeated the biofilm assay to quantify the proportion of cells that carried two plasmids at the end of the experiment. After the 24 h incubation, we diluted a 100 μL culture sample in 0.9% NaCl and plated appropriate dilutions on LB agar to quantify total cells and on LB agar supplemented with all antibiotics selective for the two plasmids (Table 1). We incubated the plates overnight at 37°C. We performed this experiment for the six combinations of strains carrying plasmids F, R16a, R388, and R6K, with three biological replicates.



Homologues of Type 3 Fimbriae

We used the BLASTX algorithm to search in the nucleotide sequence of plasmid R6K1 for homology with the type 3 fimbriae of K. pneumoniae (accession no. M55912), considering an e-value < 10–5.



Statistics

We performed statistical tests in R version 3.5.1, available at http://www.rstudio.com/ (R Core Team, 2018).

We verified normality of the biofilm formation values obtained for each sample (Shapiro-Wilk test) after removing outliers (no values outside [Q1 − 1.5 × IQR, Q3 + 1.5 × IQR], where Q1 and Q3 are, respectively, the first and third quartiles and IQR is the interquartile range (Q3–Q1).

We estimated linear regression and correlations between biofilm formation and conjugation efficiency, growth rate and plasmid size, after excluding outliers according to the studentized residuals method (Venables and Ripley, 2002).

We conducted one-way ANOVAs controlled for heteroscedasticity, and when significant we further performed Tukey’s or Dunnett’s multiple comparison tests. Non-paired Welch t-tests were used to compare two samples.



RESULTS


The Effect of Single Plasmids on Biofilm Formation

We measured how co-cultivation of the plasmid-free strain with each of the 11 single-plasmid carrying strains affected biofilm formation relatively to being cultivated alone. The effect of the 11 natural conjugative plasmids, belonging to six different incompatibility groups, on biofilm formation is shown in Figure 1. Raw OD595 reads for negative controls (uninoculated LB) varied from 0.05 to 0.07, while reads for inoculated experimental assays varied from 0.10 to 0.51 with raw reads for the plasmid-free strain varying from 0.10 to 0.35. Compared with the plasmid-free strain (one-way ANOVA, d.f. = 11, p-value = 1.49 × 10–39, followed by Dunnett’s multiple comparison test), eight plasmids increased the strain’s ability to form biofilms, two decreased it and one did not have a significant effect. Cells carrying plasmid R124 exhibited the highest biofilm formation, while those carrying plasmid R16a or RN3 exhibited less biofilm formation than the plasmid-free strain.

Since plasmids can enhance biofilm formation via conjugative pili, we checked for a correlation between the ability to form biofilms and conjugation efficiency. This correlation was significant (Pearson method, two-sided, d.f. = 8, p-value = 0.009, ρ = 0.77) after outlier (plasmid R6K) exclusion (Figure 2). The correlation was no longer significant if R6K was included (Pearson method, two-sided, d.f. = 9, p-value = 0.16, ρ = 0.45). The result shows that, in general, a high conjugation rate correlates with an increased ability to form biofilms.
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FIGURE 2. Correlation between biofilm formation and conjugation efficiency. Each data point represents the mean value for each plasmid (number of replicates as in Figure 1). The black line represents the regression line (y = 0.22x + 1.84, R2 = 0.59, σ2 = 0.07) for black points, where y is the biofilm production relative to the plasmid-free strain and x is the log10 of the conjugation rate. Gray point represents the excluded outlier. Significant correlation: Pearson method, two-sided, d.f. = 8, ρ = 0.77, p-value = 0.009.


Plasmid R6K stood as an outlier in the above correlation, increasing biofilm formation despite its low conjugative efficiency. Plasmids belonging to the incompatibility subgroup IncX1 commonly encode type 3 fimbriae, presumably acquired from K. pneumoniae, which enhances biofilm formation (Burmolle et al., 2012). Plasmid R6K is related to these plasmids since it belongs to the incompatibility subgroup IncX2. Therefore, we searched for genes coding for type 3 fimbriae in the sequence of R6K. Regardless, we did not identify any homologues.

We also investigated whether growth rate changes due to plasmid carriage affected biofilm formation. Compared to the plasmid-free strain (one-way ANOVA, d.f. = 11, p-value = 0.00015, followed by Dunnett’s multiple comparison test), four of the eleven plasmids affected host growth rates significantly (Supplementary Table S1). Strains carrying plasmids R57b, R124, R388, and R6K displayed significantly reduced growth rates, with effects ranging from 12.44 to 26.44%. Despite the difference in growth rates, all strains attained overnight population sizes (i.e., carrying capacity) of ∼2 × 109 cells/mL. The correlation between biofilm formation and relative growth rates was not significant neither with inclusion (Pearson method, two sided, d.f. = 9, p-value = 0.74, ρ = −0.11) nor exclusion of the two outliers F and R124 (Pearson method, two sided, d.f. = 7, p-value = 0.41, ρ = −0.32). It has been hypothesized that increasing plasmid sizes could be associated with higher fitness costs (Zünd and Lebek, 1980; Cheah et al., 1987; Vogwill and MacLean, 2015), however plasmid sizes could as well increase the probability of carriage of genes promoting biofilm formation. We observed no significant correlation (Pearson method, two sided, d.f. = 8, p-value = 0.053, ρ = 0.62) between relative growth rates and plasmid size (Supplementary Table S1). Likewise, the correlation between biofilm formation and plasmid size was not significant (Pearson method, two sided, d.f. = 8, p-value = 0.89, ρ = 0.05), even after excluding outliers (Pearson method, two sided, d.f. = 5, p-value = 0.33, ρ = 0.43).



Intra and Intercellular Plasmid Interactions

We measured biofilm formation of 33 strains carrying different combinations of two plasmids (from the 11 plasmids) to understand the effect of plasmids’ intracellular interactions on this phenotype. In this setup, the plasmid-free strain was co-cultivated with each of the 33 double-plasmid carrying strains. When compared with the plasmid-free strain alone (one-way ANOVA, d.f. = 33, p-value = 1.55 × 10–31, Dunnett’s multiple comparison test), 17 of the strains carrying two plasmids displayed increased biofilm formation and two strains displayed decreased biofilm formation (Figure 3). R16a, one of the two plasmids that, alone, decreases biofilm formation, was present in the two combinations exhibiting decreased biofilm formation.
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FIGURE 3. Intracellular effects of two plasmids on biofilm formation. Panels indicate significant (A) and non-significant effects (B) on biofilm formation relatively to the plasmid-free strain. Y axis represents biofilm formation relative to the plasmid-free strain (WT). Plasmid combinations are indicated in the x axis and the number of biological replicates below the boxes (in parenthesis). Results of Dunnett’s multiple comparison test against the plasmid-free strain are indicated as: *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001. Box color, as in Figure 1, indicates the phenotype qualitatively, such that biofilm formation: increased significantly (orange), decreased significantly (blue), or did not change significantly (light gray in panel B). Dark gray indicates the plasmid-free reference strain (WT).


We measured growth rates of the strains carrying six combinations of two plasmids (F, R16a, R388, and R6K) relatively to the plasmid-free strain (Supplementary Table S1). Four of these strains displayed significantly different growth rates (one-way ANOVA, d.f. = 6, p-value = 0.007, Dunnett’s multiple comparison test), but all six attained population sizes of ∼2 × 109 cells/mL as described for plasmid-free and single-plasmid carrying strains. The combinations F/R388, F/R6K, R16a/R6K, and R16a/R388 reduced host’s growth rate significantly but affected biofilm formation differently. Among the two combinations not significantly affecting growth rates, R388/R6K increased biofilm formation, while F/16a did not affect it significantly. Therefore, the relative growth rate of the strains does not seem to be a good predictor of the effect on biofilm formation, supporting the previous results of no significant correlation between the two variables.

Plasmids can be present simultaneously in the same bacterial population but carried in different host cells. Therefore, we also measured the ability conferred by two plasmids to form biofilms when carried in two different strains. In this setup two single-plasmid carrying strains were co-cultivated. When compared with the plasmid-free strain alone (one-way ANOVA, d.f. = 33, p-value = 1.76 × 10–45, Dunnett’s multiple comparison test), the ability to form biofilms increased in 12 cases, and decreased in four (Figure 4). R16a and RN3, the two plasmids that, alone, decrease biofilm formation, are involved in three of the four cases.
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FIGURE 4. Intercellular effects of two plasmids on biofilm formation. Panels indicate significant (A) and non-significant effects (B) on biofilm formation relatively to the plasmid-free strain. Y axis represents biofilm formation relative to the plasmid-free strain (WT). Plasmid combinations are indicated in the x axis and the number of biological replicates below the boxes (in parenthesis). Results of Dunnett’s multiple comparison test against the plasmid-free strain are indicated as: *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001. Box color, as in Figures 1 and 3, indicates the phenotype qualitatively, such that biofilm formation: increased significantly (orange), decreased significantly (blue), or did not change significantly (light gray in panel B). Dark gray indicates the plasmid-free reference strain.


In this “intercellular” experimental condition, cells harboring one of the plasmids serve both as donors and as recipients of plasmids carried by the other cells. This should result in more cellular interactions since both cells can express sex pili and can promote more stable mating pairs during the conjugative process (Dionisio et al., 2019). However, we observed no statistical difference (Fisher’s exact test, two-sided, p-value = 0.39) between intra- and intercellular conditions regarding the number of cases of increase, decrease or no effect on biofilm formation. One potentially confounding factor is that a high proportion of the populations may end up carrying both plasmids in the “intercellular” experiment. Therefore, we measured the proportion of cells carrying both plasmids for the six combinations of the four plasmids F, R16a, R388, and R6K. After 24 h of incubation, the populations where plasmid F (one of the plasmids with the highest conjugative efficiency) was present, 30–59% of cells carried both plasmids, while the populations with the other three plasmid combinations displayed 9–17% of cells carrying both plasmids (Supplementary Table S2). In comparison, the “intracellular” experiment started with 50% of the population already harboring both plasmids. Therefore, the impact of cells with both plasmids on biofilm formation appears to be low.

We then assessed the effect of the two conditions combination-wise, by comparing (Welch’s t-test) intracellular versus intercellular effects for each combination of plasmids (Supplementary Table S3). In 17 of the 33 combinations, biofilm formation did not differ significantly between conditions (Welch’s t-test, two-sided, p-values > 0.05). In nine combinations, biofilm formation was greater in intracellular conditions, while in the remaining seven combinations biofilm formation was greater in intercellular conditions. Overall, these results suggest that biofilm formation is not consistently favored by one of the two types of cellular interactions and depends on specific plasmid combinations.



One of the Plasmids Frequently Exerts a Dominant Effect on Biofilm Formation

In the previous section we showed that the effect of multiple plasmids on biofilm formation tends to be combination-specific, and therefore depends on how the plasmids interact. We checked whether one of the plasmids has a determinant effect (over the other) on biofilm production. For that, we simultaneously compared biofilm formation of the population carrying two plasmids (either one strain carrying two plasmids – intracellular condition –, or two strains each carrying one plasmid – intercellular condition) and each of the two strains carrying a single plasmid (one-way ANOVA followed by Tukey’s multiple comparison test). The amount of biofilm (B) produced is represented as BAB for the population carrying two plasmids and as BA and BB, respectively, for each of the strains carrying a single plasmid, A or B. The analysis can produce several outcomes:

(I) Dominance – when: BAB ≈ BA AND BAB ≠ BB

(II) Increased – when: BAB > BA AND BAB > BB

(III) Decreased – when: BAB < BA AND BAB < BB

(IV) Intermediate – when: BB < BAB < BA, OR when: BAB ≈ BA AND BAB ≈ BB AND BA ≠ BB

(V) Undetermined – when: BAB ≈ BA AND BAB ≈ BB AND BA ≈ BB

Where ≈ indicates non-significant differences and, ≠ indicates significant differences. It should be noted that there are two possible cases of Dominance: the biofilm produced by the strain carrying two plasmids does not differ from that produced by the single plasmid-carrying strain that produced more biofilm (Dominance by the Highest) or less biofilm (Dominance by the Lowest).

The results are summarized in Supplementary Table S4. Dominance prevailed in both intracellular and intercellular conditions, representing more than half (36/66 = 54.5%) of the outcomes: 16 cases by the Highest and 20 cases by the Lowest. Three cases exhibited Increase (all in intracellular conditions) and seven cases exhibited Decrease. There are 13 Intermediate cases and a minority of cases (7/66) were categorized as Undetermined. In these undetermined cases, we observed no significant difference (Fisher’s exact test, two-sided, p-value = 0.34), when comparing intracellular and intercellular conditions in terms of the six possible outcomes.



DISCUSSION

Conjugative plasmids have been shown to enhance bacterial biofilm formation due to the expression of conjugative pili (Ghigo, 2001; Reisner et al., 2006). Here we confirmed that most of the tested conjugative plasmids enhanced biofilm formation (Figure 1) and further showed that this ability is correlated with conjugative efficiency (Figure 2) which supports previous studies (Ghigo, 2001; Reisner et al., 2006). Nevertheless, we observed that plasmid R6K is an exception to this rule since it displays low conjugative efficiency but increased biofilm formation. This indicates and is in line with other findings (Gallant et al., 2005; Barrios et al., 2006; Burmolle et al., 2008; May and Okabe, 2008; Yang et al., 2008; May et al., 2009; Ong et al., 2009; D’Alvise et al., 2010; Lim et al., 2010; Nakao et al., 2018) showing that besides sex pili, other factors like adhesion factors or altered gene expression due to plasmid-chromosome cross-talk affect biofilm formation. Examples of these include IncX1 plasmids that encode type 3 fimbriae promoting biofilm formation (Burmolle et al., 2012). However, although the IncX2 plasmid R6K is related to IncX1 plasmids, we did not find sequences encoding such an appendage.

Not all plasmids led to increased biofilm formation (Figure 1), and two of them (RN3 and R16a) even decreased it. In fact, lower biofilm formation due to plasmids was reported before (Roder et al., 2013) and several factors, like the action of β-lactamases (Gallant et al., 2005; May et al., 2009), can influence it. Since R16a, one of the five plasmids encoding β-lactamases, was the only one leading to lower biofilm formation, we infer that coding for a β-lactamase is not a sufficient feature to diminish the development of biofilms. Plasmid RN3, on the other hand, does not encode such enzymes. Altogether, other factors could be accountable for this phenomenon, such as quorum sensing inhibition, alteration of cell-surface, or downregulation of chemotaxis [reviewed in Rendueles and Ghigo (2012)].

Plasmid carriage is known to affect host growth rate (Carroll and Wong, 2018; Gama et al., 2018) and could have consequences on biofilm formation. The method used in this work can only detect substantial growth effects. To precisely measure growth effects a more robust method would be preferred (Morton et al., 2014). Yet, although we detected significant growth rate reduction associated with four plasmids, it was not significantly correlated with their effect on biofilm formation.

Cross-talk between plasmids and chromosomes affects biofilm formation (Barrios et al., 2006; May and Okabe, 2008; Yang et al., 2008; May et al., 2009; Lim et al., 2010; Roder et al., 2013; Nakao et al., 2018), and interactions between plasmids can also impact biofilm development (Dudley et al., 2006). We previously tested intracellular and intercellular interactions in 33 pairs of conjugative plasmids and showed that conjugative efficiency tends to decrease when both plasmids were present in the same cell, and to increase if they were carried in different cells (Gama et al., 2017). Here we tried to relate how plasmid interactions may affect biofilm formation. In essence, we showed that, although biofilm formation differs between these two co-inhabitation conditions (intra and intercellular), it does not seem to be consistently favored by one or the other (Figures 3, 4 and Supplementary Table S3). Rather, biofilm formation is determined by particular combinations of plasmids.

Dominance was the main outcome in both intra- and intercellular conditions (Supplementary Table S4), meaning that one of the two plasmids determines the extent of biofilm formation. The features responsible for the effects observed were not evaluated here. We consider that they could be multiple. For instance, plasmid R16a had a dominant effect in 5/6 of intracellular interactions (the other one was undetermined), and could thus encode a single factor that consistently decreases biofilm formation, exerting a dominant effect when another plasmid inhabits the same cell. On the other hand, plasmid R388 when alone had a weak effect on biofilm formation and in 9/10 of intracellular interactions was recessive, but in combination with R702 decreased biofilm formation. These two plasmids inhibit each others’ conjugative transfer (Olsen and Shipley, 1975; Fong and Stanisich, 1989; Getino et al., 2017), which could explain reduced biofilm development. However, interactions between other plasmid genes or even more complex plasmid-chromosome-plasmid cross-talk cannot be ruled out. Future research is required to dissect the mechanisms responsible for the plasmid interactions affecting biofilm formation.

A weakness of this work is the usage of lab strains, known to be weak biofilm formers and we report small albeit significant effects. To further expand on the relevance of our findings beyond lab strains, future studies comprising clinical strains carrying multiple plasmids would be of relevance to address the importance of plasmid interactions on biofilms of representative E. coli isolates circulating in the community.

Our work focused on plasmid interactions during the early phases of biofilm formation on polystyrene plates. Nevertheless, studies with different conditions and environments are important to assess the robustness of our results. It is relevant to explore how bacterial growth phases and different biofilm stages affect plasmid interactions. For some plasmids longer incubation times are required to promote biofilm formation (Ghigo, 2001), and, while sex pili are important for initial adhesion, other plasmid factors affect later biofilm maturation (May and Okabe, 2008). Initial adhesion is also determined by the type of surface (e.g., polystyrene, glass or cultured cells) (Dudley et al., 2006), and the rate of plasmid transfer also varies depending on the physical region of the biofilm (Krol et al., 2011). Therefore, plasmid interactions may depend on the habitat and culture conditions and contribute to distinct adherence patterns. In conclusion, not only the mechanisms behind plasmid interactions, but also the interplay between these interactions and the environment should be the target of future research.
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It is difficult to understand plasmid maintenance in the absence of selection and theoretical models predict the conditions for plasmid persistence to be limited. Plasmid-associated fitness costs decrease bacterial competitivity, while imperfect partition allows the emergence of plasmid-free cells during cell division. Although plasmid conjugative transfer allows mobility into plasmid-free cells, the rate of such events is generally not high enough to ensure plasmid persistence. Experimental data suggest several factors that may expand the conditions favorable for plasmid maintenance, such as compensatory mutations and accessory genes that allow positive selection. Most of the previous studies focus on bacteria that carry a single plasmid. However, there is increasing evidence that multiple plasmids inhabit the same bacterial population and that interactions between them affect their transmission and persistence. Here, we adapt previous mathematical models to include multiple plasmids and perform computer simulations to study how interactions among them affect plasmid maintenance. We tested the contribution of different plasmid interaction parameters that impact three biological features: host fitness, conjugative transfer and plasmid loss – which affect plasmid persistence. The interaction affecting conjugation was studied in the contexts of intracellular and intercellular interactions, i.e., the plasmids interact when present in the same cell or when in different cells, respectively. First, we tested the effect of each type of interaction alone and concluded that only interactions affecting fitness (epistasis) prevented plasmid extinction. Although not allowing plasmid maintenance, intracellular interactions increasing conjugative efficiencies had a more determinant impact in delaying extinction than the remaining parameters. Then, we allowed multiple interactions between plasmids and concluded that, in a few cases, a combined effect of (intracellular) interactions increasing conjugation and fitness lead to plasmid maintenance. Our results show a hierarchy among these interaction parameters. Those affecting fitness favor plasmid persistence more than those affecting conjugative transfer and lastly plasmid loss. These results suggest that interactions between different plasmids can favor their persistence in bacterial communities.

Keywords: bacteria, plasmids, simulations, epistasis, facilitation, conjugation


INTRODUCTION

Mobile plasmids carry genes essential for their replication, conjugative transfer, and stability in the host population (Toussaint and Merlin, 2002). Additionally, they may encode traits useful for their hosts, such as resistance to antibiotics and heavy metals (Foster, 1983), virulence factors (Gyles and Boerlin, 2014) or catabolism of xenobiotics (Nojiri et al., 2004). This genetic cargo promotes bacterial diversification (Heuer and Smalla, 2012) reshaping lifestyles (Kaper et al., 2004; Howard et al., 2009; Hadi, 2020) that can become critical to human populations, as, for instance, the antibiotic resistance crisis (San Millan, 2018).

These traits are beneficial only under specific circumstances and cannot explain plasmid persistence (Carroll and Wong, 2018). Upon cell division, imperfect plasmid segregation allows plasmid-free cells to emerge in the population, and plasmid loss tends to provide a growth advantage in a non-selective environment by removing the plasmid-imposed fitness cost. Moreover, gene migration into the chromosome renders the plasmid obsolete, because plasmid loss would no longer be detrimental to the host even under conditions selecting for beneficial genes since the beneficial gene is kept (Bergstrom et al., 2000).

Although plasmids can enforce their persistence by conjugating back into plasmid-free cells, these rates of transfer seem to be too low to allow long-term plasmid maintenance. The low transfer rates result, at least in part, from plasmid-encoded mechanisms that control the expression of the genes involved in the conjugative process (Frost and Koraimann, 2010). By repressing these genes, for example when there are no plasmid-free cells nearby (Koraimann and Wagner, 2014), the plasmid reduces its conjugation and consequently imposes lower fitness costs on the host (Haft et al., 2009). Furthermore, repression of the conjugative machinery may prevent infection by bacteriophages that use conjugative pili as receptors (Anderson, 1968, but see an alternative explanation in Dionisio, 2005). However, in newly formed transconjugants there is a time-delay until the repression of conjugative genes is re-established. Therefore, plasmids become transitorily derepressed in a community due to these cells, consequently displaying much higher conjugative efficiencies. This effect of transitory derepression that leads to epidemic spread could, in theory, explain plasmid maintenance (Lundquist and Levin, 1986), but the equilibrium density of donor and recipient populations would have to be unrealistically high (Simonsen, 1991).

Mutational events can also increase the odds of plasmid persistence, by reducing the plasmid fitness cost (Dahlberg and Chao, 2003; San Millan et al., 2014b; Harrison et al., 2015; Porse et al., 2016; Stalder et al., 2017) such that sometimes plasmids even become beneficial (Bouma and Lenski, 1988; Dionisio et al., 2005; Starikova et al., 2013; Loftie-Eaton et al., 2017), or improve its stability in the host (Sota et al., 2010; Loftie-Eaton et al., 2016; Yano et al., 2016). Amelioration can occur in a diversity of environments ranging from antagonistic to mutualistic (Harrison et al., 2015), and pulses of positive selection (San Millan et al., 2014b; Stevenson et al., 2018) facilitates plasmid maintenance. Likewise, distinct plasmids affect the host differently (Hall et al., 2015; Di Luca et al., 2017; San Millan et al., 2018) and vice versa, meaning that the same plasmid behaves differently in response to different hosts, varying its fitness/physiological effect (Harr and Schlötterer, 2006; Kottara et al., 2018), conjugative efficiency (Dionisio et al., 2002; De Gelder et al., 2005; Sheppard et al., 2020) and stability (De Gelder et al., 2007). Therefore, plasmid behavior may also differ in populations composed of multiple hosts and/or plasmids (De Gelder et al., 2008; Hall et al., 2016; Kottara et al., 2016; Harrison et al., 2018; Jordt et al., 2020). Indeed, mathematical models that incorporate more complex factors, including fluctuating selective pressures (Peña-Miller et al., 2015), plasmid compensation (Harrison et al., 2016; Hall et al., 2017; Zwanzig et al., 2019), population diversity (i.e., multiple strains) (Dionisio, 2005), and pleiotropy (Jordt et al., 2020) expand the range of conditions that allow plasmid maintenance relatively to earlier models that focused primarily on essential plasmid features (fitness costs, conjugative efficiency, and loss rate) (Stewart and Levin, 1977; Simonsen, 1991; Bergstrom et al., 2000).

Besides experiencing changing environments or the presence of additional strains, bacterial communities may also face several plasmids simultaneously. Indeed, bacteria commonly carry more than one plasmid (San Millan et al., 2014a), which allows interactions among them (reviewed in Dionisio et al., 2019). For example, interactions between plasmids that alter fitness costs (epistasis) (Silva et al., 2011; San Millan et al., 2014a) affect the total cost of harboring the two plasmids simultaneously such that it becomes higher (or lower) than simply the sum of the cost imposed by each plasmid individually. Plasmid behavior may also change whether they occupy the same cells or if they are present in different cells of the same population (Sagai et al., 1977; Gama et al., 2017a). Recently it has also been shown that upon host-plasmid co-evolution under antibiotic selection, the stability of two distinct plasmids in communities consisting of two different bacterial species increased once antibiotics were removed (Jordt et al., 2020). Interestingly, pleiotropic effects resulted in greater plasmid persistence in both novel host-plasmid combinations and, in some cases, multi-plasmid hosts (Jordt et al., 2020).

In this work, we modify earlier mathematical models devoted to studying plasmid maintenance (Stewart and Levin, 1977; Levin et al., 1979; Simonsen, 1991) as to incorporate multiple plasmids and interactions among them. Such interactions affect the three main features of plasmid biology: fitness cost, conjugative efficiency, and rate of loss. Therefore, we aim to understand how interactions between plasmids affect their maintenance in bacterial populations.



MATERIALS AND METHODS


Parameters

To model the ecology of plasmid-harboring bacteria we consider three main parameters of plasmid biology: the fitness effect of plasmid carriage on the host cell, the rate of conjugative transfer and the rate of plasmid loss due to missegregation. These models are adapted from mass-action models by Stewart and Levin (1977), Levin et al. (1979), Simonsen (1991), but we now consider two plasmids X (focal) and Y (competitor). We assume that all cells are isogenic, only differing in plasmid content. We also assume that there is no evolution of hosts or of plasmids, otherwise pleiotropic effects between mutations in different replicons should be considered (Jordt et al., 2020). For language simplification, X may refer to plasmid X, to a cell harboring plasmid X, or even the density of cells harboring plasmid X, depending on the context. The same definitions apply to Y. In a bacterial population where cells carry each of two different conjugative plasmids, there are four possible types of cells: X and Y carrying, respectively, each of the plasmids, XY carrying simultaneously both plasmids as a result of conjugation, and plasmid-free cells Ø produced by plasmid loss. Following the simplification mentioned above, XY may refer to cells harboring both the X and Y plasmids or the density of cells harboring both plasmids, while Ø may refer to plasmid-free cells or their density. The parameters and their values are presented in Table 1.


TABLE 1. Parameters used in models.

[image: Table 1]

Fitness

Escherichia coli K-12 has a doubling time of 20 min in Lysogeny Broth (Sezonov et al., 2007), equivalent to three generations per hour, which translates to a standard growth rate ψ = 3⋅ln(2) h–1. We assume this to be the maximum growth rate of plasmid-free strains. Since plasmid carriage commonly entails a fitness cost, plasmid-carrying strains will grow at a rate ψ weighed by their fitness ω (relative to the plasmid-free strain), such that the growth rate of a strain carrying plasmid X is ψX = ψ⋅ωX. The fitness cost of different conjugative plasmids has been determined in the ranges 3.9–8% and 0–14.3%, respectively, in E. coli (Silva et al., 2011) and P. aeruginosa (San Millan et al., 2014a). Accordingly, we employed fitness costs of 2.5%, 5%, 10%, and 15% on the models, translating into ωX (and ωY) ∈ {0.85; 0.9; 0.95; 0.975}. Although other works also report fitness costs for conjugative plasmids, we focused solely on the two above as they also provide another important information for this study, the fitness effects of the interactions (epistasis) between plasmid pairs.

Among conjugative plasmid combinations, positive and negative epistatic interactions (ε) are equally frequent and within a 95% confidence interval of [−0.035; 0.06] (Silva et al., 2011). Epistasis between a conjugative (or a mobilizable) and a non-conjugative plasmid tended to be positive, varying between 0.005 and 0.159 (San Millan et al., 2014a). Therefore, we considered values of epistasis ε∈ {−0.05; 0; 0.05; 0.1}, such that the fitness of strains carrying both plasmids X and Y is ωXY = ωX⋅ωY + ε.



Loss

Plasmid-carrying cells can become plasmid-free due to plasmid loss during cell division. This rate of plasmid loss can vary substantially, at least ranging from 10–9 to 10–3 (Lau et al., 2013; Loftie-Eaton et al., 2017) and we considered it as δ∈ {10–8; 10–6; 10–4}. We considered that plasmids X and Y always have the same loss rate, to reduce the number of possible combinations that would otherwise be too high. Therefore, a proportion δ⋅X of cells carrying plasmid X becomes plasmid-free every hour.

The rate of plasmid loss can be affected by incompatible plasmids that interfere with replication or partition mechanisms (Novick, 1987; Nordström and Austin, 1989), but also disturbed by compatible plasmids that may perturb stability mechanisms such as toxin–antitoxin (also known as post-segregation killing or addiction) systems (Kamruzzaman et al., 2017). Interference between addiction systems can increase plasmid loss at least one order of magnitude (Radnedge et al., 1997), thus we regarded interference on loss rate as σ∈ {1; 10}, such that when the two plasmids are present in the same cell the loss rate for either of them is δXY = δ⋅σ.



Conjugation

The remaining parameter is plasmid transfer which occurs at a specific conjugation rate γ and depends on the proportion of donor (D) and recipient (R) cells such that transconjugants (T) emerge as [image: image]. Values for plasmid conjugation rates were based on our previous publication (Gama et al., 2017a). These conjugation efficiencies were converted by the end-point method (Simonsen et al., 1990) to reflect conjugation rates per hour (they are an approximation as our experiments lasted 90 min). Conjugation rates varied between 10–17 to 10–8. Transfer of plasmids R477-1 (temperature-sensitive transfer) and R6K was near the detection limit as transconjugant colonies were only found occasionally; exclusion of these plasmids revealed a lower bound of 5 × 10–13. By contrast, plasmids R1drd19 and F (which are de-repressed for conjugation) and R124 displayed conjugation efficiencies above 10–10 characteristic of de-repressed plasmids (Gordon, 1992; Dionisio et al., 2002) and were thus ignored such that their exclusion revealed a higher bound of 5 × 10–11. Therefore, we considered conjugation rates γX (and γY) ∈ {10–13; 10–12; 10–11} which are within limits previously reported for natural plasmids (Gordon, 1992).

Conjugation rates can be affected by plasmid interactions either if the plasmids reside in the same cell (intracellular effect α) or if one is present in the donor and the other in the recipient cell (intercellular effect ξ). Each of these effects can be negative (inhibiting plasmid transfer) or positive (facilitating plasmid transfer). We calculated these effects by dividing the endpoint conjugation rate of a plasmid when in combination by the respective rate when alone. The median positive intracellular effect was 21.9 and the median negative intracellular effect was 0.006. Therefore, we considered α∈ {10–3; 1; 10} as the conjugation rate of X in the presence of Y in the same cell [γX(Y)] and the conjugation rate of Y in the presence of X [γY(X)]. The conjugation rate of plasmid X from XY cells to Ø cells (plasmid-free cells) becomes γX(Y) = γX⋅αX while the conjugation rate of plasmid Y from XY cells to Ø cells becomes γY(X) = γY⋅αY, such that αX and αY are the respective intracellular effects on X and Y. The median positive intercellular effect was 8.3 while the median negative intercellular effect was 0.04, such that we considered ξ∈ {10–2; 1; 10}. The conjugation rate from X cells to Y cells thus becomes γXY = γX⋅ξX and from Y into X becomes γYX = γY⋅ξY, where ξX and ξY are the respective intercellular effects on X and Y.

Three types of transconjugants can develop from matings between cells XY with Ø that may acquire either plasmid X or Y but also acquire both plasmids. Simultaneous transfer of plasmids has been shown to occur at an identical rate as the transfer of the least efficient plasmid in the combination (Gama et al., 2017b), thus we estimated co-transfer γXY as the minimum between γX(Y) and γY(X). As a consequence of these matings, Ø cells receive both plasmids at a rate γXY but plasmid X and Y individually at rates γX(Y) − γXY and γY(X) − γXY, respectively.

Additionally, strains carrying a single plasmid can receive the second one from XY cells. Transconjugants from matings between XY and X cells and between XY and Y cells should occur, respectively, as γX(Y)Y = γX(Y) and γY(X)X = γY(X) since they depend on the intracellular interactions between plasmids co-residing in the donor XY cells. However, we consider this to be true only when the intracellular effect decreases the rate of transfer (α ≤ 1). The rationale for this exception is the following. Facilitation occurs because the conjugative pili expressed by the second plasmid help to stabilize the mating pair (Gama et al., 2017a). However, in matings between XY and X cells or between XY and Y cells, one of the plasmids is present in both donor and recipient. Therefore, surface/entry exclusion mechanisms expressed by the plasmid in the recipient cell prevent the same plasmid in the donor cells to transfer efficiently (Garcillan-Barcia and de la Cruz, 2008). Exclusion tends to have a stronger effect on mating efficiency than facilitation (Garcillan-Barcia and de la Cruz, 2008), thus neutralizing it. Therefore, we consider that γX(Y)Y = γX and γY(X)X = γY when α > 1.




General Model

The models employed in this study were adapted from previous works (Stewart and Levin, 1977; Levin et al., 1979; Simonsen, 1991) that describe chemostat cultures. The differential equations 1–5 define the rate of change (derivative in time) of the concentration of nutrients and the density of the cell types.

[image: image]

The rate of change of the density of plasmid-free cells at a specific time is given by Eq. (1). The first term defines population growth as the product of population density of plasmid-free cells (Ø) by its growth rate (ψ) and the Monod function [image: image], which models bacterial growth in a liquid environment relative to the concentration of a limiting nutrient. The second term defines the number of cells that exit the chemostat per volume unit of the chemostat at a washout rate Ω. The third term defines the density of the population of single-plasmid-carrying cells (X or Y) that lose the plasmid at a rate δ. The following terms define the proportion of the density of the population of plasmid-free cells that become transconjugants on different matings, which depends on the rate of conjugation and the population densities of both donor and recipient cells (in this case Ø). The two first conjugation terms describe matings between the plasmid-free recipient cells with donor cells carrying either plasmid X or Y, respectively. The last conjugation term describes matings with donor cells carrying simultaneously both plasmids X and Y, such that three types of transconjugates occur at different rates: γXY for transconjugants receiving both plasmids, γX(Y) − γXY and γY(X) − γXY for those receiving, respectively, only plasmid X and Y.

[image: image]

Equation 2 relates to the population density of cells carrying plasmid X only. The first term corresponding to cell growth is similar to the one in Eq. (1), but takes the product by the strain fitness (ωX) to weigh the effect of carrying the plasmid. Second and third terms reflect, respectively, cell washout and loss of plasmid X becoming plasmid-free. Additionally, cells carrying both plasmids can lose plasmid Y at a rate δXY, thus creating cells carrying only plasmid X. The amount of X cells also increases due to cells Ø that receive only plasmid X from matings with either cells X or XY, but decreases due to cells X that receive plasmid Y from matings with either cells Y or XY at rates γYX and γY(X)X, respectively.
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Equation 3 is identical to Eq. (2), but refers to cells carrying only plasmid Y instead.
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Equation 4 describes the kinetics of cells carrying simultaneously both plasmids X and Y and resembles Eqs (2 and 3), except the loss term is doubled (as cells can lose either of the plasmids) and that all conjugation terms lead to an increase in the population density of cells with both plasmids. Note that for simplicity we consider that cells can lose one plasmid at a time, but never simultaneously.
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Lastly, Eq. (5) describes the kinetics of nutrients in the chemostat, such that at a specific time point their concentration depends on the balance between the amount of nutrients (per volume unit) that enters (Ω⋅R0) and exits (Ω⋅R) the chemostat minus the nutrients exhausted for cell growth. The latter being proportional to the amount of resources required per cell division concentration (Π) and the cumulative growth of each of the different strains.



Model Implementation

We performed simulations under different models. In model 1, plasmid X was the only plasmid in the population, while in models 2–6 plasmid Y is also present. In model 2, the two plasmids do not interact, while in models 3–6 the plasmids interact according to a single interaction parameter (ε, α, ξ, or σ).

The models were implemented in R (R Core Team, 2018) version 3.4.4 and ran with package rootSolve (Soetaert, 2009) to analyze the steady-state of ordinary differential equations and with package deSolve (Soetaert et al., 2010) for solving the equations across time to find the time required for extinction. Packages doParallel (Microsoft Corporation and Weston, 2019) and foreach (Microsoft and Weston, 2019) were used to run multiple simulations in parallel.



Analysis

The results obtained for the steady-state are on a continuous scale, such that the decreasing population density can become < 1 without reaching 0 when the population met the stable equilibrium. Thus, we considered the plasmid to go to extinction if there is less than one cell per volume unit (mL, see Table 1) carrying plasmid X (i.e., X < 1 and XY < 1) at the steady-state, otherwise the plasmid is stably maintained which we define here as survival. When the plasmid did not survive, we estimated the time of extinction (ToE) as the first time point (non-negative integer scale) where X < 1 and XY < 1. For model 1, where the populations only carried plasmid X but not Y, these conditions simply become X < 1.

We analyzed the effect of each plasmid interaction (models 3–6) relatively to the “null” models 1 and 2. The analysis against model 1 allows us to understand if the presence of cells carrying a second plasmid Y affects the persistence of the focal plasmid X. For this, we normalized the time of extinction obtained from the model under study by the respective value obtained with model 1. That is, we divided the time of extinction under that model by the respective time of extinction under model 1. After normalization, values > 1 indicate that the plasmid increases its time of extinction, and vice-versa. We quantitatively compared (Kruskal–Wallis or Wilcoxon tests) these values in function of the different parameter values of the interaction to understand how the different parameter values affected the outcome of plasmid X. Next, we did a complementary qualitative analysis. To do so, we categorized the normalized times of extinction as the following outcomes: “increase” for values > 1, “decrease” when < 1 and “null” when = 1. Then we applied χ2 tests on the tabulated outcomes per interaction value. We performed equivalent analyses against model 2, which allows us to evaluate how favorable (or not) it is for the focal plasmid X to interact with the co-resident plasmid Y.

Data analyses were performed in R (R Core Team, 2018) version 3.5.1 using the following packages: reshape2 (Wickham, 2007) and data.table (Dowle and Srinivasan, 2019) to handle data structures, heplots (Friendly, 2010) to calculate partial η2, FSA (Ogle et al., 2019) and rcompanion (Mangiafico, 2019) for Kruskal–Wallis post hoc testing, pscl (Jackman, 2020) and performance (Lüdecke et al., 2020) to calculate logistic regression’s pseudo-R2. Figures were created using packages ggplot2 (Wickham, 2016), patchwork (Pedersen, 2020), ggthemes (Arnold, 2019), and ggpubr (Kassambara, 2020). Supplementary tables were created using package openxlsx (Schauberger and Walker, 2019).




RESULTS


Model 1: One Plasmid Only

We started the study by evaluating the fate of different plasmids when alone in the bacterial population. In this model, the initial population consists of 5 × 105 X cells (as explained in the “Materials and Methods” section, and an X cell is a cell harboring plasmid X). Plasmid loss creates plasmid-free cells, which can later reacquire it through conjugation.

We studied the fate of 36 plasmids, each consisting of a different combination of features (fitness, conjugation rate, and loss rate). None of these plasmids could be maintained in the chemostat. Therefore, we analyzed their time of extinction (ToE) as a function of the three plasmid features and interactions among them. Time of extinction depends on fitness, conjugation and loss rates but also on the combined effect of fitness and conjugation rate (ANOVA, df = 7, P < 0.05, Supplementary Table S1). As shown in Figure 1, plasmid-carrying cells take longer to go extinct with increasing fitness and conjugation rates but with decreasing loss rates, as it would be expected. The combined effects of fitness and conjugation rate is illustrated as cells with γX = 10–11 and ωX = 0.975 are not parallel to the others in Figures 1A and B, respectively, while cells with ωX = 0.975 and γX = 10–11 display much higher time of extinction in Figure 1C. This is why, in the ANOVA, the effect size (η2) of the fitness-conjugation rate interaction is high – in fact even higher than that of loss (Supplementary Table S1).
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FIGURE 1. Effect of fitness (ω), conjugation (γ), and loss (δ) rates on the plasmid time of extinction (ToE). Results from model 1, comprising a single plasmid. Time of extinction (ToE) is the first time point where there is less than one plasmid-carrying cell in the population. Time of extinction represented in order to fitness (A), conjugation (B), and loss rate (C).




Model 2: Two Non-interacting Plasmids

From now on, we model populations starting with both X and Y cells such that plasmid-free cells will be created by plasmid loss and XY cells by conjugation. In this model 2, as well as the following models 3 to 6, we simulated populations starting with 5 × 105 X cells and 5 × 105 Y cells, such that the initial population size is 106 cells. To control for this change, we repeated the simulation of a single plasmid (model 1) considering the initial population as 106 X cells instead of 5 × 105 X cells. The result is qualitatively the same since no plasmid survives (i.e., no plasmid was stably maintained), while, quantitatively, the time of extinction only increased by 1 h or remained unchanged.

In model 2, although all mating combinations are possible, the interactions between plasmids have no effect (ε = 0 and α = ξ = σ = 1). Both focal (X) and competitor (Y) plasmids express all 36 feature combinations, which consequently results in 432 combinations of two plasmids. In all cases the focal plasmid X always becomes extinct, as well as plasmid Y. In 36 cases the two plasmids become extinct at the same time, which is when they display the same characteristics, while in 198 cases plasmid X disappears before Y. Among those 198 cases, plasmid X becomes extinct faster than plasmid Y when imposing higher fitness cost or when having the same fitness effect but lower conjugation rate (note that plasmids X and Y always have identical loss rates). In the remaining 198 cases, Y cells disappear before X cells, since plasmid features are inverted.

We compared the times of extinction for plasmid X obtained from models 1 and 2 to understand if the presence of cells carrying a second plasmid Y affects its persistence (Figure 2). When a second plasmid is present the time of extinction decreases (paired Wilcoxon test with continuity correction, P < 2.2 × 10–16). This shows that competition with another plasmid-carrying strain accelerates plasmid extinction.
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FIGURE 2. A competitor plasmid Y accelerates the extinction of the focal plasmid X. The vertical axis represents the time of extinction (ToE) of plasmid X when alone in the bacterial population (model 1) and the horizontal axis represents ToE of plasmid X when a competitor plasmid Y is present in the same population (model 2). The blackline represents y = x.




Model 3: Interactions Affecting Fitness (Epistasis)

In model 3, the two plasmids can interact, affecting the total fitness effect on XY cells. Thus, ωXY = ωX⋅ωY + ε, where ε∈ {−0.05; 0; 0.05; 0.1}. This data set consists of a total of 1728 cases, 432 per value of ε.


Plasmid Survival

The focal plasmid can survive in 128 of these cases, 105 where epistasis is positive with ε = 0.1 and 23 cases if ε = 0.05. These positive values of epistasis imply that, in all these cases, the fitness of XY cells is higher than that of plasmid-free cells and they are always present in the final population at higher frequencies than X or Y cells. Interestingly, in 45 cases there are no plasmid-free cells in the final population. This happens when loss rates are very low, namely δ = 10–8. In the remaining 83 cases, the maximum frequency of plasmid-free cells is 18.66%.

Yet, there are seven more cases where the fitness of cells carrying both plasmids is higher than that of plasmid-free cells (ωXY ≥ 1) but the focal plasmid goes to extinction. All these exceptions have loss rate δ = 10–4, four consisting in positive epistasis of ε = 0.05 and ωX = ωY = 0.975 and the remaining three in ε = 0.1 and ωX = ωY = 0.95. Additionally, in these seven cases, γX and γY < 10–11 (but not γX = γY = 10–12 when ε = 0.1). These results show that the plasmids can survive if there is positive epistasis, elevating the fitness XY cells above that of the plasmid-free cells. Nonetheless, there is no guarantee of plasmid survival as lower conjugation rates preclude the emergence of XY cells and higher loss rates decrease their maintenance.

As just mentioned, in 135 cases carriage of two plasmids confers a fitness benefit to the host cells relatively to plasmid-free cells. Despite that, in model 1, we only considered plasmids that produce fitness costs. As a control, we expanded model 1 with ωX ≥ 1, such that the focal plasmid confers no fitness cost or even a benefit (thus ωX ∈ {1; 1.05}). We considered a fitness benefit of 5% because, when XY cells had a fitness higher than that of plasmid-free cells, the fitness effect ranged between 0.000625 and 0.050625. Among the new 18 simulated cases, there are two where plasmid X goes extinct – when ωX = 1 and γX < 10–11 and δ = 10–4. These two cases of extinction further illustrate the conceivable detrimental effect of conjugation and loss rates. Moreover, even in the cases where the plasmid can be maintained, the population at equilibrium is not pure and plasmid-free cells exist at a frequency varying from 2.96 × 10–6 to 1 × 10–1. Overall, this result shows that fitness alone is not sufficient for plasmid survival and depends on the rates of conjugation and loss. It is also interesting to note that plasmid-free cells still persist in these conditions, unlike what was observed for several cases when another plasmid is present in the population.



Time of Extinction

Among the 1600 cases where the focal plasmid does not survive there are 736 cases of positive epistasis. In 135 of these cases, XY cells are still less fit than both X and Y cells and are the first to get extinct. In 223 cases XY cells are fitter than both X and Y, but they are the ones displaying the longest time of extinction in only 58 cases. This again shows that XY cells are not necessarily stable even if they are fitter than X and Y. Therefore, even when there is positive epistasis between plasmids, conjugation and loss rates are still determinant for plasmid maintenance.

Among the 432 cases of negative epistasis, XY cells are always less fit than either X or Y cells. Nonetheless, in 12 cases, XY cells are not the first getting extinct – if γX = γY = 10–11 and δ > 10–4 and either ωX or ωY (but not both) is 0.975. Thus, provided that both plasmids exhibit high conjugation and low loss rates and one of them imposes low fitness costs XY cells can persist longer that one of the single-plasmid-carrying strains.

We compared these results with those obtained with model 2 to unveil how epistatic interactions affect the fate of the focal plasmid relative to when the two plasmids did not interact (Figure 3A). Therefore, we analyzed the 1600 times of extinction after normalizing them by the results of model 2 – which is equivalent to divide by the respective value when there was no epistasis (ε = 0).
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FIGURE 3. Relative time of extinction when plasmid interactions affect fitness (epistasis; ε). (A) Relative time of extinction (ToE) in presence and absence of epistasis: the vertical axis represents ToE of plasmid X when there is epistasis (model 3) and the horizontal axis represents the respective ToE when there are no plasmid interactions (ε = 0; model 2). (B) Relative ToE in presence and absence of a competitor plasmid Y: the vertical axis represents ToE of plasmid X when Y is present and plasmid interactions affect fitness (model 3) while the horizontal axis represents the respective ToE when plasmid X is alone in the bacterial population (model 1). The analysis is always in function of the focal plasmid X. The blackline represents y = x.


We analyzed the normalized data in function of the different values of epistasis. This type of interaction has a significant effect (Kruskal–Wallis test, df = 3, P < 2.2 × 10–16, Supplementary Table S2), and all four epistasis values produce distinct results (Dunn test with Bonferroni correction, Supplementary Table S2). We further analyzed the effects qualitatively, i.e., we checked if times of extinction increased, decreased or did not change. These results show that the four epistasis values produce different results (χ2 test with Yates continuity correction, df = 6, P < 2.2 × 10–16 followed by Fisher pairwise tests of independence, Supplementary Table S2), which agrees with the conclusion of the quantitative analysis. Altogether the results correspond to the prediction that the times of extinction increase with the strength of positive epistasis and decrease with negative epistasis. However, it is important to mention that it is not straightforward to conclude the outcome based on epistasis only because the result also depends on the features of the two plasmids, namely fitness impact, conjugative transfer and loss rate. This means that with positive epistasis not all cases reveal an increased time of extinction, and the reverse is also true for negative epistasis. In addition, ε = −0.05 (when normalized relatively to ε = 0) has a much smaller effect (median = 1 and standard deviation = 0.03) than ε = 0.05 (median 1 and standard deviation = 1.25), showing that negative epistasis has a less detrimental effect than positive epistasis has a beneficial effect.

We also analyzed the 1600 cases to understand how the times of extinction differ from when the competitor plasmid is absent (Figure 3B), that is, we compared them with those obtained with model 1. We analyzed this effect by normalizing the time of extinction of the focal plasmids by the respective value obtained when they were alone in the population (model 1). Positive epistasis has a significant effect (Kruskal–Wallis test, df = 3, P < 2.2 × 10–16, followed by post hoc Dunn test with Bonferroni correction, Supplementary Table S3), such that there is a stronger effect for ε = 0.1 and then for ε = 0.05; but ε = −0.05 and ε = 0 do not differ from each other. We obtained the same conclusion when analyzing the effects qualitatively (χ2 test with Yates continuity correction, df = 3, P < 2.2 × 10–16 followed by Fisher pairwise tests of independence, Supplementary Table S3), i.e., comparing the number of cases among the categories where times of extinction increase, decrease or do not change. Thus, negative epistasis does not lead to a significantly different outcome than not having epistasis, and the plasmid always gets extinct earlier than when alone. Nevertheless, the number of cases of increased plasmid persistence increases with the strength of positive epistasis (Supplementary Table S3).




Model 4: Intracellular Interactions Affecting Conjugation

In this model, the two plasmids can interact, such that the conjugation rate of one of the plasmids changes when both plasmids occupy the same cell – an intracellular conjugation effect α. There are two possibilities: either X or Y is the target of the effect, but never both. Thus, either the transfer rate of X when co-inhabiting with Y is the transfer rate of X when alone times αX (γX(Y) = γX⋅αX) or the transfer rate of Y when co-inhabiting with X is the transfer rate of Y when alone times αY γY(X) = γY⋅αY), where αX or αY ∈ {10–3; 1; 10}. Next, we analyze both possibilities, but always in function of plasmid X. Each of these data sets consists of a total of 1296 cases, 432 per value of the intracellular conjugation effect α.


Plasmid X as the Target of Interactions

The focal plasmid cannot survive in any of the 1296 cases when it was the target of intracellular conjugation effects. Therefore, we analyzed the times of extinction, comparing among the three values of the intracellular conjugation effect αX (Figure 4A). These values were normalized by the respective values when αX = 1 (which is equivalent to divide by the respective values of model 2). There is a significant effect (Kruskal–Wallis test, df = 2, P < 2.2 × 10–16, Supplementary Table S4) revealing differences between the three αX parameter values (Dunn test with Bonferroni correction, Supplementary Table S4). Even though conjugation rate increases only 10 times, it has a stronger impact (median = 1, standard deviation = 0.14) than when it decreases 1000 times (median = 1, standard deviation = 0.05). We further analyzed the effects qualitatively, i.e., whether times of extinction increased, decreased or did not change. The three αX parameter values produce different results (χ2 test with Yates continuity correction, df = 4, P < 2.2 × 10–16 followed by Fisher pairwise tests of independence, Supplementary Table S4), which agrees with the quantitative analysis. While with αX = 10–3 times of extinction either decrease (198 cases) or remain the same, with αX = 10 they increased in 247 cases but never decreased.
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FIGURE 4. Relative time of extinction when plasmid intracellular interactions (α) affect conjugation rates. (A,C) Relative time of extinction (ToE) in presence and absence of interactions: the vertical axis represents ToE of plasmid X when the plasmids interact (model 4) and the horizontal axis represents the respective ToE when the plasmids do not interact (α = 1; model 2). (B,D) Relative ToE in presence and absence of a competitor plasmid Y: the vertical axis represents ToE of plasmid X when Y is present and plasmid intracellular interactions affect conjugation rates (model 4) while the horizontal axis represents the respective ToE when plasmid X is alone in the bacterial population (model 1). In panels (A,B), plasmid X is the target of the effect αX, while in panels (C,D) plasmid Y is the target of effect αY (models 4.1 and 4.2, respectively). The analysis is always in function of the focal plasmid X. The blackline represents y = x.


Next, we compared how times of extinction differ from those obtained with model 1 when the competitor plasmid was absent (Figure 4B). Only αX = 10 has a significant effect (Kruskal–Wallis test, df = 2, P < 1.3 × 10–6, followed by post hoc Dunn test with Bonferroni correction, Supplementary Table S5), while αX = 10–3 and αX = 1 are not significantly different. Then, we analyzed the effects qualitatively. While all cases with αX = 10–3 and αX = 1 the time of extinction decreased relatively to model 1, αX = 10 led to increase in 46 cases (χ2 test with Yates continuity correction, df = 2, P < 2.2 × 10–16 followed by Fisher pairwise tests of independence, Supplementary Table S5). In all these 46 cases, the focal plasmid had γX = 10–11 and αX = 10 such that in cells carrying both plasmids γX(Y) = 10–10. Therefore, we tested the outcome of plasmids with γX = 10–10 when alone in a population (model 1). This revealed that all 12 plasmids could be stably maintained in the population, such that the frequencies of plasmid-free cells would vary between 1.15 × 10–6 and 7.8 × 10–2.

In conclusion, only an increasing intracellular effect on conjugation affected times of extinction significantly, although this was not sufficient to allow plasmid survival in the presence of a second plasmid.



Plasmid Y as the Target of Interactions

When the competitor plasmid was the target of intracellular conjugation effects the focal plasmid could not survive in any of the 1296 cases. We analyzed the time of extinction of the focal plasmid X in terms of the intracellular conjugation effect αY (Figure 4C) relative to model 2. There is a significant effect and the three αY parameter values produce significantly different results (Kruskal–Wallis test, df = 2, P < 2.2 × 10–16, followed by Dunn test with Bonferroni correction, Supplementary Table S6). There is also a significant difference when analyzing the effects qualitatively (χ2 test with Yates continuity correction, df = 4, P < 2.2 × 10–16 followed by Fisher pairwise tests of independence, Supplementary Table S6). The time of extinction of plasmid X increased in 211 cases when αY = 10–3 but in 187 when αY = 10. However, there are also cases in which the time of extinction decreased: 3 cases when αY = 10–3 and 65 when αY = 10. Interestingly, the quantitative and qualitative analyses reveal different aspects of these results. Both results with αY = 10–3 and αY = 10 have a median of 1. Though αY = 10 allows the time of extinction to increase in fewer cases, it has a stronger effect in the sense that it produces a higher standard deviation (0.06 vs. 0.02). Nonetheless, unlike the previous section, the survival of the focal plasmid can increase whether the effect is below or over 1.

There was no significant difference related to the effect αY (Kruskal–Wallis test, df = 2, P = 0.06, Supplementary Table S7) when analyzing times of extinction relative to model 1 where the competitor plasmid was absent (Figure 4D). However, times of extinction always decreased with the exception of 21 cases with αY = 10 which were sufficient to produce a significant difference (χ2 test with Yates continuity correction, df = 2, P = 5.37 × 10–10 followed by Fisher pairwise tests of independence, Supplementary Table S7).




Model 5: Intercellular Interactions Affecting Conjugation

As in model 4, the two plasmids can interact but the conjugation rate of only one of them changes when both donor and recipient cells carry plasmids – an intercellular conjugation effect ξ. Here there are again two non-overlapping possibilities: either X or Y is the target of the effect, that we analyze only in function of the focal plasmid X. Thus, either γX→Y = γX⋅ξX or γY→X = γY⋅ξY, where ξ∈ {10–2; 1; 10}. Each of these data sets consists on a total of 1296 cases, 432 per value of ξ.


Plasmid X as the Target of Interactions

The focal plasmid does not persist in any of the 1296 cases where it was the target of intercellular conjugation effects. We normalized times of extinction relatively to ξX = 1 (model 2) to evaluate the effect of the different values of ξX (Figure 5A). The three values of ξX produce significantly different results (Kruskal–Wallis test, df = 2, P < 2.2 × 10–16, followed by Dunn test with Bonferroni correction, Supplementary Table S8). An increase of conjugation rate with ξX = 10 displays a slightly stronger impact (median = 1, standard deviation = 0.06) than a decrease with ξX = 0.01 (median = 1, standard deviation = 0.04). Moreover, with ξX = 0.01 the time of extinction either decreases (313 cases) or remains the same while with ξX = 10 the time of extinction increased in most cases (408/432) and did not change in the remaining 24 (in all of which γX = 10–13). This difference in outcomes is significant (χ2 test with Yates continuity correction, df = 4, P < 2.2 × 10–16 followed by Fisher pairwise tests of independence, Supplementary Table S8).
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FIGURE 5. Relative time of extinction (ToE) when plasmid intercellular interactions (ξ) affect conjugation rates. (A,C) Relative time of extinction (ToE) in presence and absence of interactions: the vertical axis represents ToE of plasmid X when the plasmids interact (model 5) and the horizontal axis represents the respective ToE when the plasmids do not interact (ξ = 1; model 2). (B,D) Relative ToE in presence and absence of a competitor plasmid Y: the vertical axis represents ToE of plasmid X when Y is present and plasmid intercellular interactions affect conjugation rates (model 5) while the horizontal axis represents the respective ToE when plasmid X is alone in the bacterial population (model 1). In (A,B) plasmid X is the target of the effect ξX while in (C,D) plasmid Y is the target of effect ξY (models 5.1 and 5.2 respectively). The analysis is always in function of the focal plasmid X. The blackline represents y = x.


In Figure 5B, we show how times of extinction differ from when the focal plasmid is alone in the population (model 1). There is a significant difference (Kruskal–Wallis test, df = 2, P = 8.2 × 10–7, followed by post hoc Dunn test with Bonferroni correction, Supplementary Table S9), such that ξX = 10 displays a higher median. On the other hand, a qualitative analysis revealed no significant differences (χ2 test with Yates continuity correction, df = 2, P = 0.05) such that the time of extinction always decreases, except in three cases (where ωX = 0.9, γX = 10–11, δ < 10–8 and ξX = 10).

In conclusion, an increasing intercellular conjugation effect can increase the time of extinction but with a very limited impact and still not allowing plasmid maintenance.



Plasmid Y as the Target of Interactions

The focal plasmid could not survive in any of the 1296 cases when the competitor plasmid was the target of intercellular conjugation effects. Figure 5C displays times of extinction in terms of the intercellular conjugation effect ξY. There is a significant effect and the three ξY parameter values produce significantly different results (Kruskal–Wallis test, df = 2, P < 2.2 × 10–16, followed by Dunn test with Bonferroni correction, Supplementary Table S10). However, times of extinction of plasmid X tend to increase when ξY < 1 and to decrease when ξY > 1, which is the opposite outcome of when plasmid X is the target of interaction instead of Y. Therefore, preventing the acquisition of plasmid Y reduces the rate of formation of less fit XY cells, that would otherwise accelerate extinction of plasmid X as they are more easily outcompeted in the population. When analyzed qualitatively ξY > 1 leads to a decrease in all cases while ξY < 1 increases times of extinction in 393 out of 432 cases (χ2 test with Yates continuity correction, df = 4, P < 2.2 × 10–16, followed by Fisher pairwise tests of independence, Supplementary Table S10).

Next, we compared times of extinction with those from model 1, which lacks the competitor plasmid (Figure 5D). Unlike when plasmid X was itself the target of the intercellular interaction, there are significant effects if plasmid Y is the target instead (Kruskal–Wallis test, df = 2, P < 2.2 × 10–16, Supplementary Table S11). This shows that if X cells acquired plasmid Y at lower rates then plasmid X can be maintained for longer times in the population, while if acquired at higher rates plasmid Y will have a detrimental effect on plasmid X’s persistence. The qualitative analysis reveals the same conclusion (χ2 test with Yates continuity correction, df = 2, P = 3 × 10–12 followed by Fisher pairwise tests of independence, Supplementary Table S11). With ξY = 0.01 there are 26 cases where ToE increased, all of which have γY = 10–11. For the other values of ξY tested, times of extinction decreased in all cases.

Therefore, plasmid X can persist longer if it reduces the rate of acquiring plasmid Y.




Model 6: Interactions Affecting Loss

In this model, the plasmid interactions lead to increased loss rates, such that δXY = δ⋅σ, where σ∈ {1; 10}. This data set consists on 864 total cases, 432 per value of σ. The plasmid cannot survive in any of these cases, so we only analyzed the times of extinction. When normalized relatively to model 2, the times of extinction for plasmid X can vary significantly (Wilcoxon test, P < 2.2 × 10–16, Supplementary Table S12) but with little deviation (median = 1, standard deviation = 7.6 × 10–3; Figure 6A). Times of extinction increased in 170 cases, decreased in 15 (all when ωy = 0.975 and σ = 10) and did not change in 247, thus being significantly different from when the plasmids did not interact, i.e., σ = 1 (χ2 test with Yates continuity correction, df = 2, P = 2.2 × 10–16). When compared relatively to the condition when plasmid X is alone in the population (model 1), both σ = 1 and σ = 10 decreased the times of extinction (Figure 6B). Nonetheless, the outcomes of σ = 1 and σ = 10 are significantly different (Wilcoxon test, P < 2.2 × 10–16, Supplementary Table S13), but the effect is very small (σ = 1, median = 9.66 × 10–1, standard deviation = 8.87 × 10–2; σ = 10, median = 9.67 × 10–1, standard deviation = 8.83 × 10–2). In conclusion, this interaction has a very limited effect on the time of extinction.
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FIGURE 6. Relative time of extinction (ToE) when plasmid interactions (δ) affect loss rates. (A) Relative time of extinction (ToE) in presence and absence of interactions affecting loss rates: the vertical axis represents ToE of plasmid X when there are interactions (model 6) and the horizontal axis represents the respective ToE when there are no interactions (σ = 1; model 2). (B) Relative ToE in presence and absence of a competitor plasmid Y: the vertical axis represents ToE of plasmid X when Y is present and plasmid interactions affect loss rates (model 6) while the horizontal axis represents the respective ToE when plasmid X is alone in the bacterial population (model 1). The analysis is always in function of the focal plasmid X. The blackline represents y = x.




Multiple Interactions

Our ultimate goal is to understand if the presence of a second plasmid can be beneficial, and which type of interactions are determinant to prevent/delay extinction. To attain this goal, we collected the results obtained with the models where both plasmids are present, including only those cases where there were interactions. From these 5184 unique cases, the focal plasmid went to extinction in 5056. We normalized their times of extinction relative to the same focal plasmid when alone (model 1), such that the plasmid benefits from a second plasmid if the ratio is greater than one. There was a total of 371 cases where there was a benefit. Then we analyzed the proportion of outcomes (benefit vs. no benefit) among the different variables, which retrieved a significant result (χ2 test with Yates continuity correction, df = 5, P < 2.2 × 10–16, followed by Fisher pairwise tests of independence, Supplementary Table S14) showing that some interactions have stronger impacts than others (Figure 7). Epistatic interactions have the strongest effect with 23.54% cases of benefit – in these cases, the focal persists longer in the presence of the second plasmid than when there is no other plasmid in the population. The intracellular effect on plasmid X follows with 5.32% cases of benefit, thus being the second most important plasmid-interacting allowing plasmid persistence to increase. Then follows the conjugation effects on plasmid Y (which do not differ significantly), respectively, intracellular and intercellular effects with 2.43% and 3%. The intercellular effect on plasmid X and the effect on the rate of loss (not differing from each other) follow, respectively, with 0.35% and 0%, thus having the least determinant role on plasmid persistence. The important impact of epistasis is further highlighted as this was the only interaction allowing the focal plasmid to persist in 128 cases (of model 3).
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FIGURE 7. Outcome of the different plasmid interactions. The vertical axis represents the ratio of time of extinction (ToE) when the plasmids interact (models 3–6) by the respective ToE of when the focal plasmid is alone in the population (model 1). The horizontal axis represents the different values of the variable annotated on the top facet. Epistasis (ε) and the remaining parameters are split in different panels to facilitate visualization of the points. Panel (A) represents the effect of epistasis (ε) while panel (B) refers respectively to the following parameters: intracellular interactions affecting the conjugative efficiency of plasmid X (αX) and of plasmid Y (αY), interactions affecting loss rates (δ) and, intercellular interactions affecting the conjugative efficiency of plasmid X (ξX) and of plasmid Y (ξY). Blue dots represent plasmid combinations where the interactions increase ToE relatively to when the plasmid was alone in the population, while yellow dots represent no change or a decrease in ToE.


To further understand the contribution of the different interactions to plasmid maintenance we simulated cases where multiple interactions may occur, thus getting all possible combinations from no interactions at all to all interactions happening simultaneously. To avoid an overwhelming number of cases, we considered a single competitor plasmid Y with ωY = 0.9 and γY = 10–12. Note that in the previous sections none of the combinations involving this set of Y plasmids could survive nor could the fitness of XY cells be higher than that of plasmid-free cells (ωXY ≥ 1). Among these 23328 simulations, plasmid X could survive in 291 (1.25%) existing in both X and XY cells. These cases share the following features: ε = 0.1, αX = 10, γX = 10–11 and ωX > 0.85. This again suggests that epistasis and the intracellular conjugation effect on plasmid X are the interactions most determinant for plasmid fate. Interestingly, plasmid Y can survive in the same 291 cases, where Y cells constitute at most a proportion of 9.47% of the population. Plasmid-free cells are absent in 144 of these 291 cases – only when δ = 10–8.

We performed a logistic regression on the 23037 cases of extinction considering the following interactions (as continuous variables): ε, αX, αY, ξX, ξY and σ. The independent variable comprises two categories: “increase” with 3222 cases where the time of extinction increases relatively to when the plasmid is alone in the population and “decrease/null” for the remaining 19815 cases. The results are shown in Supplementary Table S15. All the six interactions have significant effects (P < 0.05, 34.72% ≤ pseudo R2 ≤ 47.05%, Supplementary Table S15). As suggested above, ε and αX display more determinant effects (higher deviance from the null model and higher individual pseudo R2), while σ has the lowest effect on delaying extinction. We repeated this analysis now including the 291 cases of survival as “increase” and the result is qualitatively similar (P < 0.05, 38.07% ≤ pseudo R2 ≤ 50.09%, Supplementary Table S16). Lastly, we analyzed a subset of cases consisting only on the conditions that allow plasmid survival, i.e., all cases where ε = 0.1, αX = 10, γX = 10–11 and ωX > 0.85. This subset has 291 cases categorized as “survival” and 195 as “extinction.” Only αY, ξX, ξY and σ were used as predictors for the logistic regression since ε and αX display no variance in this subset. The result shows that only ξX and ξY are significant (P < 0.05, 6.95% ≤ pseudo R2 ≤ 9.23%, Supplementary Table S17). Therefore, we can conclude that these four interactions alone have a weaker impact on the outcome than epistasis and intracellular interactions (ε and αX).




DISCUSSION

It is crucial to understand the conditions favoring plasmid maintenance in natural communities, which can vary in complexity with an increasing number of hosts and plasmids occupying the same ecological habitat. This work aimed to evaluate which plasmid properties and interactions mostly affect the time of persistence in the bacterial population. Our initial results show that plasmids cannot persist in bacterial populations unless they provide a fitness advantage (strictly mutualistic) or have high conjugation rates (strictly parasitic), which supports previous works (Stewart and Levin, 1977; Simonsen, 1991). Expanding these models by allowing bacterial populations to carry an additional non-interactive plasmid reveals, as expected, that plasmid persistence decreases due to competition between plasmids. Our main aim was to examine the role of different plasmid interactions, namely affecting host fitness, conjugative efficiency and the rate of loss due to missegregation, on plasmid persistence. We conclude that although all interactions evaluated can affect plasmid persistence, there is a hierarchy such that interactions affecting fitness (epistasis) have a stronger impact on plasmid maintenance than those affecting conjugation, and lastly plasmid loss.

If plasmids display epistasis and interact simultaneously at no other level, they can be maintained stably in the population if their combined effects provide a fitness benefit to their host cells. Interestingly, in some cases, plasmid-free cells may even be absent from the final population. This, yet, was never observed when populations started only with a single (beneficial) plasmid. However, fitness alone does not ensure plasmid persistence, such that beneficial plasmids or plasmid combinations can still get extinct. Indeed, our results show that plasmid combinations with positive epistasis could only persist if associated with low fitness costs, high conjugation rates and low loss rates. Nonetheless, this situation might not be entirely realistic because the expression of conjugative traits is subject to fitness costs due consumption of energy/metabolites – resulting in a tradeoff such that plasmids may enjoy high conjugative transfers or low cost, but not both (Turner et al., 1998; Porse et al., 2016). In addition, conjugation may render plasmid-carrying cells susceptible to infection by the so-called male-specific phages (phages that only infect cells expressing sex-pili), which decreases their persistence (Jalasvuori et al., 2011; Ojala et al., 2013).

When plasmid interactions could affect multiple parameters (fitness, conjugation, loss) simultaneously, the highest level of positive epistasis could save plasmids from extinction. But, it depended on a high conjugation rate and on plasmid interactions that further increased conjugative transfer. Both epistasis and the intracellular interaction acting on the conjugative transfer of the focal plasmid X were shown to be asymmetric. This means that positive effects enhancing fitness and transfer had more determinant impacts on plasmid fate than negative effects that impaired those traits with an opposite or greater strength.

Among the conjugative interactions, αX was the most critical for the survival of plasmid X, because the transfer of this plasmid increased when the competitor plasmid was present in the same cell. In such a case, the interaction αy was less important as it targeted the competitor plasmid. Notwithstanding, one should consider these interactions also in the last set of simulations where the two plasmids can interact in multiple ways. In such cases, αX = 10 was necessary for the survival of the focal plasmid X but also of the competitor plasmid Y. Therefore, if analyzed from the perspective of plasmid Y, the importance of αX and αy would be reversed. It would be preferable to increase the transfer of its competitor than its own. The reason is that this would favor the emergence of XY cells since γX > γy. Nonetheless, the intracellular interaction on conjugation would still be more determinant than the intercellular.

From our models, the four conditions required for plasmid survival were: not too high fitness cost coupled with positive epistasis and, high conjugation transfer coupled with an intracellular effect further increasing it. Indeed, positive epistasis has been pointed out as an explanation for the existence of combinations of small and big (mobile) plasmids (San Millan et al., 2014a). On the other hand, intracellular interactions between conjugative plasmids decrease transfer rates more often than not. Therefore, plasmid combinations simultaneously enjoying intracellular effects on conjugation and fitness (epistasis) might be rare. Moreover, positive epistasis may result from inhibition (rather than facilitation) of conjugative transfer, such that host fitness increases by saving resources that would be spent on the expression of the conjugative machinery (Chao et al., 2000). Studies that can reveal a linkage between epistasis and intracellular interactions on conjugation, or the lack of it, are important to understand how interference between plasmids determine their stability in bacterial populations.

As proof of concept, our models show that interactions between plasmids can enhance their stability. Nevertheless, we acknowledge some limitations. To reduce the number of simulations we considered both plasmids X and Y to have equal loss probabilities, which is unrealistic. Additionally, our simulations encompass long times but consider static features, such that the entities are immutable (neither plasmids nor bacteria change by mutation or by recombination). Therefore, we neglect compensatory mutations that could mitigate the fitness cost of one (San Millan et al., 2015) or several plasmids (Loftie-Eaton et al., 2017; Hall et al., 2020; Jordt et al., 2020) and recombination events between plasmids allowing acquisition of addiction systems that alter loss rates (Loftie-Eaton et al., 2016; Stalder et al., 2017), pleiotropic effects between mutations (Jordt et al., 2020) or even the formation of co-integrates. The latter is especially important from a clinical point of view, in particular upon a fusion of plasmids encoding different resistance mechanisms thus creating multidrug-resistance plasmids (Garcia et al., 2007; Desmet et al., 2018), or even between resistance and virulence plasmids (Dong et al., 2018), that could explain the positive correlation between the diversity of resistance and virulence genes across metagenomes (Escudeiro et al., 2019). We also only considered interactions between two plasmids, but interactions between multiple plasmids (Gama et al., 2017c) can be considered in the future. Despite the limitations of our models, they demonstrate the contribution of interactions between plasmids, and their relative roles, for plasmid survival and should pave the way for further studies with more complex models.



DATA AVAILABILITY STATEMENT

The code, datasets and analyses presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://github.com/GAMMAtri/simulations_plasmid_interactions.



AUTHOR CONTRIBUTIONS

JG, RZ, and FD conceived the study. JG and FD designed the experiments. JG performed the experiments. JG and FD analyzed the data. JG wrote the first draft of the manuscript, with contributions of RZ and FD. All authors contributed to manuscript revision, read and approved the submitted version.



FUNDING

Fundação para a Ciência e Tecnologia supported cE3c through UID/BIA/00329/2013. UiT The Arctic University of Norway through UiT publication fund.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.02033/full#supplementary-material



REFERENCES

Anderson, E. S. (1968). The ecology of transferable drug resistance in the enterobacteria. Annu. Rev. Microbiol. 22, 131–180. doi: 10.1146/annurev.mi.22.100168.001023

Arnold, J. B. (2019). ggthemes: Extra Themes, Scales and Geoms for “ggplot2”. R Package Version 4.2.0. Available online at: https://CRAN.R-project.org/package=ggthemes (accessed May 13, 2019).

Bergstrom, C. T., Lipsitch, M., and Levin, B. R. (2000). Natural selection, infectious transfer and the existence conditions for bacterial plasmids. Genetics 155, 1505–1519.

Bouma, J. E., and Lenski, R. E. (1988). Evolution of a bacteria/plasmid association. Nature 335, 351–352. doi: 10.1038/335351a0

Carroll, A. C., and Wong, A. (2018). Plasmid persistence: costs, benefits, and the plasmid paradox. Can. J. Microbiol. 64, 293–304. doi: 10.1139/cjm-2017-0609

Chao, L., Hanley, K. A., Burch, C. L., Dahlberg, C., and Turner, P. E. (2000). Kin selection and parasite evolution: Higher and lower virulence with hard and soft selection. Q. Rev. Biol. 75, 261–275. doi: 10.1086/393499

Dahlberg, C., and Chao, L. (2003). Amelioration of the cost of conjugative plasmid carriage in Eschericha coli K12. Genetics 165, 1641–1649.

De Gelder, L., Ponciano, J. M., Joyce, P., and Top, E. M. (2007). Stability of a promiscuous plasmid in different hosts: no guarantee for a long-term relationship. Microbiology 153, 452–463. doi: 10.1099/mic.0.2006/001784-0

De Gelder, L., Vandecasteele, F. P. J., Brown, C. J., Forney, L. J., and Top, E. M. (2005). Plasmid donor affects host range of promiscuous incp-1β plasmid pb10 in an activated-sludge microbial community. Appl. Environ. Microbiol. 71, 5309–5317. doi: 10.1128/AEM.71.9.5309-5317.2005

De Gelder, L., Williams, J. J., Ponciano, J. M., Sota, M., and Top, E. M. (2008). Adaptive plasmid evolution results in host-range expansion of a broad-host-range plasmid. Genetics 178, 2179–2190. doi: 10.1534/genetics.107.084475

Desmet, S., Nepal, S., van Dijl, J. M., Van Ranst, M., Chlebowicz, M. A., Rossen, J. W., et al. (2018). Antibiotic resistance plasmids cointegrated into a megaplasmid harboring the bla(OXA-427) Carbapenemase Gene. Antimicrob. Agents. Ch. 62:e01448-17. doi: 10.1128/AAC.01448-17

Di Luca, M. C., Sørum, V., Starikova, I., Kloos, J., Hülter, N., Naseer, U., et al. (2017). Low biological cost of Carbapenemase-encoding plasmids following transfer from Klebsiella pneumoniae to Escherichia coli. J. Antimicrob. Chemother. 72, 85–89. doi: 10.1093/jac/dkw350

Dionisio, F. (2005). Plasmids survive despite their cost and male-specific phages due to heterogeneity of bacterial populations. Evol. Ecol. Res. 7, 1089–1107.

Dionisio, F., Conceição, I. C., Marques, A. C. R., Fernandes, L., and Gordo, I. (2005). The evolution of a conjugative plasmid and its ability to increase bacterial fitness. Biol. Lett. 1, 250–252. doi: 10.1098/rsbl.2004.0275

Dionisio, F., Matic, I., Radman, M., Rodrigues, O. R., and Taddei, F. (2002). Plasmids spread very fast in heterogeneous bacterial communities. Genetics 162, 1525–1532.

Dionisio, F., Zilhão, R., and Gama, J. A. (2019). Interactions between plasmids and other mobile genetic elements affect their transmission and persistence. Plasmid 102, 29–36. doi: 10.1016/j.plasmid.2019.01.003

Dong, N., Yang, X. M., Zhang, R., Chan, E. W. C., and Chen, S. (2018). Tracking microevolution events among ST11 Carbapenemase-producing hypervirulent Klebsiella pneumoniae outbreak strains. Emerg. Microbes Infec. 7:146. doi: 10.1038/s41426-018-0146-6

Dowle, M., and Srinivasan, A. (2019). data.table: Extension of ‘data.frame‘. R Package Version 1.12.8. Available online at: https://CRAN.R-project.org/package=data.table (accessed July 24, 2020).

Escudeiro, P., Pothier, J., Dionisio, F., and Nogueira, T. (2019). Antibiotic resistance gene diversity and virulence gene diversity are correlated in human gut and environmental microbiomes. mSphere 4:e00135-19. doi: 10.1128/mSphere.00135-19

Foster, T. J. (1983). Plasmid-determined resistance to antimicrobial drugs and toxic metal ions in bacteria. Microbiol. Rev. 47, 361–409. doi: 10.1128/mmbr.47.3.361-409.1983

Friendly, M. (2010). HE plots for repeated measures designs. J. Stat. Softw. 37, 1–40.

Frost, L. S., and Koraimann, G. (2010). Regulation of bacterial conjugation: balancing opportunity with adversity. Future Microbiol. 5, 1057–1071. doi: 10.2217/Fmb.10.70

Gama, J. A., Zilhão, R., and Dionisio, F. (2017a). Conjugation efficiency depends on intra and intercellular interactions between distinct plasmids: plasmids promote the immigration of other plasmids but repress co-colonizing plasmids. Plasmid 93, 6–16. doi: 10.1016/j.plasmid.2017.08.003

Gama, J. A., Zilhão, R., and Dionisio, F. (2017b). Co-resident plasmids travel together. Plasmid 93, 24–29. doi: 10.1016/j.plasmid.2017.08.004

Gama, J. A., Zilhão, R., and Dionisio, F. (2017c). Multiple plasmid interference - Pledging allegiance to my enemy’s enemy. Plasmid 93, 17–23. doi: 10.1016/j.plasmid.2017.08.002

Garcia, A., Navarro, F., Miro, E., Villa, L., Mirelis, B., Coll, P., et al. (2007). Acquisition and diffusion of bla(CTX-M-9) gene by R478-IncHI2 derivative plasmids. Fems Microbiol. Lett. 271, 71–77. doi: 10.1111/j.1574-6968.2007.00695.x

Garcillan-Barcia, M. P., and de la Cruz, F. (2008). Why is entry exclusion an essential feature of conjugative plasmids? Plasmid 60, 1–18. doi: 10.1016/j.plasmid.2008.03.002

Gordon, D. M. (1992). Rate of plasmid transfer among Escherichia coli strains isolated from natural populations. Microbiology 138, 17–21. doi: 10.1099/00221287-138-1-17

Gyles, C., and Boerlin, P. (2014). Horizontally transferred genetic elements and their role in pathogenesis of bacterial disease. Vet. Pathol. 51, 328–340. doi: 10.1177/0300985813511131

Hadi, H. W. (2020). Significance of plasmids in bacillus cereus sensu lato group? a review. Plant Arch. 20, 881–890.

Haft, R. J. F., Mittler, J. E., and Traxler, B. (2009). Competition favours reduced cost of plasmids to host bacteria. ISME J. 3, 761–769. doi: 10.1038/ismej.2009.22

Hall, J. P. J., Brockhurst, M. A., Dytham, C., and Harrison, E. (2017). The evolution of plasmid stability: are infectious transmission and compensatory evolution competing evolutionary trajectories? Plasmid 91, 90–95. doi: 10.1016/j.plasmid.2017.04.003

Hall, J. P. J., Harrison, E., Lilley, A. K., Paterson, S., Spiers, A. J., and Brockhurst, M. A. (2015). Environmentally co-occurring mercury resistance plasmids are genetically and phenotypically diverse and confer variable context-dependent fitness effects. Environ. Microbiol. 17, 5008–5022. doi: 10.1111/1462-2920.12901

Hall, J. P. J., Wood, A. J., Harrison, E., and Brockhurst, M. A. (2016). Source–sink plasmid transfer dynamics maintain gene mobility in soil bacterial communities. Proc. Natl. Acad. Sci. U.S.A. 113, 8260–8265. doi: 10.1073/pnas.1600974113

Hall, J. P. J., Wright, R. C. T., Guymer, D., Harrison, E., and Brockhurst, M. A. (2020). Extremely fast amelioration of plasmid fitness costs by multiple functionally diverse pathways. Microbiology 166, 56–62. doi: 10.1099/mic.0.000862

Harr, B., and Schlötterer, C. (2006). Gene expression analysis indicates extensive genotype-specific crosstalk between the conjugative F-plasmid and the E. coli chromosome. BMC Microbiol. 6:80. doi: 10.1186/1471-2180-6-80

Harrison, E., Dytham, C., Hall, J. P. J., Guymer, D., Spiers, A. J., Paterson, S., et al. (2016). Rapid compensatory evolution promotes the survival of conjugative plasmids. Mob. Genet. Elements 6:e1179074. doi: 10.1080/2159256X.2016.1179074

Harrison, E., Guymer, D., Spiers, A. J., Paterson, S., and Brockhurst, M. A. (2015). Parallel compensatory evolution stabilizes plasmids across the parasitism-mutualism continuum. Curr. Biol. 25, 2034–2039. doi: 10.1016/j.cub.2015.06.024

Harrison, E., Hall, J. P. J., and Brockhurst, M. A. (2018). Migration promotes plasmid stability under spatially heterogeneous positive selection. Proc. Biol. Sci. 285:20180324. doi: 10.1098/rspb.2018.0324

Heuer, H., and Smalla, K. (2012). Plasmids foster diversification and adaptation of bacterial populations in soil. FEMS Microbiol. Rev. 36, 1083–1104. doi: 10.1111/j.1574-6976.2012.00337.x

Howard, S. L., Strong, P. C. R., and Wren, B. W. (2009). “The three bears and virulence-associated plasmids in the genus yersinia,” in Microbial Megaplasmids Microbiology Monographs, ed. E. Schwartz (Berlin: Springer), 171–186. doi: 10.1007/978-3-540-85467-8_8

Jackman, S. (2020). {pscl}: Classes and Methods for {R} Developed in the Political Science Computational Laboratory. R Package Version 1.5.5. Sydney, NSW: University of Sydney.

Jalasvuori, M., Friman, V.-P., Nieminen, A., Bamford, J. K. H., and Buckling, A. (2011). Bacteriophage selection against a plasmid-encoded sex apparatus leads to the loss of antibiotic-resistance plasmids. Biol. Lett. 7, 902–905. doi: 10.1098/rsbl.2011.0384

Jordt, H., Stalder, T., Kosterlitz, O., Ponciano, J. M., Top, E. M., and Kerr, B. (2020). Coevolution of host–plasmid pairs facilitates the emergence of novel multidrug resistance. Nat. Ecol. Evol. 4, 863–869. doi: 10.1038/s41559-020-1170-1

Kamruzzaman, M., Shoma, S., Thomas, C. M., Partridge, S. R., and Iredell, J. R. (2017). Plasmid interference for curing antibiotic resistance plasmids in vivo. PLoS One 12:e0172913. doi: 10.1371/journal.pone.0172913

Kaper, J. B., Nataro, J. P., and Mobley, H. L. T. (2004). Pathogenic Escherichia coli. Nat. Rev. Microbiol. 2, 123–140. doi: 10.1038/nrmicro818

Kassambara, A. (2020). ggpubr: “ggplot2” Based Publication Ready Plots. R Package Version 0.4.0. Available online at: https://CRAN.R-project.org/package=ggpubr (accessed June 27, 2020).

Koraimann, G., and Wagner, M. A. (2014). Social behavior and decision making in bacterial conjugation. Front. Cell Infect. Mi 4:54. doi: 10.3389/fcimb.2014.00054

Kottara, A., Hall, J. P. J., Harrison, E., and Brockhurst, M. A. (2016). Multi-host environments select for host-generalist conjugative plasmids. BMC Evol. Biol. 16:70. doi: 10.1186/s12862-016-0642-z

Kottara, A., Hall, J. P. J., Harrison, E., and Brockhurst, M. A. (2018). Variable plasmid fitness effects and mobile genetic element dynamics across Pseudomonas species. FEMS Microbiol. Ecol. 94:fix172. doi: 10.1093/femsec/fix172

Lau, B. T. C., Malkus, P., and Paulsson, J. (2013). New quantitative methods for measuring plasmid loss rates reveal unexpected stability. Plasmid 70, 353–361. doi: 10.1016/j.plasmid.2013.07.007

Levin, B. R., Stewart, F. M., and Rice, V. A. (1979). The kinetics of conjugative plasmid transmission: fit of a simple mass action model. Plasmid 2, 247–260. doi: 10.1016/0147-619X(79)90043-X

Loftie-Eaton, W., Bashford, K., Quinn, H., Dong, K., Millstein, J., Hunter, S., et al. (2017). Compensatory mutations improve general permissiveness to antibiotic resistance plasmids. Nat. Ecol. Evol. 1, 1354–1363. doi: 10.1038/s41559-017-0243-2

Loftie-Eaton, W., Yano, H., Burleigh, S., Simmons, R. S., Hughes, J. M., Rogers, L. M., et al. (2016). Evolutionary paths that expand plasmid host-range: implications for spread of antibiotic resistance. Mol. Biol. Evol. 33, 885–897. doi: 10.1093/molbev/msv339

Lüdecke, D., Makowski, D., Waggoner, P., and Patil, I. (2020). performance: Assessment of Regression Models Performance. R Package Version 0.4.6. Available online at: https://CRAN.R-project.org/package=performance (accessed July 27).

Lundquist, P. D., and Levin, B. R. (1986). Transitory derepression and the maintenance of conjugative plasmids. Genetics 113, 483–497.

Mangiafico, S. (2019). rcompanion: Functions to Support Extension Education Program Evaluation. R Package Version 2.3.7. Available online at: https://CRAN.R-project.org/package=rcompanion (accessed February 09, 2020).

Microsoft and Weston, S. (2019). foreach: Provides Foreach Looping Construct. R Package Version 1.4.8. Available online at: https://CRAN.R-project.org/package=foreach (accessed March 03, 2020).

Microsoft Corporation and Weston, S. (2019). doParallel: Foreach Parallel Adaptor for the “parallel” Package. R Package Version 1.0.15. Available online at: https://CRAN.R-project.org/package=doParallel (accessed August 02, 2019).

Nojiri, H., Shintani, M., and Omori, T. (2004). Divergence of mobile genetic elements involved in the distribution of xenobiotic-catabolic capacity. App. Microbiol. Biotechnol. 64, 154–174. doi: 10.1007/s00253-003-1509-y

Nordström, K., and Austin, S. J. (1989). Mechanisms that contribute to the stable segregation of plasmids. Annu. Rev. Genet. 23, 37–69. doi: 10.1146/annurev.ge.23.120189.000345

Novick, R. P. (1987). Plasmid Incompatibility. Microbiol. Rev. 51, 381–395.

Ogle, D. H., Wheeler, P., and Dinno, A. (2019). FSA: Fisheries Stock Analysis. R Package Version 0.8.25. Available online at: https://github.com/droglenc/FSA (accessed June 1, 2020).

Ojala, V., Laitalainen, J., and Jalasvuori, M. (2013). Fight evolution with evolution: plasmid-dependent phages with a wide host range prevent the spread of antibiotic resistance. Evol. Appl. 6, 925–932. doi: 10.1111/eva.12076

Pedersen, T. L. (2020). patchwork: The Composer of Plots. Available online at: https://patchwork.data-imaginist.com (accessed June 22, 2020).

Peña-Miller, R., Rodríguez-González, R., MacLean, R. C., and San Millan, A. (2015). Evaluating the effect of horizontal transmission on the stability of plasmids under different selection regimes. Mob. Genet. Elements 5, 1–5. doi: 10.1080/2159256X.2015.1045115

Porse, A., Schonning, K., Munck, C., and Sommer, M. O. A. (2016). Survival and Evolution of a Large Multidrug Resistance Plasmid in New Clinical Bacterial Hosts. Mol. Biol. Evol. 33, 2860–2873. doi: 10.1093/molbev/msw163

R Core Team (2018). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Radnedge, L., Davis, M. A., Youngren, B., and Austin, S. J. (1997). Plasmid maintenance functions of the large virulence plasmid of Shigella flexneri. J. Bacteriol. 179, 3670–3675. doi: 10.1128/jb.179.11.3670-3675.1997

Sagai, H., Iyobe, S., and Mitsuhashi, S. (1977). Inhibition and facilitation of transfer among Pseudomonas-Aeruginosa R Plasmids. J. Bacteriol. 131, 765–769. doi: 10.1128/jb.131.3.765-769.1977

San Millan, A. (2018). Evolution of plasmid-mediated antibiotic resistance in the clinical context. Trends Microbiol. 26, 978–985. doi: 10.1016/j.tim.2018.06.007

San Millan, A., Heilbron, K., and MacLean, R. C. (2014a). Positive epistasis between co-infecting plasmids promotes plasmid survival in bacterial populations. ISME J. 8, 601–612. doi: 10.1038/ismej.2013.182

San Millan, A., Peña-Miller, R., Toll-Riera, M., Halbert, Z. V., McLean, A. R., Cooper, B. S., et al. (2014b). Positive selection and compensatory adaptation interact to stabilize non-transmissible plasmids. Nat. Commun. 5:5208. doi: 10.1038/ncomms6208

San Millan, A., Toll-Riera, M., Qi, Q., Betts, A., Hopkinson, R. J., McCullagh, J., et al. (2018). Integrative analysis of fitness and metabolic effects of plasmids in Pseudomonas aeruginosa PAO1. ISME J. 12, 3014–3024. doi: 10.1038/s41396-018-0224-8

San Millan, A., Toll-Riera, M., Qi, Q., and MacLean, R. C. (2015). Interactions between horizontally acquired genes create a fitness cost in Pseudomonas aeruginosa. Nat. Commun. 6:6845. doi: 10.1038/ncomms7845

Schauberger, P., and Walker, A. (2019). openxlsx: Read, Write and Edit xlsx Files. R Package Version 4.1.3. Available online at: https://CRAN.R-project.org/package=openxlsx (accessed May 06, 2020).

Sezonov, G., Joseleau-Petit, D., and D’Ari, R. (2007). Escherichia coli physiology in luria-bertani broth. J. Bacteriol. 189, 8746–8749. doi: 10.1128/JB.01368-07

Sheppard, R. J., Beddis, A. E., and Barraclough, T. G. (2020). The role of hosts, plasmids and environment in determining plasmid transfer rates: a meta-analysis. Plasmid 108:102489. doi: 10.1016/j.plasmid.2020.102489

Silva, R. F., Mendonca, S. C. M., Carvalho, L. M., Reis, A. M., Gordo, I., Trindade, S., et al. (2011). Pervasive sign epistasis between conjugative plasmids and drug-resistance chromosomal mutations. PLoS Genet. 7:e1002181. doi: 10.1371/journal.pgen.1002181

Simonsen, L. (1991). The existence conditions for bacterial plasmids: theory and reality. Microb. Ecol. 22, 187–205. doi: 10.1007/BF02540223

Simonsen, L., Gordon, D. M., Stewart, F. M., and Levin, B. R. (1990). Estimating the rate of plasmid transfer: an end-point method. Microbiology 136, 2319–2325. doi: 10.1099/00221287-136-11-2319

Soetaert, K. (2009). rootSolve: Nonlinear Root Finding, Equilibrium and Steady-State Analysis of Ordinary Differential Equations. R Package 1.6.

Soetaert, K., Petzoldt, T., and Setzer, R. W. (2010). Solving Differential Equations in {R}: package de{S}olve. J. Sta. Softw. 33, 1–25. doi: 10.18637/jss.v033.i09

Sota, M., Yano, H., Hughes, J., Daughdrill, G. W., Abdo, Z., Forney, L. J., et al. (2010). Shifts in host range of a promiscuous plasmid through parallel evolution of its replication initiation protein. ISME J. 4, 1568–1580. doi: 10.1038/ismej.2010.72

Stalder, T., Rogers, L. M., Renfrow, C., Yano, H., Smith, Z., and Top, E. M. (2017). Emerging patterns of plasmid-host coevolution that stabilize antibiotic resistance. Sci. Rep. 7:4853. doi: 10.1038/s41598-017-04662-0

Starikova, I., Al-Haroni, M., Werner, G., Roberts, A. P., Sørum, V., Nielsen, K. M., et al. (2013). Fitness costs of various mobile genetic elements in Enterococcus faecium and Enterococcus faecalis. J. Antimicrob. Chemother. 68, 2755–2765. doi: 10.1093/jac/dkt270

Stevenson, C., Hall, J. P. J., Brockhurst, M. A., and Harrison, E. (2018). Plasmid stability is enhanced by higher-frequency pulses of positive selection. Proc. Biol. Sci. 285, 20172497. doi: 10.1098/rspb.2017.2497

Stewart, F. M., and Levin, B. R. (1977). The population biology of bacterial plasmids: a PRIORI conditions for the existence of conjugationally transmitted factors. Genetics 87, 209–228.

Toussaint, A., and Merlin, C. (2002). Mobile elements as a combination of functional modules. Plasmid 47, 26–35. doi: 10.1006/plas.2001.1552

Turner, P. E., Cooper, V. S., and Lenski, R. E. (1998). Tradeoff between horizontal and vertical modes of transmission in bacterial plasmids. Evolution 52, 315–329. doi: 10.2307/2411070

Wickham, H. (2007). Reshaping Data with the {reshape} Package. J. Stat. Softw. 21, 1–20.

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York, NY: Springer-Verlag.

Yano, H., Wegrzyn, K., Loftie-Eaton, W., Johnson, J., Deckert, G. E., Rogers, L. M., et al. (2016). Evolved plasmid-host interactions reduce plasmid interference cost. Mol. Microbiol. 101, 743–756. doi: 10.1111/mmi.13407

Zwanzig, M., Harrison, E., Brockhurst, M. A., Hall, J. P. J., Berendonk, T. U., and Berger, U. (2019). Mobile compensatory mutations promote plasmid survival. mSystems 4:e00186-18. doi: 10.1128/mSystems.00186-18


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Gama, Zilhão and Dionisio. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 04 September 2020
doi: 10.3389/fmicb.2020.02062





[image: image]

Intracellular Competitions Reveal Determinants of Plasmid Evolutionary Success

Nils F. Hülter, Johannes Effe, Ana Garoña and Tal Dagan*

Institute of General Microbiology, Kiel University, Kiel, Germany

Edited by:
Eva M. Top, University of Idaho, United States

Reviewed by:
Ruichao Li, Yangzhou University, China
Francisco Dionisio, University of Lisbon, Portugal
Thibault Stalder, University of Limoges, France

*Correspondence: Tal Dagan, tdagan@ifam.uni-kiel.de

Specialty section: This article was submitted to Evolutionary and Genomic Microbiology, a section of the journal Frontiers in Microbiology

Received: 03 May 2020
Accepted: 05 August 2020
Published: 04 September 2020

Citation: Hülter NF, Wein T, Effe J, Garoña A and Dagan T (2020) Intracellular Competitions Reveal Determinants of Plasmid Evolutionary Success. Front. Microbiol. 11:2062. doi: 10.3389/fmicb.2020.02062

Plasmids are autonomously replicating genetic elements that are ubiquitous in all taxa and habitats where they constitute an integral part of microbial genomes. The stable inheritance of plasmids depends on their segregation during cell division and their long-term persistence in a host population is thought to largely depend on their impact on the host fitness. Nonetheless, many plasmids found in nature are lacking a clear trait that is advantageous to their host; the determinants of plasmid evolutionary success in the absence of plasmid benefit to the host remain understudied. Here we show that stable plasmid inheritance is an important determinant of plasmid evolutionary success. Borrowing terminology from evolutionary biology of cellular living forms, we hypothesize that Darwinian fitness is key for the plasmid evolutionary success. Performing intracellular plasmid competitions between non-mobile plasmids enables us to compare the evolutionary success of plasmid genotypes within the host, i.e., the plasmid fitness. Intracellular head-to-head competitions between stable and unstable variants of the same model plasmid revealed that the stable plasmid variant has a higher fitness in comparison to the unstable plasmid. Preemptive plasmid competitions reveal that plasmid fitness may depend on the order of plasmid arrival in the host. Competitions between plasmids characterized by similar stability of inheritance reveal plasmid fitness differences depending on the plasmid-encoded trait. Our results further reveal that competing plasmids can be maintained in coexistence following plasmid fusions that maintain unstable plasmid variants over time. Plasmids are not only useful accessory genetic elements to their host but they are also evolving and replicating entities, similarly to cellular living forms. There is a clear link between plasmid genetics and plasmid evolutionary success – hence plasmids are evolving entities whose fitness is quantifiable.
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INTRODUCTION

Extrachromosomal genetic elements are ubiquitous in prokaryotes and eukaryotes. Viruses, mitochondria, bacteriophages and plasmids are examples for extrachromosomal genetic elements that depend on a hosting cell for reproduction where they replicate independently of the chromosome. Some elements are beneficial for their host (e.g., eukaryotic organelles), others are characterized as parasitic (e.g., viruses) or selfish (e.g., transposons). It is commonly agreed that extrachromosomal elements evolve by ‘descent with modification’ where genetic modifications are heritable over time and generations. Nonetheless, studying the effects of natural selection on the evolution of extrachromosomal elements is a challenging concept; how to disentangle the evolutionary success of extrachromosomal elements from that of their host remains an open question in evolutionary biology.

Here we focus on prokaryotic plasmids, which have been extensively studied due to their contribution to gene transfer during microbial evolution. Plasmids encoding for resistance mechanisms to antibiotics confer an immediate advantage to their host fitness under selection for antibiotics resistance. Such plasmids are often found in ecosystems exposed to fluctuating levels of antibiotics (e.g., Pham et al., 2018; González-Plaza et al., 2019). Nonetheless, many plasmids found in nature are lacking a clear trait that is advantageous to the host (i.e., ‘cryptic’ plasmids). For example, a recent study of the rat cecum meta-mobilome revealed hundreds of small novel cryptic plasmids (Jørgensen et al., 2014). Such small cryptic plasmids may carry very few genes next to their replication machinery (e.g., Carneiro et al., 2016; Zhou et al., 2018). Plasmid persistence (i.e., the plasmid presence within a microbial population over time) in the absence of positive selection is mainly dependent on stable plasmid replication and segregation, that is, reproduction and vertical inheritance (Bergstrom et al., 2000; Paulsson, 2002). An important property of plasmids is the number of plasmid copies in the cell (plasmid copy number; PCN) that is tightly regulated by copy number control mechanisms encoded by the plasmid (e.g., Pinkney et al., 1988; Kittell and Helinski, 1991; Wagner et al., 1992). Plasmid replicons are thus typically polyploid hence the plasmid population within a host cell may comprise multiple plasmid variants (i.e., alleles) due to independent emergence of mutations in the plasmid copies (Bedhomme et al., 2017; Rodriguez-Beltran et al., 2018). The PCN can be variable among cells in both space and time and it has important implications for the segregation of plasmid variants (Ilhan et al., 2019). Plasmid segregation into daughter cells during cell division may be facilitated by active partition mechanisms (Baxter and Funnell, 2014) or plasmid diffusion in the cell (Wang, 2017).

Plasmids whose inheritance is unstable may persist in the population, e.g., via infective transmission to plasmid-free cells (Heuer et al., 2007; Hall et al., 2016). Additionally, plasmids may carry functions that confer a competitive advantage to their host, and thus ensure that plasmid-carrying cells will out-compete plasmid-free cells in the population. This includes functions that are beneficial for the host depending on the environmental conditions [e.g., Lactococcus lactis (McKay et al., 1976)], functions that are indispensible for the host regardless of the environmental conditions [e.g., symbiotic lifestyle maintenance (Grote et al., 2016)], and mechanisms for post-segregational killing of plasmid-free cells (Gerdes et al., 1986a, b), which may also lead to the exclusion of competing plasmids (Cooper and Heinemann, 2000). Other factors that may influence plasmid persistence in the population range from positive or negative interactions with the host cell, e.g., with the host replisome (Sota et al., 2010) or defense mechanisms (e.g., Mahendra et al., 2020), to the transcriptional load of plasmid genes (e.g., Buckner et al., 2018).

Previous studies on the evolution of plasmid persistence in naïve hosts focused mainly on plasmids with a large genome size (e.g., >50 Kb) that encode multiple functions that support the stable plasmid inheritance or the plasmid persistence in the population (e.g., Yano et al., 2016; Bottery et al., 2017; Loftie-Eaton et al., 2017). In contrast, small plasmids that do not confer a clear function to their host remain largely understudied. Plasmids that have a negligible effect on their host fitness may evolve a stable inheritance and thus become permanent in the population and an integral component of the lineage genome (Wein et al., 2019). However, quantifying plasmid evolutionary success requires us to disentangle the plasmid reproductive and segregation success from that of the host.

Borrowing terminology from evolutionary research of cellular living forms, we hypothesize that Darwinian fitness is key for the plasmid evolutionary success. Here we define Darwinian fitness of plasmids as the average contribution of a specific plasmid genotype to the plasmid allele pool in the next generation. The fitness of plasmids thus relies on their reproduction, i.e., replication in the cell, and in addition, on their segregation – i.e., inheritance during cell division. We further propose that the concept of plasmid fitness is key for understanding the existence and evolution of plasmids and other extra-chromosomal genetic elements. Notably, natural selection operates on plasmids in two hierarchical levels; one component of plasmid fitness is the host fitness within the population and the second component is the plasmid fitness within the cell. While the first component has been extensively studied, the second component has been so far largely neglected. Here we present a novel approach to compare the fitness of naturally occurring plasmid backbones within the host cell. Our approach includes pairwise in cellulo competitions between selected variants of the same plasmid backbone. We hypothesize that stable plasmid inheritance is an important determinant of plasmid fitness hence a plasmid variant characterized by stable inheritance is expected to outcompete a plasmid variant whose inheritance is unstable.



RESULTS


Comparison of Plasmid Fitness Independent of the Bacterial Host Cell

To study the intracellular dynamics of different plasmid variants, we developed an experimental system that enables us to perform pairwise plasmid competition experiments in Escherichia coli K12 MG1655. For the comparison of plasmid fitness between plasmid variants, we performed pairwise plasmid competitions between two variants of the same model plasmid in two settings: in the direct ‘head-to-head’ competition, pairs of plasmids are competing upon arrival into the same naïve host cell. In the preemptive competition, an invading plasmid is competed against an endemic plasmid (i.e., a plasmid that is already present in the host cell) (Figure 1A). Our system includes two variants of the same plasmid backbone: pCON and pCON-S. Both plasmids originated from the pBBR1 backbone isolated from Bordetella bronchiseptica (Antoine and Locht, 1992); the pBBR1 plasmid is typically characterized by a small genome size and it is widely spread in diverse environments (Wein et al., 2019). The plasmids pCON and pCON-S are non-mobile, encode the kanamycin resistance gene nptII and have a comparable plasmid copy number ranging between 2 and 6 (Wein et al., 2019, 2020). While pCON is characterized by an unstable inheritance in a population, and accordingly is lost over time, pCON-S is characterized by a stable inheritance in the population over long time scales (Wein et al., 2020). The instability of pCON is a result of transcription-replication conflicts of the plasmid replication machinery and the transcription of the nptII gene (Wein et al., 2019) that is resolved by an insertion between the nptII gene and the oriV region in pCON-S (Wein et al., 2020) (see details in Figure 1B) (Wein et al., 2019, 2020). Both pCON and pCON-S have no measurable effect on host fitness (Wein et al., 2019, 2020). To compete both plasmid variants in the same host, we created pCON2 and pCON-S2 in which we replaced the kanamycin resistance gene nptII with the cat gene that confers resistance to chloramphenicol (Figure 1B). Testing the plasmid stability in an overnight incubation (ca. 8 generations) showed that pCON2 had a loss frequency of 11% ± 3.5 (SE; n = 6), which is comparable to pCON, while pCON-S2 had no measurable loss (n = 6). Both pCON2 and pCON-S2 had no measurable effect on the host fitness (Supplementary Figure S1). Thus, hosts of all plasmid variants in our experiment had a similar fitness under the tested conditions such that differences in plasmid frequency in the population over time can be attributed to differences in the success of the plasmid to complete a full replication and segregation cycle rather than the fitness of their host.
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FIGURE 1. In cellulo comparison of plasmid fitness using pairwise competition experiments. (A) Pairwise competition assay designs. In the head-to-head competition mode, the competing plasmids are introduced into the host simultaneously. In the preemptive competition mode, the competing plasmids are introduced into the host consecutively. Hosts of both plasmids constitute the initial population for the competition. The result of the plasmid competition is evaluated according to the frequency of host types at the end of the experiments. These include plasmid-specific hosts, hosts of both plasmids in coexistence (as well as plasmid-free segregants). (B) Our set of competitor model plasmids comprised two unstable (pCON and pCON2) and two stable plasmids (pCON-S and pCON-2S) derived from the broad-host-range replicon pBBR1 allowing the assessment of plasmid fitness in reciprocal combinations (shown as arrows in the figure). nptII, kanamycin resistance gene; cat, chloramphenicol resistance gene, oriV, origin of replication; rep, replication initiation; PnptII, native promoter of the nptII gene from Tn5. Relevant restriction sites are indicated. Previously, we showed that pCON instability is caused by transcription-replication conflicts of the resistance gene transcription and the plasmid replication machinery (Wein et al., 2019). The two stable plasmids (pCON-S and pCON-S2) are characterized by the presence of a longer segment between the resistance gene and the origin of replication in comparison to the unstable plasmids (marked by a triangle).


In the competition experiments, the two plasmid variants were transformed into an E. coli population and the presence of both plasmids was validated according to the host resistance to both antibiotics. Hosts of both plasmids were plated on non-selective media and incubated overnight, which amounts to ca. 25 generations. The frequency of both competing plasmids was estimated from the frequency of hosts harboring the plasmids within the population (i.e., as observed in single colonies). Considering the negligible effect of our model plasmids on the host fitness and the minimal number of host cell divisions in the experiment, the observed differences in plasmid frequencies within the population can be interpreted as evidence for differences in the fitness of individual plasmids within the host. Our approach is parallel to the Luria–Delbrück experiment (termed fluctuation test) that was conceived in order to test for a deviation in the frequency of newly emergent chromosomal mutations from the random expectation (Luria and Delbrück, 1943). Using the same logic, if the reproductive success of both competing plasmids is similar then their frequency in the host is expected to be the result of random plasmid segregation only, such that the frequency distribution will be similar between the two plasmids across replicates. Alternatively, if plasmid stability were a determinant of plasmid reproductive success then we would expect the stable plasmid to be significantly more frequent in comparison to the unstable plasmid across replicates.



The Stability of Plasmid Inheritance Is a Determinant of Plasmid Fitness

To evaluate the impact of plasmid stability on the reproductive success (i.e., fitness) of competing plasmids, we performed direct competitions between the unstable pCON and the stable pCON-S2 as well as the reciprocal set of pCON2 and pCON-S. Plasmid frequency in the population was measured using the proxy of the proportion of hosts harboring the two plasmids. The results of the head-to-head competition between pCON and pCON-S2 reveal that the frequency of the stable pCON-S2 hosts was higher than that of the unstable pCON hosts (Figure 2A). The stable pCON-S2 was present in most replicate populations (28 out of 35), where the majority of the populations harbored only pCON-S2 hosts hence in these populations pCON went extinct. Overall, pCON was observed in only a few populations (10 out of 35) where pCON hosts typically comprised a minority within the host population. One replicate population stood out as an exception, in which pCON hosts comprised the majority of the population. Additionally, cells hosting a combination of both plasmids in a co-existence were observed in 16 of the populations, where they often comprised the majority of hosts and up to 100% hosts in two of the replicates. The results of the reciprocal head-to-head competition between pCON2 and pCON-S reveal a similar pattern, where the frequency of the stable plasmid pCON-S hosts was higher than that of the unstable pCON2 hosts (Figure 2D). At the end of the competition, the stable plasmid pCON-S was present in most of the replicates (29 out of 36) with eight replicates comprising 100% pCON-S hosts. The unstable plasmid pCON2 was observed in 16 of the replicates, albeit with a low proportion of hosts (<23%). Hosts harboring both plasmids where observed in 27 populations and their frequency was generally high, approaching 100% of hosts in six of the populations (Figure 2D). Both head-to-head competitions show that when an unstable plasmid is in direct competition with a stable plasmid it may be lost from the population. Furthermore, our results show that the loss frequency of pCON while in competition with a stable plasmid is much higher in comparison to the pCON loss frequency observed in a pCON host-only population. Nevertheless, our results reveal a high frequency of cells that host both plasmids, i.e., where the unstable and stable plasmids coexist.
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FIGURE 2. Plasmid competition experiments reveal fitness differences between competing plasmids. Plots (A–K) show the results of plasmid competition experiments. The stacked bar graphs show the results of all replicates in the competition experiment with shaded area in the bars proportional to the proportion of host types in the population (see legends). The scatter plots right of each bar graph show a comparison of the proportion of hosts of the two competing plasmids with dot color according to the plasmid type (see legend) and an error bar depicting the mean and standard deviation. The proportion of hosts was compared between the two competing plasmids using a paired sign test (Zar, 2013) with the null hypothesis H0: the frequency of the plasmid with the lower mean proportion of hosts (i.e., less frequent) is lower or equal the frequency of the plasmid with the higher mean proportion of hosts (i.e., more frequent). Replicates marked by * in (B) were further evolved in a serial transfer experiment (see Figure 4). A comparison of host composition in the evolved populations reveals no clear clustering of replicates derived from the same ancestral clone (Supplementary Figure S3), hence we consider the variability among replicates as independent of their ancestral population. Competitions where the unstable plasmid gained a majority in the population, including those depicted in subplots (A,H,K), were further analyzed by plasmid preparations of sampled colonies. The plasmid content in those replicates validated that, indeed, they were overtaken by the unstable plasmid.


The emergence of segregants (i.e., plasmid-free cells) was observed in both head-to-head competition experiments. The plasmid loss frequency in the pCON/pCON-S2 competition was quite moderate, affecting 13 (36%) of the populations (Supplementary Figure S2). In comparison, plasmid loss frequency in the reciprocal pCON2/pCON-S competition was pervasive, affecting 29 (80,5%) of the populations with a median of 50% segregants per population (Supplementary Figure S2).

Overall, the results of the head-to-head competition reveal a significant deviation from the random expectation as the stable plasmid had a higher frequency in the population in comparison to the unstable plasmid across replicates. Consequently, we conclude that the stable plasmid had a higher fitness in comparison to the unstable plasmid. Our results further show that a competition among plasmids in the cell may lead to the exclusion and extinction of unstable plasmids.



Plasmid Fitness Depends on the Order of Plasmid Arrival in the Host

The establishment of plasmids in a new host may depend on the presence of other resident plasmids in the host (Kusano et al., 1995; Cooper and Heinemann, 2000). To further test if the effect of plasmid stability on plasmid fitness depends on the plasmid order of arrival, we performed preemptive competition experiments where the competitor plasmid – termed here invading plasmid – is transformed into a host population of the contender plasmid – termed here endemic plasmid. The results of the pCON/pCON-S2 preemptive competitions reveal that the stable plasmid pCON-S2 had a higher frequency in the population in comparison to the unstable plasmid pCON, regardless of order of plasmid arrival, i.e., as the endemic or invading plasmid (Figures 2B,C). When pCON was the endemic plasmid, hosts of pCON-S2 comprised the majority in most replicates while pCON hosts went extinct in most populations. In addition, we observed the emergence of hosts where both plasmids were maintained in coexistence, which comprised ca. 100% of the population in three of the replicates (Figure 2B). When pCON was the invading plasmid, we observed several replicates that included pCON hosts, with five replicates where pCON outcompeted pCON-S2 (Figure 2C). To perform the reciprocal preemptive competition of pCON-S and pCON2 we transformed populations of endemic pCON-S with an invading pCON2, and the other way around. The experiment with pCON-S as the endemic plasmid yielded no transformant colonies, while having pCON2 as the endemic plasmid yielded only a single colony. The overnight pCON2/pCON-S competitions showed that pCON-S hosts comprised the majority of the population, while pCON2 went extinct in all six replicates. Hosts maintaining both plasmids in coexistence were observed with a low frequency (Supplementary Table S2). We note that the pCON2/pCON-S head-to-head competition was characterized by a high proportion of segregants (Supplementary Figure S2), suggesting that the combination of pCON2 and pCON-S cannot be stably maintained within the population.

Taken together, the results of preemptive competition experiments demonstrate that the stable plasmid had a higher fitness in comparison to the unstable plasmid, regardless the order of arrival and the plasmid marker genes nptII and cat.



Plasmid Fitness Advantage Depends on a Plasmid Encoded Trait

Our results so far show that plasmid stability determines plasmid fitness. Nonetheless, plasmids may differ not only with regards to their stability, but also in the traits that they encode. To further examine the effect of plasmid-encoded traits on the plasmid fitness, we compared the fitness of plasmids having similar stability but differ in the antibiotic resistance gene that they carry. For that purpose, we performed pairwise competition experiments between the two stable plasmid variants and between the two unstable plasmid variants.

The results of the head-to-head competition between pCON-S and pCON-S2 showed that the frequency of pCON-S hosts was higher than that of pCON-S2 hosts, which were observed in only three replicates in a very low frequency (Figure 2F and Supplementary Table S2). In addition, we observed the emergence of plasmid coexistence in several replicates with hosts of both plasmids comprising the majority of the population (>60%) only in three replicates (Figure 2F). The preemptive competitions performed with both stable plasmids show that pCON-S hosts comprised the majority of replicates regardless of whether pCON-S was the endemic or the invading plasmid (Figures 2G,H). The reciprocal preemptive competition with pCON-S2 as the endemic plasmid resulted in similar dynamics with the majority of replicates (31 out of 36) and one exceptional replicate where only pCON-S2 hosts where observed (Figure 2H and Supplementary Table S2). Plasmid loss in all competition experiments was minimal when pCON-S was the endemic plasmid and slightly higher when pCON-S2 was the endemic plasmid (Supplementary Figure S2).

Comparing the proportion of pCON-S and pCON-S2 hosts in all competition experiments shows that pCON-S maintained a higher frequency in the population regardless of the order of arrival. The results of the competition experiments between stable plasmids thus show that the presence (or invasion) of a stable plasmid may lead to the exclusion of an equally stable plasmid type. We observe a clear fitness advantage of the nptII-encoding plasmid over the cat-encoding plasmid despite their equal stability. Whether the expression of nptII or cat has an impact on the host fitness under the conditions we applied in our experiments remain unknown. Our results thus indicate that in a competition between equally stable plasmids, other plasmid properties may be important determinants of the plasmid fitness.

The results of the head-to-head competition of both unstable plasmids – pCON and pCON2 – show that half of the replicates included a majority of pCON hosts, while the other half included a majority of host where both plasmids coexisted (Figure 2I). The presence of pCON2 could be observed only in two of the replicates, albeit, at a very small frequency. A similar trend was observed in the results of the preemptive competitions between the two unstable plasmids. When pCON was the endemic plasmid and pCON2 the invading plasmid, the frequency of pCON hosts was higher than the frequency of pCON2 hosts (Figure 2J). The presence of the invading plasmid pCON2 was observed in 19 of the replicates, with a maximum frequency of 60% (Supplementary Table S2). The presence of pCON and pCON2 was observed in most replicates, with hosts of both plasmids in coexistence making up for the majority in 14 (44%) of the replicates. In the reciprocal preemptive competition with pCON2 as the endemic plasmid and pCON as the invading plasmid, the frequency of pCON hosts was higher in comparison to the frequency of pCON2 hosts (Figure 2K). The presence of pCON2 could be observed only in five replicates with one replicate including only pCON2 hosts. Additionally, we observed the emergence of hosts of both plasmids in coexistence in seven replicates, with four replicates comprising mostly hosts of both plasmids (Figure 2K and Supplementary Table S2). The plasmid loss frequency was similar among the three pCON/pCON2 competitions (Supplementary Figure S2). The results of the competition experiments between the two unstable plasmids show that pCON had a fitness advantage over pCON2. The results of the pairwise competition experiments between the stable or unstable plasmid pairs show that the same plasmid type (i.e., encoding the same trait) had a fitness advantage over the other plasmid type regardless of plasmid stability.



Competing Plasmids Are Maintained via Plasmid Fusion Over Time

Our results show that different plasmid variants can be maintained in coexistence. Plasmid coexistence may be explained either by plasmid co-residence in the cell or by plasmid recombination (i.e., plasmid fusions). To further investigate the genetic basis of plasmid coexistence, we analyzed the plasmids from double resistant colonies from each of the “head-to-head” competition experiments. In all of the plasmid hosts we observed large plasmids much above the size of our model plasmids (up to ∼20 Kb). Restriction enzyme digestion analysis showed that these large plasmids corresponded to fusions of both competing plasmids. Hence, the plasmids recombined to form heteromultimeric structures (Figure 3A). We did not observe any apparent re-arrangements or deletions in the plasmid genomes; instead the multimers were composed of the intact plasmids in tandem repeat orientation (Figure 3A). Notably, different heteromultimeric combinations appeared in variable frequencies across plasmid hosts such that no two plasmid populations looked alike. The presence of such diverse combinations of multimers in single hosts suggests that the formation and diversification of plasmid multimers is a dynamic and rapid process. In order to assess whether the observed multimeric plasmids are heritable, we excised a plasmid multimer from an agarose gel and transformed it into an E. coli MG1655 host. Indeed, we obtained a double resistant clone and subsequent DNA analysis validated that the excised plasmid contained a heteromultimeric plasmid fusion. A diversity of plasmid fusions was reconstituted already after overnight incubation, adding further support that the process of plasmid diversification is rapid. Our results thus demonstrate that plasmid coexistence is achieved by plasmid fusions that are heritable.
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FIGURE 3. Plasmid fusions produce inheritable heteromultimeric plasmids. Heteromultimer specific restriction products were obtained after digesting the plasmid DNA with PstI and ScaI that cleave as indicated in the schematic plasmid maps. The specific products are indicated by colored arrows whose pattern match the pattern of the respective restriction fragment in the plasmid maps. The heteromultimeric plasmids are depicted as multimers with colors corresponding to the competed plasmids (Figure 1). The head to tail orientation of the individual plasmid units is indicated by arrows of the respective marker genes nptII and cat (according to plasmid directionality shown in Figure 1). (A) Diverse plasmid (hetero-)multimers dominate the total plasmid content at the end of the competition. A representative clone (9.1.4) from the “head-to-head” competition between the unstable plasmids pCON and pCON2 was analyzed to test whether hetero-multimeric plasmid form is inheritable. A heteromultimer was isolated from a non-treated DNA preparation (red rectangle) and used for the re-introduction into E. coli MG1655 (curved arrow). (B) Plasmid heteromultimers can be stably maintained. Plasmid content analysis of representative clones from the preemptive competition experiment between the stable plasmid pCON-2S and the invading unstable plasmid pCON at the end of the serial transfer experiment shown in Supplementary Figure S4. Note that the plasmid content shown in (A) is comprised of various multimer types and not dominated by a specific type of heteromultimer as shown in (B). The full plasmid content analysis with an extended explanation is shown in Supplementary Figure S4. Our results further show that pBBR1-like plasmids may recombine to form fusion plasmids (plasmid multimers) that can replicate in presence of multiple origins of replication (oriVs).


To test the persistence of such plasmid fusions in the population over time, we performed a short-term evolution experiment of representative populations where hosts of both plasmids comprised the majority of the population. For that purpose, we selected three populations from the pCON/pCON-S2 competition experiment (Figure 2B). Eight replicates from each population were evolved in serial transfer for 4 days, that is, ca. 80 generations. The experiment results reveal that hosts of both plasmids in coexistence were maintained in the population over time in most replicates (Figure 4). The fixation of plasmid coexistence (i.e., >90% of hosts) was observed in two replicates, while in the other replicates we observed the emergence of separate populations of pCON and pCON-S2 hosts. In four of the replicates, hosts of pCON-S2 constituted the majority of the population at the end of the experiment. Our results thus indicate that plasmid coexistence is a reversible state where both stable and unstable plasmids are able to segregate from hosts carrying plasmid fusions.
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FIGURE 4. Plasmid coexistence is stable over time. Each subplot shows the results of a short-term evolutionary experiment for a single replicate population with rows corresponding to the three ancestral populations. The solitary stacked bars on the left show the initial host composition in the ancestral population (as in Figure 2). Lines in the plots show the proportion of hosts over the experiment. The host composition at the end of the experiment is shown by a stacked bar. The frequency of segregants (i.e., plasmid loss) reached 100% in two of the replicates; otherwise, plasmid loss was rather low with a median of 1.4% segregants per day in the total replicates. The full data set is provided in Supplementary Table S3.


To investigate the genetics of the plasmid coexistence in the evolved populations, we analyzed plasmid DNA of representative hosts from eight of the evolved populations (4.1 and 4.3). Again, we observed heteromeric plasmid fusions in all of the analyzed samples, albeit at a much reduced diversity (Figure 3B). The decreased diversity of plasmid multimers allowed us to resolve some of the plasmid fusions into distinct plasmid compositions. Examples of heteromultimeric structures include oligomers where two pCON plasmid molecules were fused with one molecule of plasmid pCON-S2, forming a heterotrimer (Figure 3B). Notably, we frequently observed faint bands that matched the size of supercoiled monomers of the model plasmids, suggesting that the plasmid coexistence state is either accompanied by the persistence of plasmid monomers or their reappearance through intramolecular recombination within multimers (Supplementary Figure S4B). This observation is further supported by the segregation into plasmid-specific hosts we observed in the serial transfer experiment (Figure 4). Our results thus show that the competing plasmids can be maintained in coexistence following plasmid fusions that can maintain the unstable plasmid over time. Furthermore, we show that plasmid fusion diversity is reduced over time, which indicates that certain plasmid fusions may have a fitness advantage over others.




DISCUSSION

Stable reproduction and segregation during cell division are essential for plasmid persistence in the population over time. Increasing evidence shows that the persistence of mobile plasmids under strong selection for the plasmid-encoded function is mainly governed by vertical inheritance, while lower selection pressure for the plasmid leads to persistence by mobility in the population (e.g., Lopatkin et al., 2016; Hall et al., 2017; Stevenson et al., 2017). Strong selective conditions for the plasmid presence eliminate non-hosts from the population, thus revealing plasmids that maintain (or adapt) a stable inheritance with the host. When the strength of selection is reduced (or eliminated), plasmids whose segregation is incomplete can persist in the population by alternative mechanisms [e.g., mobility (Hall et al., 2016, 2017; Gumpert et al., 2017; Lopatkin et al., 2017)]. Using our approach for direct in cellulo plasmid-competitions, we demonstrate the importance of plasmid stability for the evolutionary success (i.e., fitness) of plasmids, even under very short time scales. Nevertheless, our results reveal that unstable plasmid variants may, in several cases, rise to a high frequency in the population (e.g., Figure 2C). Previously we suggested that the effect of selection on plasmid alleles is reduced due to random genetic drift of plasmid alleles during cell division – termed segregational drift (Ilhan et al., 2019). Since the dynamics of plasmid alleles under non-selective conditions largely depends on allele frequency in the population (Ilhan et al., 2019), a stable plasmid may still be lost from the population when its initial frequency in the ancestral cell is low. Our results thus support the notion that segregational drift of plasmid alleles may lead, in some cases, to the fixation of inferior plasmid variants in the population.

Plasmid persistence in a host may depend on an interaction with co-residing plasmids (e.g., San Millan et al., 2009, 2014; Silva et al., 2011; Dionisio et al., 2019; Jordt et al., 2020) or on their recombination and fusion with other plasmids. Recombination routes were shown to facilitate the formation of mosaic plasmids, a phenomenon often observed in different plasmids of the same host lineage (e.g., Chaconas and Norris, 2013; Pesesky et al., 2019). Recombination observed between sites in a single plasmid genome may indicate that plasmid recombinants form routinely when host recombination pathways are encoded in the host genome (e.g., Flores et al., 2000). Indeed, plasmid recombination is dependent on the host recombination pathways and the formation of plasmid oligomers occurs along the normal lifecycle of plasmids (e.g., James et al., 1982; Chédin et al., 1997). The main cause for the formation of dimers and higher multimers is homologous recombination between spatially linked sister plasmids during or after replication. In contrast, the formation of heteromeric plasmids depends on the recombination of non-sister plasmid molecules (i.e., recombination between two different plasmids). When recombination between non-sister molecules happens early after entry of an invading plasmid (or two plasmids invading at the same time), recombination could lower the effective plasmid copy number of the individual plasmids available for segregation into daughter cells and act as purifying selection toward the existence of the two competing plasmids in a hybrid state (i.e., a heteromer) under double selection. In the competition experiments involving the unstable plasmid pCON2, where we observed higher frequencies of hosts maintaining both plasmids in coexistence (Figures 2D,I,J), such early recombination events might have happened, thereby allowing pCON2 to escape from rapid extinction. Since our experimental design required one step of double selection after plasmid delivery into the host cells, such heteromultimeric forms might have had higher fitness than the individual monomers and were more rapidly purified.

Since the competing plasmid pairs in our experiments share full sequence identity, except for the marker genes nptII and cat, the occurrence of rearrangements within the heteromeric plasmids is expected (Doherty et al., 1983). However, we did not observe any apparent rearrangements in the analyzed heteromultimeric plasmids; all of them comprised units of the model plasmids in tandem orientation. It is likely that the non-identical gene sequences between the plasmid units in a heteromultimer limited recombination to single crossover events, which led to either demultimerization or the formation of higher multimers (i.e., in the recombination between different plasmid molecules). Indeed, the resolution of dimers and higher order multimers back to monomeric forms is possible via intramolecular homologous recombination (Kolodner, 1980) or through site-specific recombination that is mediated by a plasmid – or host – encoded multimer resolution system (e.g., Stark et al., 1992; Fournes et al., 2016). Consequently, the observed stability of heteromultimeric plasmid fusions in our experiments is most likely the result of slow multimer-to-monomer conversion rates by the host-encoded recombination pathways (Summers et al., 1993) and the lack of an apparent multimer resolution site in our model plasmids.

In our experiment, a short-term selective event of both antibiotics was sufficient to select for the larger fusion plasmids. Our results reveal a diversification process of plasmid fusion variants over time that leads to the enrichment of selected variants. Selection for antibiotics resistance may preserve unstable plasmid variants in the population (Wein et al., 2020); our results here show that such unstable plasmids can be maintained in the population over time also under non-selective conditions via plasmid fusion. Plasmid fusion of plasmid alleles conferring resistance to different antibiotics has been invoked as a likely route for the evolution of plasmids carrying multiple antibiotics resistance genes (Condit and Levin, 1990). Indeed, the emergence of plasmids conferring resistance to different antibiotics is conceivable, e.g., for plasmids having a high copy number and hence an increased mutational supply (Rodriguez-Beltran et al., 2018), or following gene acquisition by lateral gene transfer [i.e., homologous recombination (Norberg et al., 2011)]. The results of our experiment suggest that once plasmid fusions are formed – in our experiment due to a single selection event – they can enable a stable inheritance of resistance to multiple antibiotics over time also under non-selective conditions. Thus, plasmid stability that is facilitated by plasmid fusion may be a route of plasmid long-term persistence, especially in environments with fluctuating selection pressure.

The comparison of plasmid evolutionary success demonstrates that plasmids variants may differ in their fitness. Our results support the notion that natural selection operates on plasmids in two hierarchical levels: one component is the plasmid fitness within the cell, and the other is the host fitness within the population. Notably, similar principles may apply to the evolution of other extra-chromosomal elements such as mitochondria (Taylor et al., 2002; Gitschlag et al., 2016) and viruses (Krakauer and Komarova, 2003). Our results thus suggest that plasmids in a host cell should be viewed as Darwinian entities whose evolution is governed by basic principles of population genetics, a process partially independent of the hosting bacterial populations. Plasmids are not only useful accessory genetic elements to their host but they are also evolving and replicating entities, similarly to cellular living forms. There is a clear link between plasmid genetics and plasmid evolutionary success – hence plasmids are evolving entities whose fitness can be quantified.



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

The wild-type laboratory E. coli K-12 strain MG1655 was used as the model organism (DSM No. 18039, German Collection of Microorganisms and Cell Cultures, DSMZ). E. coli DH5α (Hanahan, 1983) was used during plasmid constructions and for the analysis of re-introduced plasmids from the plasmid fitness assays (see below). All strains were routinely grown at 37°C in lysogeny broth (LB) medium at 250 rpm shaking or on LB-agar plates. Antibiotics for the selection of plasmid carrying host cells were used at the following concentrations: kanamycin 25 μg/ml (pCON and pCON-S hosts), chloramphenicol 10 μg/ml (pCON2 and pCON-S2 hosts), kanamycin 25 μg/ml and chloramphenicol 10 μg/ml (double-plasmid hosts carrying one of the four different possible plasmid combinations).



Plasmid Constructions

All plasmids in this study were constructed using the Gibson assembly technique (NEBuilder® protocol; New England Biolabs). All primers are listed in Supplementary Table S1. Plasmid pCON-S was derived from plasmid pCON (GenBank accession no. MK697350) by insertion of a 254 bp PCR product covering nucleotides 817 to 1044 in pBBR1MCS-5 (GenBank accession no. U25061) into pCON immediately upstream of oriV (Wein et al., 2020). Plasmid pCON2 and pCON2-S were constructed by replacing the open reading frame (ORF) of nptII in pCON and pCON-S with the ORF of the chloramphenicol resistance-encoding gene cat, while keeping the original promoter of the nptII gene unaltered. The ORF of the cat gene, corresponding to the nucleotides 1 to 660 of the cat gene ORF from transposon Tn9 (GenBank accession no. V00622.1.), was PCR-amplified from plasmid pPCR-Script Cam SK(+) (Agilent technologies), using the primer pair cat-GA-fw and cat-GA-rv. The nptII-less backbone of pCON-S was PCR-amplified using the primer pair pCONSinvFw and pCONSinvRv. Plasmid pCON2 was constructed by replacing the ORF of the nptII gene in pCON with the ORF of the cat gene (see above). Primers used for the PCR amplification of the cat ORF were cat-pCON2-GA-fw and cat-pCON2-GA-rv. The nptII-less backbone of pCON was PCR-amplified using the primer pair pCON2-GA-fw and pCON2-GA-rv.



Plasmid Fitness Competition Experiments

The success of two plasmid types competed in either the ‘head-to-head’ or preemptive competition mode was determined in single colonies that had grown up non-selectively during 24 h of growth from single cells that initially carried two plasmids. In order to select for double plasmid carriage and to distinguish between the two plasmids, the competing plasmid pairs harbored different marker genes: nptII in the unstable plasmid pCON and the stable plasmid pCON-S and cat in the unstable plasmid pCON2 and stable plasmid pCON-S2. ‘Head-to-head’ competitions experiments were initiated by transforming E. coli MG1655 with a mixture of two plasmids at the same time (i.e., pCON and pCON2, pCON and pCON-S2, pCON-S and pCON2, and pCON-S and pCON-S2, respectively), giving in total four sets of competition experiments. Likewise, for each preemptive competition experiment E. coli MG1655 already carrying one of our four model plasmids was transformed with a compatible plasmid in terms of plasmid-encoded marker gene, resulting in three sets of plasmid-plasmid combinations that were reciprocally performed (i.e., in total six reciprocal plasmid-plasmid combinations). The four combinations were as follows (endemic versus invading plasmid): pCON versus pCON2, pCON versus pCON-S2, pCON-S versus pCON2, and pCON-S versus pCON-S2. All plasmids were introduced in E. coli MG1655 by electroporation (1 ng per plasmid DNA per electroporation). To increase the transformation efficiency for double transformations (head-to-head competition experiments) concentrations of 4–10 ng per plasmid DNA were used. Electro-competent cells were prepared as reported (Dower et al., 1988) and plasmid DNA preparations used for electroporation were isolated from E. coli MG1655 host cells. Colonies resistant to both kanamycin (nptII+) and chloramphenicol (cat+) were selected overnight on selective LB plates. Every competition experiment was initiated with six randomly chosen primary double resistant colonies obtained. The six primary transformants were picked and streaked for single colonies on non-selective LB plates. After overnight incubation, for each of the six primary transformants, six single colonies were excised (n = 36 replicates per competition experiment). The colonies were resuspended in 1 ml PBS, serially diluted and aliquots plated on non-selective plates [yielding the total cell number per colony (N)] and plated on kanamycin-supplemented LB plates, chloramphenicol-supplemented plates and plates supplemented with both antibiotics (giving the frequencies of cells being nptII+, cat+, and nptII+cat+). The proportion of cells carrying only one of the two competing plasmids within one colony were calculated as Pp1 = (NnptII+ - NnptII+cat+)/N for cells carrying either pCON or pCON-S and Pp2 = (Ncat+ - NnptII+cat+)/N for cells for cells carrying either pCON2 or pCON-S2. The proportion of cells carrying both plasmids was calculated as Pp1&2 = NnptII+cat+/N. Plasmid loss was calculated as Ploss = 1 - Pp1 - Pp2 - Pp1+2. Our evaluation regime included counting of preferably large and therefore reliable sample sizes for the determination of the different plasmid-carrying cell types. In cases when, due to variability in the plating, colony counts on double selective plates were slightly higher than on plates containing only one of the two antibiotics, counts were corrected toward the counting result on double selective medium in order to avoid negative numerical values in the calculation of the proportions.



Serial Transfer Experiment/Short Term Evolution Experiment

The evolution experiment was conducted under non-selective conditions and was founded with double resistant colonies from the preemptive plasmid fitness competition experiment between unstable pCON and stable pCON-S2. In three of the replicates of this experiment (i.e., replicates 4.1, 4.3, and 4.5) double resistant cells formed the vast majority in the analyzed colonies at the end of the competition. Because of this dominance, double resistant colonies could be readily picked from non-selective plates that were used to estimate the total number of cells within a colony at the end of the competition. For each the replicates, eight colonies were randomly picked and inoculated into 1 ml LB medium for overnight growth at 37°C with constant shaking. At the onset of the experiment samples were plated on double selective media to confirm the double resistant phenotype of the colonies. The overnight cultures were then serially propagated every 24 h in a volume of 1 ml LB medium for three additional transfers using a 1:1000 dilution factor. In total, we recorded ∼64 generations (∼28 generations for the first growth passage on solid medium and ∼9 generations per transfer in liquid medium). Every day, the proportion of plasmid types in the populations was estimated from the proportion of host cells carrying either pCON or pCON-S2 or both as described above for the plasmid competition experiments. At the end of the experiment an individual double resistant colony from four evolved populations of replicate 4.1 and replicate 4.3 were randomly chosen for plasmid isolation followed by diagnostic restriction enzyme digestion.



Plasmid Stability Assay

The plasmid loss frequency was estimated from the frequency of plasmid free cells occurring during overnight growth in non-selective media. To determine the loss frequency, cultures were inoculated from single colonies grown on selective media to ensure plasmid carriage. After 12 h growth in 37°C (approximately 8.5 generations), the cultures were serially diluted and plated on non-selective LB media. After overnight incubation, 100 colonies were picked and streaked on selective media (chloramphenicol 20 μg/ml). Colonies grown on selective plates were counted as plasmid carrying. The loss frequency was calculated from plasmid-free cells (not resistant) and the total number of colonies tested.



Fitness Experiments

The relative fitness (w) (Arjan et al., 1999) of the plasmid-carrying versus the ancestral plasmid-free strain (wt) was estimated by pairwise competition experiments. All competition experiments were initiated with a 1:1 mixture of 1:100 diluted plasmid-carrying strain and ancestral strain [E. coli MG1655 Tmr; (Wein et al., 2019)] from overnight cultures, in a total volume of 1 ml of non-selective LB medium. The relative fitness of the plasmid host strains was calculated by evaluating cell counts at the time points 0 and 24 h. The strains were distinguished through plating on non-selective (LB) and selective media (LB supplemented with trimethoprim 150 μg/ml). The chromosomal integration (Tmr) as well as the plasmid pCON have no measurable impact on the fitness of E. coli MG1655 [previously shown in (Wein et al., 2019)].



Analysis of Plasmids by Restriction Enzyme Digestion

Plasmids were extracted from stationary overnight cultures inoculated from single colonies and grown without selection using the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific). Plasmid DNA was quantified using the Multiskan GO spectrophotometer instrument (Thermo Fisher Scientific). Plasmid conformations were analyzed by restriction enzyme digestions using PstI, ScaI or HindIII following the manufacturers’ guidelines (New England Biolabs). Analytical digestions were electrophoresed against a known standard (HyperladderTM 1 Kb, Bioline) in 1 × TBE buffer at 4.3 V/cm in 0.7% (w/v) agarose gels containing 1 μg/ml ethidium bromide. Gels were destained with deionized water and documented using the ChemiDoc imaging system (Bio-Rad).



Statistical Analysis

Statistical tests and data analysis were performed in R version 3.5.3 (R Core Team, 2020) and MatLab© version R2015b.




DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

NH, TW, and TD designed the experiments. NH, TW, JE, and AG established and performed the experimental work and analyzed the data. TD supported the data analysis. All authors interpreted the results and wrote the manuscript.



FUNDING

This study was supported by the ZMB Young Scientist Grant 2018 (awarded to TW), the DFG focus program 1819 (Grant No. DA1202/2-1 awarded to TD), and the Leibniz ScienceCampus EvoLUNG (awarded to TD). AG is supported by the IMPRS for Evolutionary Biology.



ACKNOWLEDGMENTS

We thank Fabian Nies for critical comments on the manuscript and Fenna T. Stücker for graphic illustrations. We thank Myriam Barz, Gabriela Rios Martinez, and Katrin Schumann for their assistance in the experimental work.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.02062/full#supplementary-material



REFERENCES

Antoine, R., and Locht, C. (1992). Isolation and molecular characterization of a novel broad-host-range plasmid from Bordetella bronchiseptica with sequence similarities to plasmids from gram-positive organisms. Mol. Microbiol. 6, 1785–1799. doi: 10.1111/j.1365-2958.1992.tb01351.x

Arjan, J. A., Visser, M., Zeyl, C. W., Gerrish, P. J., Blanchard, J. L., and Lenski, R. E. (1999). Diminishing returns from mutation supply rate in asexual populations. Science 283, 404–406. doi: 10.1126/science.283.5400.404

Baxter, J. C., and Funnell, B. E. (2014). Plasmid partition mechanisms. Microbiol. Spectr. 2, doi: 10.1128/microbiolspec.PLAS-0023-2014

Bedhomme, S., Perez Pantoja, D., and Bravo, I. G. (2017). Plasmid and clonal interference during post horizontal gene transfer evolution. Mol. Ecol. 26, 1832–1847. doi: 10.1111/mec.14056

Bergstrom, C. T., Lipsitch, M., and Levin, B. R. (2000). Natural selection, infectious transfer and the existence conditions for bacterial plasmids. Genetics 155, 1505–1519.

Bottery, M. J., Wood, A. J., and Brockhurst, M. A. (2017). Adaptive modulation of antibiotic resistance through intragenomic coevolution. Nat. Ecol. Evol. 1, 1364–1369. doi: 10.1038/s41559-017-0242-3

Buckner, M. M. C., Saw, H. T. H., Osagie, R. N., McNally, A., Ricci, V., Wand, M. E., et al. (2018). Clinically relevant plasmid-host interactions indicate that transcriptional and not genomic modifications ameliorate fitness costs of Klebsiella pneumoniae Carbapenemase-carrying plasmids. mBio 9:e02303-17. doi: 10.1128/mBio.02303-17

Carneiro, L. C., Mendes, P. V. C., Silva, S. P., Souza, G. R. L., and Bataus, L. A. M. (2016). Characterization of a cryptic and intriguing low molecular weight plasmid. Curr. Microbiol. 72, 351–356. doi: 10.1007/s00284-015-0959-7

Chaconas, G., and Norris, S. J. (2013). Peaceful coexistence amongst Borrelia plasmids: getting by with a little help from their friends? Plasmid 70, 161–167. doi: 10.1016/j.plasmid.2013.05.002

Chédin, F., Dervyn, R., Ehrlich, S. D., and Noirot, P. (1997). Apparent and real recombination frequencies in multicopy plasmids: the need for a novel approach in frequency determination. J. Bacteriol. 179, 754–761. doi: 10.1128/jb.179.3.754-761.1997

Condit, R., and Levin, B. R. (1990). The evolution of plasmids carrying multiple resistance genes: the role of segregation, transposition, and homologous recombination. Am. Natural. 135, 573–596. doi: 10.1086/285063

Cooper, T. F., and Heinemann, J. A. (2000). Postsegregational killing does not increase plasmid stability but acts to mediate the exclusion of competing plasmids. Proc. Natl. Acad. Sci. U.S.A. 97, 12643–12648. doi: 10.1073/pnas.220077897

Dionisio, F., Zilhão, R., and Gama, J. A. (2019). Interactions between plasmids and other mobile genetic elements affect their transmission and persistence. Plasmid 102, 29–36. doi: 10.1016/j.plasmid.2019.01.003

Doherty, M. J., Morrison, P. T., and Kolodner, R. (1983). Genetic recombination of bacterial plasmid DNA. Physical and genetic analysis of the products of plasmid recombination in Escherichia coli. J. Mol. Biol. 167, 539–560. doi: 10.1016/s0022-2836(83)80097-7

Dower, W. J., Miller, J. F., and Ragsdale, C. W. (1988). High efficiency transformation of E. coli by high voltage electroporation. Nucleic Acids Res. 16, 6127–6145. doi: 10.1093/nar/16.13.6127

Flores, M., Mavingui, P., Perret, X., Broughton, W. J., Romero, D., Hernández, G., et al. (2000). Prediction, identification, and artificial selection of DNA rearrangements in Rhizobium: toward a natural genomic design. Proc. Natl. Acad. Sci. U.S.A. 97, 9138–9143. doi: 10.1073/pnas.97.16.9138

Fournes, F., Crozat, E., Pages, C., Tardin, C., Salomé, L., Cornet, F., et al. (2016). FtsK translocation permits discrimination between an endogenous and an imported Xer/dif recombination complex. Proc. Natl. Acad. Sci. U.S.A. 113, 7882–7887. doi: 10.1073/pnas.1523178113

Gerdes, K., Bech, F. W., Jørgensen, S. T., Løbner-Olesen, A., Rasmussen, P. B., Atlung, T., et al. (1986a). Mechanism of postsegregational killing by the hok gene product of the parB system of plasmid R1 and its homology with the relF gene product of the E. coli relB operon. Embo J. 5, 2023–2029. doi: 10.1002/j.1460-2075.1986.tb04459.x

Gerdes, K., Rasmussen, P. B., and Molin, S. (1986b). Unique type of plasmid maintenance function: postsegregational killing of plasmid-free cells. Proc. Natl. Acad. Sci. U.S.A. 83, 3116–3120. doi: 10.1073/pnas.83.10.3116

Gitschlag, B. L., Kirby, C. S., Samuels, D. C., Gangula, R. D., Mallal, S. A., and Patel, M. R. (2016). Homeostatic responses regulate selfish mitochondrial genome dynamics in C. elegans. Cell Metab. 24, 91–103. doi: 10.1016/j.cmet.2016.06.008

González-Plaza, J. J., Blau, K., Milaković, M., Jurina, T., Smalla, K., and Udiković-Kolić, N. (2019). Antibiotic-manufacturing sites are hot-spots for the release and spread of antibiotic resistance genes and mobile genetic elements in receiving aquatic environments. Environ. Int. 130, 104735. doi: 10.1016/j.envint.2019.04.007

Grote, J., Krysciak, D., Petersen, K., Güllert, S., Schmeisser, C., Förstner, K. U., et al. (2016). The absence of the N-acyl-homoserine-lactone autoinducer synthase genes traI and ngrI increases the copy number of the cymbiotic plasmid in Sinorhizobium fredii NGR234. Front. Microbiol. 7:1858. doi: 10.3389/fmicb.2016.01858

Gumpert, H., Kubicek-Sutherland, J. Z., Porse, A., Karami, N., Munck, C., Linkevicius, M., et al. (2017). Transfer and persistence of a multi-drug resistance plasmid in situ of the infant gut microbiota in the absence of antibiotic treatment. Front. Microbiol. 8:1852. doi: 10.3389/fmicb.2017.01852

Hall, J. P. J., Williams, D., Paterson, S., Harrison, E., and Brockhurst, M. A. (2017). Positive selection inhibits gene mobilisation and transfer in soil bacterial communities. Nat. Ecol. Evol. 1, 1348–1353. doi: 10.1038/s41559-017-0250-3

Hall, J. P. J., Wood, A. J., Harrison, E., and Brockhurst, M. A. (2016). Source-sink plasmid transfer dynamics maintain gene mobility in soil bacterial communities. Proc. Natl. Acad. Sci. U.S.A. 113, 8260–8265. doi: 10.1073/pnas.1600974113

Hanahan, D. (1983). Studies on transformation of Escherichia coli with plasmids. J. Mol. Biol. 166, 557–580. doi: 10.1016/s0022-2836(83)80284-8

Heuer, H., Fox, R. E., and Top, E. M. (2007). Frequent conjugative transfer accelerates adaptation of a broad-host-range plasmid to an unfavorable Pseudomonas putida host. FEMS Microbiol. Ecol. 59, 738–748. doi: 10.1111/j.1574-6941.2006.00223.x

Ilhan, J., Kupczok, A., Woehle, C., Wein, T., Hülter, N. F., Rosenstiel, P., et al. (2019). Segregational drift and the interplay between plasmid copy number and evolvability. Mol. Biol. Evol. 36, 472–486. doi: 10.1093/molbev/msy225

James, A. A., Morrison, P. T., and Kolodner, R. (1982). Genetic recombination of bacterial plasmid DNA. Analysis of the effect of recombination-deficient mutations on plasmid recombination. J. Mol. Biol. 160, 411–430. doi: 10.1016/0022-2836(82)90305-9

Jordt, H., Stalder, T., Kosterlitz, O., Ponciano, J. M., Top, E. M., and Kerr, B. (2020). Coevolution of host-plasmid pairs facilitates the emergence of novel multidrug resistance. Nat. Ecol. Evol. 364, 2275–2277. doi: 10.1038/s41559-020-1170-1

Jørgensen, T. S., Xu, Z., Hansen, M. A., Sørensen, S. J., and Hansen, L. H. (2014). Hundreds of circular novel plasmids and DNA elements identified in a rat cecum metamobilome. PLoS One 9:e87924. doi: 10.1371/journal.pone.0087924

Kittell, B. L., and Helinski, D. R. (1991). Iteron inhibition of plasmid RK2 replication in vitro: evidence for intermolecular coupling of replication origins as a mechanism for RK2 replication control. Proc. Natl. Acad. Sci. U.S.A. 88, 1389–1393. doi: 10.1073/pnas.88.4.1389

Kolodner, R. (1980). Genetic recombination of bacterial plasmid DNA: electron microscopic analysis of in vitro intramolecular recombination. Proc. Natl. Acad. Sci. U.S.A. 77, 4847–4851. doi: 10.1073/pnas.77.8.4847

Krakauer, D. C., and Komarova, N. L. (2003). Levels of selection in positive-strand virus dynamics. J. Evol. Biol. 16, 64–73. doi: 10.1046/j.1420-9101.2003.00481.x

Kusano, K., Naito, T., Handa, N., and Kobayashi, I. (1995). Restriction-modification systems as genomic parasites in competition for specific sequences. Proc. Natl. Acad. Sci. U.S.A. 92, 11095–11099. doi: 10.1073/pnas.92.24.11095

Loftie-Eaton, W., Bashford, K., Quinn, H., Dong, K., Millstein, J., Hunter, S., et al. (2017). Compensatory mutations improve general permissiveness to antibiotic resistance plasmids. Nat. Ecol. Evol. 1, 1354–1363. doi: 10.1038/s41559-017-0243-2

Lopatkin, A. J., Huang, S., Smith, R. P., Srimani, J. K., Sysoeva, T. A., Bewick, S., et al. (2016). Antibiotics as a selective driver for conjugation dynamics. Nat. Microbiol. 1, 16044–16048. doi: 10.1038/nmicrobiol.2016.44

Lopatkin, A. J., Meredith, H. R., Srimani, J. K., Pfeiffer, C., Durrett, R., and You, L. (2017). Persistence and reversal of plasmid-mediated antibiotic resistance. Nat. Commun. 8:1689. doi: 10.1038/s41467-017-01532-1

Luria, S. E., and Delbrück, M. (1943). Mutations of bacteria from virus sensitivity to virus resistance. Genetics 28, 491–511.

Mahendra, C., Christie, K. A., Osuna, B. A., Pinilla-Redondo, R., Kleinstiver, B. P., and Bondy-Denomy, J. (2020). Broad-spectrum anti-CRISPR proteins facilitate horizontal gene transfer. Nat. Microbiol. 5, 620–629. doi: 10.1038/s41564-020-0692-2

McKay, L. L., Baldwin, K. A., and Efstathiou, J. D. (1976). Transductional evidence for plasmid linkage of lactose metabolism in Streptococcus lactis C2. Appl. Environ. Microbiol. 32, 45–52. doi: 10.1128/aem.32.1.45-52.1976

Norberg, P., Bergström, M., Jethava, V., Dubhashi, D., and Hermansson, M. (2011). The IncP-1 plasmid backbone adapts to different host bacterial species and evolves through homologous recombination. Nat. Commun. 2:268. doi: 10.1038/ncomms1267

Paulsson, J. (2002). Multileveled selection on plasmid replication. Genetics 161, 1373–1384.

Pesesky, M. W., Tilley, R., and Beck, D. A. C. (2019). Mosaic plasmids are abundant and unevenly distributed across prokaryotic taxa. Plasmid 102, 10–18. doi: 10.1016/j.plasmid.2019.02.003

Pham, T. T. H., Rossi, P., Dinh, H. D. K., Pham, N. T. A., Tran, P. A., Ho, T. T. K. M., et al. (2018). Analysis of antibiotic multi-resistant bacteria and resistance genes in the effluent of an intensive shrimp farm (Long An, Vietnam). J. Environ. Manag. 214, 149–156. doi: 10.1016/j.jenvman.2018.02.089

Pinkney, M., Diaz, R., Lanka, E., and Thomas, C. M. (1988). Replication of mini RK2 plasmid in extracts of Escherichia coli requires plasmid-encoded protein TrfA and host-encoded proteins DnaA, B, G DNA gyrase and DNA polymerase III. J. Mol. Biol. 203, 927–938. doi: 10.1016/0022-2836(88)90118-0

R Core Team (2020). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Rodriguez-Beltran, J., Hernandez-Beltran, J. C. R., DelaFuente, J., Escudero, J. A., Fuentes-Hernandez, A., MacLean, R. C., et al. (2018). Multicopy plasmids allow bacteria to escape from fitness trade-offs during evolutionary innovation. Nat. Ecol. Evol. 2, 873–881. doi: 10.1038/s41559-018-0529-z

San Millan, A., Escudero, J. A., Gutierrez, B., Hidalgo, L., Garcia, N., Llagostera, M., et al. (2009). Multiresistance in Pasteurella multocida is mediated by coexistence of small plasmids. Antimicrob. Agents Chemother. 53, 3399–3404. doi: 10.1128/AAC.01522-08

San Millan, A., Heilbron, K., and MacLean, R. C. (2014). Positive epistasis between co-infecting plasmids promotes plasmid survival in bacterial populations. ISME J. 8, 601–612. doi: 10.1038/ismej.2013.182

Silva, R. F., Mendonça, S. C. M., Carvalho, L. M., Reis, A. M., Gordo, I., Trindade, S., et al. (2011). Pervasive sign epistasis between conjugative plasmids and drug-resistance chromosomal mutations. PLoS Genet. 7:e1002181. doi: 10.1371/journal.pgen.1002181

Sota, M., Yano, H., Hughes, J. M., Daughdrill, G. W., Abdo, Z., Forney, L. J., et al. (2010). Shifts in the host range of a promiscuous plasmid through parallel evolution of its replication initiation protein. ISME J. 4, 1568–1580. doi: 10.1038/ismej.2010.72

Stark, W. M., Boocock, M. R., and Sherratt, D. J. (1992). Catalysis by site-specific recombinases. Trends Genet. 8, 432–439. doi: 10.1016/0168-9525(92)90327-z

Stevenson, C., Hall, J. P., Harrison, E., Wood, A., and Brockhurst, M. A. (2017). Gene mobility promotes the spread of resistance in bacterial populations. ISME J. 11, 1930–1932. doi: 10.1038/ismej.2017.42

Summers, D. K., Beton, C. W., and Withers, H. L. (1993). Multicopy plasmid instability: the dimer catastrophe hypothesis. Mol. Microbiol. 8, 1031–1038. doi: 10.1111/j.1365-2958.1993.tb01648.x

Taylor, D. R., Zeyl, C., and Cooke, E. (2002). Conflicting levels of selection in the accumulation of mitochondrial defects in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U.S.A. 99, 3690–3694. doi: 10.1073/pnas.072660299

Wagner, E. G., Blomberg, P., and Nordström, K. (1992). Replication control in plasmid R1: duplex formation between the antisense RNA, CopA, and its target, CopT, is not required for inhibition of RepA synthesis. Embo J 11, 1195–1203. doi: 10.1002/j.1460-2075.1992.tb05160.x

Wang, Y. (2017). Spatial distribution of high copy number plasmids in bacteria. Plasmid 91, 2–8. doi: 10.1016/j.plasmid.2017.02.005

Wein, T., Hülter, N. F., Mizrahi, I., and Dagan, T. (2019). Emergence of plasmid stability under non-selective conditions maintains antibiotic resistance. Nat. Commun. 10:2595. doi: 10.1038/s41467-019-10600-7

Wein, T., Wang, Y., Hülter, N. F., Hammerschmidt, K., and Dagan, T. (2020). Antibiotics interfere with the evolution of plasmid stability. Curr. Biol. 30, doi: 10.1016/j.cub.2020.07.019

Yano, H., Wegrzyn, K., Loftie-Eaton, W., Johnson, J., Deckert, G. E., Rogers, L. M., et al. (2016). Evolved plasmid-host interactions reduce plasmid interference cost. Mol. Microbiol. 101, 743–756. doi: 10.1111/mmi.13407

Zar, J. H. (2013). Biostatistical Analysis, 5 Edn. Upper Saddle River: Pearson, 537–538.

Zhou, P., Zhai, Z., Yao, X., Ma, P., and Hao, Y. (2018). Characterization of a cryptic rolling-circle replication plasmid pMK8 from Enterococcus durans 1-8. Curr. Microbiol. 75, 1198–1205. doi: 10.1007/s00284-018-1509-x


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Hülter, Wein, Effe, Garoña and Dagan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 18 September 2020
doi: 10.3389/fmicb.2020.556227





[image: image]

Transmission of Chromosomal MDR DNA Fragment Encoding Ciprofloxacin Resistance by a Conjugative Helper Plasmid in Salmonella

Chen Yang1,2†, Kaichao Chen3†, Edward Wai-Chi Chan4, Wen Yao1* and Sheng Chen3*

1College of Animal Science & Technology, Nanjing Agricultural University, Nanjing, China

2Shenzhen Key Lab for Food Biological Safety Control, Food Safety and Technology Research Center, Hong Kong PolyU Shenzhen Research Institute, Shenzhen, China

3Department of Infectious Diseases and Public Health, Jockey Club College of Veterinary Medicine and Life Sciences, City University of Hong Kong, Kowloon, Hong Kong

4State Key Lab of Chemical Biology and Drug Discovery, Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic University, Kowloon, Hong Kong

Edited by:
Charlene Renee Jackson, United States Department of Agriculture (USDA), United States

Reviewed by:
Xiang-Dang Du, Henan Agricultural University, China
José Manuel Rodriguez-Martínez, University of Seville, Spain

*Correspondence: Wen Yao, yaowen67jp@njau.edu.cn; Sheng Chen, shechen@cityu.edu.hk

†These authors have contributed equally to this work

Specialty section: This article was submitted to Antimicrobials, Resistance and Chemotherapy, a section of the journal Frontiers in Microbiology

Received: 27 April 2020
Accepted: 19 August 2020
Published: 18 September 2020

Citation: Yang C, Chen K, Chan EW-C, Yao W and Chen S (2020) Transmission of Chromosomal MDR DNA Fragment Encoding Ciprofloxacin Resistance by a Conjugative Helper Plasmid in Salmonella. Front. Microbiol. 11:556227. doi: 10.3389/fmicb.2020.556227

Resistance to ciprofloxacin, a treatment choice for Salmonella infections, has increased dramatically in recent years in particular in serotype Salmonella Derby with most of strains carrying chromosome-encoded multiple plasmid-mediated quinolone resistance (PMQR) genes. In this work, we discovered a conjugative plasmid, pSa64-96kb, in a Salmonella Derby isolate, namely Sa64, which could extract and fuse to a multiple drug resistance (MDR) DNA fragment containing two PMQR genes, aac(6’)-Ib-cr, and qnrS2 located on the chromosome of the Salmonella strain. This process led to the formation of a new 188 kb fusion plasmid, which could be then subsequently transmitted to recipient strain Escherichia coli J53. The chromosomal MDR DNA fragment was shown to be flanked by one copy of IS26 element at each end and could be excised from the chromosome to form circular intermediate, which was then fused to pSa64-96kb and form a single plasmid through IS26 mediated homologous recombination. The role of IS26 on enhancing the efficacy of fusion and transmission of this chromosomal MDR DNA fragment was further proven in other Salmonella strains. These findings showed that dynamic interaction between specific chromosomal fragment and plasmids may significantly enhance resistance development and transferability of mobile resistance-encoding elements among bacterial pathogens.

Keywords: Salmonella, ciprofloxacin resistance, chromosomal fragment, PMQR genes, conjugative helper plasmid


INTRODUCTION

Non-typhoidal Salmonella represents the primary bacterial causes of food-borne gastroenteritis throughout the world (Gomez et al., 1997). Antibiotics are unessential for treating salmonellosis, yet it can be lifesaving in cases of serious or systemic infections (Hohmann, 2001). Ciprofloxacin has been the agent of choice in treatment of Salmonella infection in adults. However, mounting evidences indicated the increasing prevalence of non-typhoidal Salmonella isolates exhibiting multidrug resistance phenotypes has significantly compromised the efficacy of present strategies applied to prevent and administer diseases related to food-borne infections (Molbak, 2005). Quinolone and fluoroquinolone resistance in Salmonella have been low and are commonly associated with a single or double mutations in the gyrA and/or parC gene (Hooper, 2001; Chen et al., 2004). Plasmid-mediated quinolone resistance (PMQR) genes have been described in recent years, which contribute to the extension of low-level quinolone resistance in Enterobacteriaceae. Three patterns of PMQR determinates have been described to date: (1) the Qnr types, which are mainly classified into seven different families and encoded pentapeptide duplicate proteins binding to DNA gyrase through imitating double stranded DNA, avoiding the binding of fluoroquinolones to gyrase; (2) the aac(6’)-Ib-cr, a modified aminoglycoside acetyltransferase that could hydrolyze fluoroquinolones; and (3) the efflux pumps QepA and OqxAB. However, detection of these PMQR genes in Salmonella remains rare before 2009, with the first detection of qnrA and qnrS genes being reported in Europe (Gunell et al., 2009).

In recent years, the percentage of resistance to ciprofloxacin has grown drastically in both environmental and clinical collections throughout the world, particularly in China and surrounding regions (Wong et al., 2014b). An interesting phenomenon is that the majority of ciprofloxacin-resistant Salmonella isolates displayed relatively low resistance levels (MIC < 8 μg/ml) to ciprofloxacin, with the proportion of strains exhibiting high resistance (MIC > 32 μg/ml) being very small and mostly belonging to the serotype S. Indiana. Strikingly, a significant proportion of these ciprofloxacin-resistant strains did not carry any mutations in the target genes. Instead, various types of PMQR genes were detectable in these strains. The oqxAB and aac(6’)-Ib-cr genes are usually carried by the same isolate, which might be related to the increased frequency of ciprofloxacin resistance in nosocomial Salmonella isolates recently (Wong et al., 2014a). Other PMQR genes such as qnrS was also increasingly reported in Salmonella (Lin et al., 2015). These PMQR determinates are commonly detected in the chromosomes and non-conjugative plasmids in S. Derby. Recently, conjugative ciprofloxacin resistance has been reported, including (1) conjugative plasmids encoding PMQR genes, and (2) helper plasmids mediating transmission of non-conjugative plasmids harboring multiple PMQR determinants, which might accelerate the further dissemination of resistance to ciprofloxacin in Salmonella (Chen et al., 2018, 2019a,b).

Here, we report the characterization of an IncI1 type of plasmid, which can excise the chromosomal DNA fragment containing multiple PMQR genes encoding ciprofloxacin resistance and transfer it to other bacteria through conjugation. Such recurrent genetic events could significantly increase the transferability of ciprofloxacin resistance genes among Salmonella and other Enterobacteriaceae species, potentially leading to a sharp increase in ciprofloxacin resistance in a range of bacterial pathogens in the near future.



MATERIALS AND METHODS


Strain and Phenotypic Characterization

Salmonella strains Sa64 and Sa79 were isolated from a pork sample in supermarket in Shenzhen, China, in 2014 as described in our previous study on Salmonella surveillance in Shenzhen, China (Chen et al., 2018). The strains were confirmed to be Salmonella by MALDI-TOF MS and serotyped with commercial antiserum (Difco, Detroit, MI, United States) through the Kauffmann–White scheme. Antimicrobial-resistance phenotypes of these strains against a variety of antimicrobial agents (Table 1) were conducted with agar dilution and explained in agreement with the CLSI guidelines (CLSI, 2016). Quality control strains were Staphylococcus aureus ATCC 29213 and Escherichia coli ATCC 25922.


TABLE 1. Genetic and phenotypic characteristic of ciprofloxacin-resistant Salmonella isolates Sa64, Sa79, and its corresponding transconjugants.
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Conjugation Experiments

Conjugation experiments were performed following a previous study (Li et al., 2015a) to test the transferability of the aac(6’)-Ib-cr- qnrS2 bearing plasmid, using a sodium-azide-resistance E. coli J53 as the recipient. Briefly, overnight incubation of Sa64 and strain E. coli J53 were blended in a rate of 1:4 in Luria Bertani (LB) nutrient broth, which was then exposed to overnight culture on an LB agar media. The admixture was then disseminated on a selective Eosin Methylene Blue agar plate supplemented with ciprofloxacin (0.5 mg/L) and sodium azide (100 mg/L) to pick out transconjugants that had obtained the PMQR-carrying plasmid. And other conjugation experiments were performed in the similar procedure.



S1-PFGE and Southern Hybridization

Salmonella Derby strains Sa64 and its corresponding transconjugants were subjected to S1-PFGE to obtain the length of the plasmids. Briefly, S1-nuclease was used to digest agarose embedded DNA at 37°C for 15 min. The restriction bands were dispersed by using a Chef Mapper electrophoresis system (Bio-Rad, Hercules, CA, United States) with 2.16 to 63.8 S pulse times in 0.5 Tris–borate-EDTA buffer at 14°C. DNA fingerprinting of H9812 was used as DNA dimension marker. The gels were subjected to GelRed staining, and DNA bands were imaged with UV transillumination (Bio-Rad). Southern bolt hybridization was conducted according to the manufacturer’s directions of the Detection Starter Kit II (Roche Diagnostics), using the digoxigenin-labeled qnrS gene probe.



Plasmid Sequencing and Analysis

Whole genome sequencing was conducted to acquire comprehensive understanding of the ciprofloxacin PMQR genes harbored by Sa64, Sa79, and Sa64-TC with the Illumina HiSeq 2500 sequencing, Nanopore MinION long-read sequencing. Genome sequence was assembled with SPAdes 3.12.1 (Bankevich et al., 2012). Long contigs assembled from Nanopore was used to align and join contigs obtained from Illumina assembly with the CLC Genomics Workbench v10 (CLC bio, Denmark). The complete genome sequence was annotated using the RAST server (Overbeek et al., 2013). Multilocus sequence typing (MLST) service of the Center for Genomic Epidemiology was used to test Sequence type (ST) typing and screen PMQR-genes as described previously (Chen et al., 2007). EasyFig and BRIG were used to compare genome contents, and plot linear and circular plasmid maps, respectively. A polymerase chain reaction (PCR) assays was performed as described previously (Li et al., 2015b) to check the circular intermediate status of chromosomally encoded multiple drug resistance (MDR) fragment using primer sets listed in Supplementary Table 1.



RESULTS

Our surveillance project on ciprofloxacin resistance in Salmonella in food samples collected from the wet markets and supermarkets in Shenzhen, China, allowed us to identify a Salmonella isolate that could transfer its phenotype of ciprofloxacin resistance via conjugation. S1-PFGE analysis was then conducted on this strain and its transconjugant showing that there was only one plasmid with the size of 96 kb in strain Sa64, whereas a larger plasmid of 188 kb was detectable in the transconjugant Sa64-TC, suggesting that the plasmid in strain Sa64 acquired an extra DNA fragment during the conjugation process. This finding prompted us to investigate the molecular mechanism underlying the conjugative transmission of ciprofloxacin resistance in Salmonella. Strain Sa64 was found to belong to ST40 and exhibited resistance to a wide range of antimicrobial agents, containing ciprofloxacin, kanamycin, tetracycline, and Sulfamethoxazole-methoxazole, but remained sensitive to cephalosporin and meropenem. The ciprofloxacin-resistance (CipR) phenotype of this strain was able to be transferred through conjugation. Mutations were not detected in the four target genes, parC, gyrA, gyrB, and parE. PCR screening of known PMRQ genes showed that this strain harbored two PMQR determinants, aac(6’)Ib-cr, and qnrS2, which were also detectable in the transconjugants (Table 1). Southern hybridization using the qnrS2 probe suggested that the qnrS2 gene was located in the chromosome of strain Sa64 and the 188 kb plasmid in the transconjugant Sa64-TC, respectively, indicating that the ciprofloxacin-resistant genes were originally existed on the chromosome of strain Sa64 and then captured by the 96 kb plasmid and transmitted to E. coli J53 through conjugation (Figure 1). Interestingly, another CipR isogenic Salmonella strain, namely S. Derby Sa79, sharing the similar structure in both chromosome (Supplementary Figure 1) and chromosomal MDR DNA fragment (Supplementary Figure 2A) but not plasmid, does not show the potential ability to transfer its ciprofloxacin resistance to the recipient strain E. coli J53 in this study.
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FIGURE 1. S1-PFGE of ciprofloxacin-resistant Salmonella strain Sa64, and its corresponding transconjugants. (A) S1-PFGE patterns of Salmonella isolate Sa64 and its corresponding transconjugant; (B) Southern blot hybridization results of Salmonella isolate Sa64 and its relevant transconjugant. The arrow depicts the position of chromosomal DNA and plasmid band in which positive hybridization semaphore of the qnrS gene was detectable.


To investigate the mechanism underlying the transfer of ciprofloxacin resistance from Sa64 to E. coli strain J53, the complete sequences of the chromosome and the 96 kb plasmid in strain Sa64, as well as the ∼188 kb plasmid from the transconjugant Sa64-TC were obtained by using both Nanopore and Illumina sequencing platforms. The chromosome of Sa64 was found to be 4,824,198 bp in length with a Guanine and Cytosine (GC) content of 52.1%, and comprise 5,253 predicted coding sequences. BLANTN analysis showed that it exhibited high homology (92% coverage and 99% identity) to the chromosome of Salmonella strain ST350 (CP019407, recovered from a Salmonella enterica subsp. enterica serovar Borreze strain) isolated several decades ago from pig feces. Comparative genomic analysis showed that the chromosome of Sa64 had acquired an extra DNA fragment when compared to strain ST350 (Supplementary Figure 1). This extra DNA fragment was shown to be 92,690 bp in size and exhibit a GC content of 51.3%. BLAST of this DNA fragment showed that it displayed high homology (99% identity with 75% and 81% coverage, respectively) to other MDR-encoding plasmids such as pSTM6-275 (CP019647) and pbl10-220 (CP025340; Figure 2A), both of which were isolated from Salmonella strains in pig feces. These data suggest that this ∼92 kb DNA fragment in the chromosome of Sa64 might be acquired through integration of an MDR plasmid into the chromosome. Analysis of Nanopore reads of strain Sa64 has identified ten reads covering two fusion regions between chromosome and the ∼92 kb DNA fragment, which confirmed the presence of MDR plasmid in chromosome in strain Sa64 (Supplementary Figure 3). Sequence analysis showed that this DNA fragment contained a variety of antimicrobial resistance genes surrounded by different IS elements, such as blaOXA, qnrS2, floR, aac(6’)-Ib-cr, tet(A), and aph genes, and some other resistance gene cassettes surrounded by diverse mobile elements. In this fragment, resistance genes that might contribute to the ciprofloxacin resistance phenotype were found to be located in a complex mobile element comprising various genes, with a structure of IS26-aac(6’)Ib-cr-carB-arr3-emrE-IS6-qnrS2-IS26, suggesting that IS26 played a critical role in the formation of this mobile element and subsequent integration into the chromosome of strain Sa64, with the potential of being reacquired by other plasmids harbored by the host strain.
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FIGURE 2. Circular alignment of plasmid pSa64-188kb and the pSa64-96kb. (A) The red circle depicts plasmid pSa64-188kb, which is used as reference; basic genetic loci in this plasmid are tagged. The light pink and green circle, respectively, indicate pSTM6-275 (275,801 bp, CP019647.1) and pBL10-220k (220,231 bp, CP025340.1), respectively; the circle in deep blue color represents DNA fragament Sa64-chr-92k from chromosomal of Sa64 and yellow circle represents pSa64-96kb in this study; (B) The light pink and blue circle represent plasmid p628-CTXM (85,338 bp: KP987217.1) and pEK204 (93,732 bp: EU935740.1), respectively; The blue circle with deep and light color, respectively, depicts pH1519-88 (88,678 bp: KJ484630.1) and pSH4469 (91,109 bp: KJ406378.1) in the NCBI database. The outmost circle in red color represents pSa64-96kb. Sequence was produced via combination of Illumina and PacBio sequencing data.


The plasmid harbored by Salmonella strain Sa64, designated as pSa64-96kb, was 96,571 bp in length, with GC content of 49.7%. BLASTN analysis indicated that this plasmid was 99% homologous to plasmid pS68 (Accession number: KU130396) of which was acquired from E. coli at 99% coverage. Plasmid pSa64-96kb carried IncI1 replicon together with the transfer proteins (tra locus), the pilus formation protein (pil locus), the shufflon-specific DNA recombinase (rci), and the nikAB-trbABC region encoding genes. It also showed homology (98.9% similarity, 72–76% coverage) to some other plasmids, including E. coli plasmid pEK204 (EU935740.1) and Klebsiella pneumoniae plasmids p628-CTXM (KP987217.1) and pH1519-88 (KJ484630.1), and a Shigella sonnei plasmid, pSH4469 (KJ406378.1), all of which contained a blaCTX–M gene belonging to group 1 variant and contributed to worldwide transmission of ceftriaxone resistance in Salmonella (Figure 2B). The insertion sites of the blaCTX–M variants were very similar on these plasmids (Supplementary Figure 2B). However, no antimicrobial resistance gene was carried by pSa64-96kb, and thus it could be considered as the prototype of such IncI1 plasmids. Additional tra genes responsible for conjugation were carried by pSa64-96kb but were replaced by diverse antimicrobial resistance genes in other IncI plasmids during plasmid evolution (Figure 2B and Supplementary Figure 2).

The plasmid recovered from the transconjugant S64-TC was a circular IncI1 plasmid of 188,966 bp, with 229 predicated coding sequences and, a GC content of 50.5%. It was designated as pSa64T-188kb. Sequence analysis showed that a ∼92 kb DNA fragment, (Sa64-chr-92kb) and the plasmid pSa64-96kb, which existed in the parental strain as separate entity, have merged and formed the fusion plasmid pSa64T-188kb though IS26 (Figures 2B, 3A), which was subsequently transferred to the recipient strain J53 through conjugation. Taken together, our data could help explain the conjugative transmission of ciprofloxacin resistance in Salmonella Sa64 strain. The carriage of multiple PMQR genes [aac(6’)Ib-cr and qnrS2] in the MDR fragment located in the chromosome of Sa64 could confer resistance to ciprofloxacin (CIP MIC = 8 μg/ml), which was further confirmed by the increase of CIP MIC from 0.01 to 8 μg/ml after acquisition of conjugative plasmid pSa64T-188kb bearing this MDR fragment carrying aac(6’)Ib-cr and qnrS2 in E. coli J53.


[image: image]

FIGURE 3. Mechanisms of plasmid recombination. (A) Structure alignment of two plasmids and the MDR region in the chromosome. Duplicated IS26 elements are highlighted in yellow color and drug-resistance genes are depicted in red arrows; (B) Proposed IS element-mediated plasmid and drug-resistant chromosomal fragament fusion in Sa64, PCR products 3 and 4 confirm that TU could be dynamic existed in a circular intermediate form and also could be assembled in chromosome via replicative transposition event by the hot spot (ATATTACT). While the plasmid pSa64T-188kb is the cointegrate generated by homologous recombination bewteen TU and plasmid pSa64-96kb.


The molecular mechanisms underlying this DNA transmission and plasmid fusion were further investigated. Detailed analysis of the aligned sequences of these two plasmids and the chromosomal DNA fragments revealed that two copies of IS26 were found to be flanked at both ends of chromosomal MDR fragment, Sa64-chr-92kb, and one copy of IS26 on plasmid pSa64-96kb. These data suggested that the insertion of Sa64-chr-92kb to plasmid pSa64-96kb could be due to homologous recombination mediated by IS26. We then ask how the chromosomal DNA fragment could be integrated into plasmid by recombination. It has been reported that DNA fragment flanked by IS26 could form circular intermediate known as a translocatable unit (TU; Harmer and Hall, 2015, 2016). To test if MDR Sa64-chr-92kb fragment could also form TU, four PCR assays using primers listed in Supplementary Table 1 were performed. PCR products 1 and 2 were successfully amplified with corrected sizes and sequences suggesting that these four primers were valid (Figure 3B). The amplification of product 3 as shown in Figure 3B was also obtained with right size and sequence, which aligned to the IS26 sequence confirming that a TU has been formed in S. Derby Sa64 strain. In addition, PCR product 4 with size and sequence covering one copy of IS26 and adjacent sequences suggested that some population of Sa64 carried one copy of IS26 with the whole MDR fragment being excised out (Figure 3B). This data also indicated that the dynamic presence of TU and chromosomal encoded MDR fragment in a total population of Sa64. Analysis of product 4 sequence and sequences flanking MDR fragment on the chromosome allowed us to identify a hot spot (ATATTACT) located right outside of IS26, which implied that Sa64 obtained this MDR fragment through being attacked by IS26 flanking the MDR region from other sources most likely from other plasmid at this hot spot on the chromosome. After confirmation of the presence of TU in Sa64, it is further speculated that this TU could undergo cointegration with pSa64-96kb to form pSa64T-188kb through homologous recombination at IS26 region (Figure 3B).



DISCUSSION

Pathogenic bacteria such as Salmonella often contain target gene mutations and exhibit resistance to ciprofloxacin. Double and single mutations in gyrA and parC genes associated with ciprofloxacin resistance phenotypes in salmonella were shown to be consistent with previously reports (Chen et al., 2007). Salmonella isolates were rarely resistant to ciprofloxacin in the past decades mainly due to the low occurrence of gyrA double mutations. In 2005, quinolone resistance conferred by the acquisition of PMQR genes was first observed in Salmonella, while mutations in PMQR determinants only mediated quinolone resistance, but not resistance to fluoroquinolones such as ciprofloxacin (Ferrari et al., 2013; Wong et al., 2014a; Kim et al., 2016). The prevalence of ciprofloxacin resistance in Salmonella climbed sharply in several countries, especially China, with up to ∼ 30–40% resistance rate detectable among strains of specific serotypes (Lin et al., 2015; Pribul et al., 2017). These emerging ciprofloxacin-resistant Salmonella strains were found to harbor only a single gyrA mutation and an extrachromosomal PMQR gene, or several PMQR genes with no mutations. Apparently, the ciprofloxacin-resistance phenotypes of these isolates were attributable to the combined effects of the PMQR gene product, and/or target mutations because the PMQR gene products can drastically reduce the antimicrobial effect of fluoroquinolones via antibiotic efflux, competitive inhibition by binding of antibiotics, and inactivation with enzymes, resulting in emergence of high-level quinolone resistance strains without target gene mutations. However, ciprofloxacin resistance strains of Salmonella whose resistance phenotypes are transferable have rarely been reported, since the majority of PMQR genes were normally located in non-conjugative plasmid or the chromosome of Salmonella (Lin et al., 2015). However, the ciprofloxacin-resistance phenotype encoded by two types of conjugative plasmids has been reported in Salmonella previously (Chen et al., 2018), suggesting that ciprofloxacin resistance is now readily transferrable.

This study identified a chromosomal DNA fragment carrying PMQR and other drug-resistance genes that was assembled via plasmid-mediated integration into the Salmonella chromosome. Importantly, such chromosomal fragment may readily become transferable upon being captured by a conjugative plasmid in Salmonella. Emergence of such chromosome-derived, ciprofloxacin-encoding conjugative plasmids comprises a severe public health threat since ciprofloxacin is first option for curing life-threatening Salmonellosis. Comprehensive analysis of the genetic content among strains Sa64, Sa79, and ST350 showed that one insertion sequence, IS26, commonly co-occurred with antimicrobial resistance genes and were highly transferable between plasmids and the chromosome. The plasmid pSa64-96kb, which contains IncI1 replicon, was found to be an important resistance-encoding vector commonly harbored by various bacterial species. One part of this plasmid, the IncI1 replicon, may readily be fused with other drug-resistance genes at high frequency. Such fusion plasmids, such as pSa64T-188kb, exhibit a broader host spectrum and might help further expand the resistance profile of the host strain. It has been shown that plasmids are functionally dynamic, readily forming hybrid plasmids through recombination. Although the structure of Sa64-chr-92kb in the chromosome of the test strain was found to be stable via Nanopore long-reads sequencing. No TU of MDR fragment, Sa64-chr-92kb, could be detected with sequencing depth of 40 multiplicative, while it was shown that this type of TU was presented in some population of Sa64 by PCR amplification. This is probably due to the low number of this TU in total population of Sa64, which could not be picked up by Nanopore sequencing with low sequencing depth, which is consistent with the weak band of product 4 obtained by PCR. Plasmid cointegration is not rare among bacteria, and it has been reported to be related to spreading of antimicrobial resistance genes, such as cephalosporin resistance encoded by beta-lactamases genes (Leelaporn et al., 1996; He et al., 2015; Wong et al., 2016). For example, Harmer and Hall (2015, 2016) found that the insertion sequence IS26 played a role in reorganizing plasmids in clinically isolated MDR bacteria via replicative transposition (Kim et al., 2016). Our recent work also reported that dissemination of IncI1 plasmids can integrate with various blaCTX–M genes such as the blaCTX–M group 1 and group 2 elements, contributing to an increasing prevalence of ceftriaxone resistance (Wong et al., 2016). These plasmids ranged from 75 kb to 100 kb in size and contained blaCTX–M typical structures, ISEcp1-blaCTX–M–14-IS903-iroN or flanked by ISEcp1 element and a truncated orf477 in up- and downstream regions, respectively. Our study further extends the role of this type IncI1plasmid as helper plasmid to fuse with chromosomal MDR fragment or MDR plasmid to help conjugate these non-conjugative elements to other bacteria with even broader host spectrum.

In conclusion, this study showed that dynamic interaction between specific chromosomal fragment and plasmids may significantly enhance resistance development and transferability of mobile resistance-encoding elements in bacterial pathogens. Mobile elements including both IS26 and the IncI1 plasmid played important roles during the transmission process. IS26 mediated homologous recombination of antimicrobial resistance genes with the IncI1 conjugative helper plasmid, during which a recombined fusion plasmid was generated. The fusion plasmid was transferred to a new host with helper of conjugative elements encoded by the IncI plasmid. Fusion between IncI1 type plasmids and various antibiotic-resistance gene-bearing mobile elements and chromosomal fragments is expected to bring about a sharp increase in the number of mobile resistance elements circulating among populations of bacterial pathogens, thereby posing a severe threat to the effectiveness of traditional antibiotics in treatment of infections caused by Salmonella pathogens. Meanwhile, such fusion events explain that bacteria may acquire antibiotic resistance genes from a route other than conjugation. Furthermore, such events will continue to produce novel plasmids conferring enhanced resistance phenotypes with expanded bacterial hosts.
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Salmonella enterica is a common foodborne illness in the United States and globally. An increasing number of Salmonella infections are resistant to antibiotics, and many of the genes responsible for those resistances are carried by plasmids. Plasmids are important mediators of horizontal gene exchange, which could potentially increase the spread of antibiotic resistance (AR) genes. Twenty-eight different incompatibility groups of plasmids have been described in Enterobacteriaceae. Incompatibility groups differ in their accessory gene content, replication mechanisms, and their associations with Salmonella serotypes and animal sources. Plasmids also differ in their ability to conjugate or be mobilized, essential genes, and conditions required for transfer. It is important to understand the differences in gene content and transfer mechanisms to accurately determine the impact of plasmids on the dissemination and persistence of antibiotic resistance genes. This review will cover the most common plasmid incompatibility groups present in S. enterica with a focus on the transfer mechanisms and associated antibiotic resistance genes.
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INTRODUCTION

Non-typhoidal Salmonella enterica (NTS) is a leading cause of bacterial foodborne illness, causing over one million infections per year in the United States and more than 93 million globally (Majowicz et al., 2010; Scallan et al., 2011). Salmonellosis generally presents as mild to severe gastroenteritis within 72 h of ingestion of contaminated food or water. Most illnesses are self-limiting, and otherwise healthy individuals usually recover within seven days of symptom onset without antibiotics (Kurtz et al., 2017). However, immunocompromised patients and invasive infections may require antibiotic treatment (Crump et al., 2015). Infections are usually treated with sulfamethoxazole/trimethoprim, ciprofloxacin, or cephalosporins, but resistance to these and other antibiotics has been increasing in Salmonella since the 1980s (Theilman and Guerrant, 2004; Crump et al., 2015). The Centers for Disease Control and Prevention (CDC) predicted that 16% of NTS infections in the United States between 2015 and 2018 were resistant to one antibiotic or more (CDC, 2019).

One factor influencing the spread of antibiotic resistance (AR) is horizontal gene transfer (HGT). Mobile genetic elements, including plasmids, phage, and transposons, can facilitate HGT via conjugation, transduction, and transformation, respectively (Mazel and Davies, 1999; Frost et al., 2005). Plasmids specifically have featured prominently as agents of HGT associated with AR in Enterobacteriaceae, including Salmonella (Carattoli, 2003; Gillings, 2014; Brown-Jaque et al., 2015). In the United States, AR Salmonella infections are increasing, highlighting the need for tracking plasmids containing AR genes (CDC, 2019; Tack et al., 2020).

Conjugative plasmids are self-transmissible, giving them the potential to increase the spread of AR genes. The essential components for conjugation are: the origin of transfer (oriT), MOB genes, and the mate-pair formation (MPF) genes (Smillie et al., 2010; Banuelos-Vazquez et al., 2017). The MOB genes process the DNA being replicated and transferred to the new cell. The MPF complex forms a channel between the two cells for the DNA to travel through. This protein complex is a subfamily of Type-4 secretion system. However, the genes encoding those proteins vary by plasmid type (Smillie et al., 2010; Wallden et al., 2010; Li et al., 2019). Combined, the MOB and mate-pair genes are sometimes called the tra genes because individual genes are often named tra.

In order for conjugation to occur, the relaxasome, a protein complex responsible for processing plasmid DNA to prepare it for transfer, must form at the oriT (Lawley et al., 2003b; Wong et al., 2012; Waksman, 2019). In the presence of the mate-pair structures, the relaxase then nicks the plasmid DNA and guides it through the translocation channel encoded by the MPF genes (Alvarez-Martinez and Christie, 2009; Ilangovan et al., 2015). However, not all mobile plasmids are conjugative. Non-conjugative plasmids must contain an oriT in order for the plasmid to be mobilized, but require a “helper plasmid” that possesses all the necessary MPF genes, which mobilizable plasmids utilize to complete the conjugation process (Loftie-Eaton and Rawlings, 2012). Mobilizable plasmids generally also contain a relaxase. There are eight families of relaxase genes: MOBB, MOBC, MOBF, MOBH, MOBP, MOBQ, MOBT, and MOBV (Francia et al., 2004; Garcillan-Barcia et al., 2009; Guglielmini et al., 2011).

Plasmids are typed based on incompatibility with other plasmids, which are defined as the inability of two plasmids to be maintained together in the same cell line (Novick et al., 1976). Replication genes can differ by incompatibility group. These genes can be detected with PCR for plasmid typing (Carattoli et al., 2005). Relaxase genes can also be used for typing by a similar process (Compain et al., 2014). Twenty-eight incompatibility groups have been isolated in Enterobacteriaceae (Carattoli, 2009; Rozwandowicz et al., 2018). Plasmids of different incompatibility groups differ in their host range, size, and transfer mechanism (Rozwandowicz et al., 2018). They can also differ by the AR genes they carry.

Despite genetic similarities, other Enterobacteriaceae species like Escherichia coli, are not good predictors of AR in Salmonella, even from the same sample (Nyirbahizi et al., 2020). Additionally, distribution of plasmid types and accessory genes these plasmids carry can differ in Salmonella compared to other Enterobacteriaceae, although estimates of plasmid frequencies can be biased by the tendency to sequence clinically relevant strains from humans and animals (Williams et al., 2013). Further, even though Salmonella contain plasmids that can be found in many organisms, serotypes of Salmonella differ in the frequencies of plasmids they contain, and new plasmids can emerge within any serotype. While some serotypes are more likely to contain certain plasmids than others, these plasmids can exist in any serotype, and no incompatibility group is confined to a single serotype. As Salmonella is an important human pathogen known to develop AR and potentially transfer it between animals and humans, it is recognized globally as a sentinel organism for surveillance programs like the National Antimicrobial Resistance Monitoring System (NARMS). Salmonella also contains unique plasmids; therefore, this review will focus on characteristics of the major incompatibility groups found in Salmonella, which are summarized in Table 1. Presented examples of serotypes that can contain certain plasmids more frequently than others are summarized in Table 2.



TABLE 1. Summary of features of transferable plasmids associated with Salmonella enterica.
[image: Table1]



TABLE 2. Incompatibility groups with examples of associated Salmonella serotypes.
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INcC

One of the most well-studied incompatibility groups found in Salmonella is IncA/C. Initial studies indicated that the IncA and IncC groups were closely related and exhibited entry exclusion toward each other so the groups were combined (Hedges, 1974). However, it was confirmed that IncA and IncC plasmids are compatible, and the use of the IncA/C term should be discontinued (Ambrose et al., 2018a). Since IncA/C has been grouped together historically, plasmids that have not been reclassified will be designated as IncA/C because PCR is not a strong enough tool to differentiate them (Ambrose et al., 2018a).

IncC plasmids are large, low copy number, broad host range, and frequently contain AR genes (Harmer and Hall, 2015). In contrast, only five IncA plasmids have been isolated (none from Salmonella; Ambrose et al., 2018a). Most plasmids are conjugative, but co-carriage of another large plasmid may increase the transfer rate (Han et al., 2018). IncC plasmids encode a MOBH relaxase (Garcillan-Barcia et al., 2009). Essentials for IncC plasmid transfer are the AcaC and AcaD proteins, which serve as master activators for the tra genes and at least two chromosomally encoded genomic islands: Salmonella genomic island 1 (SGI1) and a mobilizable chromosomal element in Vibrio mimicus (Carraro et al., 2014a). The genes traN, traH, and traG have also been determined to be essential for IncC transfer and can facilitate the mobilization of SGI1 (Carraro et al., 2017). IncC plasmids contain other tra genes, but their functions have not been confirmed experimentally (Harmer and Hall, 2015; Ambrose et al., 2018b). The relaxase-like gene mobI is also required for IncC transfer (Carraro et al., 2014b). While the biochemical function of the gene is unknown, it is located immediately downstream of the oriT and essential for plasmid transfer, but unrelated to SGI1 mobilization (Hegyi et al., 2017). In IncC plasmids, the gene eexC facilitates entry exclusion toward IncA plasmids as well as undefined incompatibility groups by recognizing traG (Humbert et al., 2019).

IncA/C plasmids have been isolated in Salmonella that contain up to 10 AR genes for more than five classes of antibiotics. The most common AR genes carried by IncA/C are strAB (aminoglycosides), sul2 (sulfonamides), tetAR (tetracycline), blaCMY-2 (β-lactams), and floR (chloramphenicols). Other genes for resistance to aminoglycosides, tetracyclines, trimethoprim, chloramphenicols, and cephalosporins have also been identified (Welch et al., 2007; Hoffmann et al., 2017; Cao et al., 2018). In Salmonella isolated in the United States, IncA/C plasmids have been found in several different serotypes and animal commodities, especially cattle (Lindsey et al., 2009; Folster et al., 2017; Mollenkopf et al., 2017). Notably, IncA/C plasmids have been found in many Salmonella Newport isolates (Table 2; Cao et al., 2015). Salmonella Newport has been isolated from cattle containing IncC plasmids with AR genes for at least five classes of antibiotics (Cao et al., 2018). Isolates in a 2017 study of human and dairy cattle associated Salmonella of serotypes Dublin, Newport, and Typhimurium showed that all Dublin and Newport isolates tested contained sul2, strA, strB, tetA, and blaCMY-2. More than 75% of all isolates tested also contained floR, and one-third of the isolates contained an IncA/C plasmid (Carroll et al., 2017). However, more investigation is needed to explain why these serotypes are more likely to contain IncC plasmids.



INcF

IncF plasmids are large (>80 kb), low-copy number, and host restricted to Enterobacteriaceae. They are important because many virulence-associated plasmids, those that allow a host bacterium to cause a more virulent infection, of Salmonella are IncF (Silva et al., 2017; Rozwandowicz et al., 2018). An example of virulence genes in Salmonella plasmids is the spv genes (Boyd and Hartl, 1998). The spv operon increases the invasive nature of Salmonella and host cytotoxicity (Guiney and Fierer, 2011). Serotypes Typhimurium, Dublin, Enteritidis, Choleraesuis, Abortusovis, Abortusequi, Gallinarum, and Sendai usually contain a virulence plasmid (Table 2; Boyd and Hartl, 1998; Uzzau et al., 2000; Anzai et al., 2005; Guiney and Fierer, 2011). Salmonella Kentucky isolates have been identified containing an IncF virulence plasmid acquired from an avian pathogenic E. coli (APEC) strain that may confer an advantage in an avian host (Table 2; Johnson et al., 2010).

The conjugation systems of IncF plasmids are diverse. They can be categorized into five classes based on the genes regulating the expression of the transfer genes; only two of the groups, one and three, have been seen in Salmonella (Fernandez-Lopez et al., 2016). The transfer pilus is one of the defining features of IncF plasmids as they are similar across all IncF plasmids but distinct from other incompatibility groups (Lawley et al., 2003b; Fernandez-Lopez et al., 2016). Relaxase genes carried by IncF plasmids are classified as MOBF (subtype MOBF12; Garcillan-Barcia et al., 2009). In contrast to other incompatibility groups, IncF plasmids can carry multiple types of replicon associated genes, such as FIA, FII, or FIB (Villa et al., 2010).

IncF plasmids have been isolated that contain AR genes. IncF plasmids in Salmonella isolated in China carried fluoroquinolone resistance genes (Chen et al., 2018). IncF plasmids isolated from Salmonella I 4,[5],12:i:-, the monophasic variant of Typhimurium, carried blaTEM-1, cmlA (chloramphenicols), and an integron containing drfA (trimethoprim), aadA1 and aadA2 (aminoglycosides), and sul3 (Garcia et al., 2014). In Salmonella isolated in the United States, IncF plasmids have been associated with strAB, tetA, tetC, tetD, aphA (aminoglycosides), and sul2 (Han et al., 2012; McMillan et al., 2019).



INcHI

First described in Salmonella Typhi in 1972, IncHI plasmids are classified into three groups: HI1, HI2, and HI3 (Anderson and Smith, 1972; Rozwandowicz et al., 2018). IncHI plasmids are generally conjugative and very large, containing up to 300,000 base pairs (Gilmour et al., 2004). HI1 and HI2 plasmids have a well-conserved backbone structure with regions of variation (Holt et al., 2007). However, HI1 plasmids have two distinct lineages based on the presence and absence of accessory gene regions (Cain and Hall, 2013). HI1 and HI2 plasmids are often isolated in Salmonella, but not host-restricted (Maher and Taylor, 1993; Holt et al., 2007; Chen et al., 2016).

Conjugation in IncHI plasmids is temperature-dependent. Conjugation is optimized at 27°C, but repressed at 37°C, the normal body temperature for warm blooded hosts of Salmonella (Maher et al., 1993). Relaxase genes of both HI1 and HI2 plasmids are classified as MOBH subtype MOBH11 (Garcillan-Barcia et al., 2009). In HI1 and HI2 plasmids, the transfer gene region is split into two locations, Tra1 and Tra2 (Taylor et al., 1984). Tra1 contains 14 genes, including five MPF genes and five non-essential genes (Lawley et al., 2002). Tra2 contains 28 genes, including four involved in partitioning the plasmid between two cells, 11 MPF genes, 10 non-essential genes, and two that regulate transfer frequency (Lawley et al., 2003a). A novel Ig-containing protein (contains an imunoglobulin-like motif), RSP, is also required for conjugation (Huttener et al., 2019).

IncHI plasmids have been isolated that contain heavy metal resistance genes as well as the tetB gene of the transposon Tn10 (Gilmour et al., 2004; Cain and Hall, 2012a,b). In addition to tetB, plasmids are also associated with resistance genes for streptomycin and sulfonamides (Rozwandowicz et al., 2018). In the globally circulating MDR Salmonella Typhi strain, HI1 plasmids carry cat (chloramphenicol), strAB, tetAR, sul2, and blaTEM-1 (Phan et al., 2009). IncHI plasmids have also been associated with qnr genes (fluroquinolones) and ESBL genes (Chen et al., 2016). Genes conferring colistin resistance have been found on HI2 plasmids in Salmonella in several countries, including Canada and Portugal (Figueiredo et al., 2016; Mulvey et al., 2018; Lima et al., 2019).



INcI1

IncI1 plasmids are large, conjugative, and host-limited to Enterobacteriaceae (Carattoli et al., 2018). The prototypical plasmid, R64, was isolated from Salmonella Typhimurium during a study examining the differences in plasmids before they were classified by incompatibility (Meynell and Datta, 1966; Sampei et al., 2010). IncI1 genetic structure is well-conserved, except for the accessory gene region, which varies by individual plasmid (Carattoli et al., 2018). The transfer region is approximately 54 kb and contains at least 49 genes, up to 35 of which are essential, depending on the plasmid (Komano et al., 1990, 2000). IncI1 contain a MOBP relaxase, generally subtype MOBP12 (Garcillan-Barcia et al., 2009). Cefotaxime (126 mg/L, half the minimum inhibitory concentration) can cause an upregulation of transfer genes in IncI1 plasmids that contain cefotaxime resistance genes (Moller et al., 2017).

While genetically similar to the transfer region of IncF plasmids, IncI1 plasmids exhibit distinct differences: two types of pili and a unique shufflon system. Both pili, one thick and one thin, are required for conjugation on a surface, while only the thin pilus is required for conjugation in broth (Bradley, 1983; Komano et al., 2000). The shufflon system allows for several variants of the pilV gene, which encodes adhesins that recognize lipopolysaccharide targets on the cell surface during conjugation (Komano et al., 1986; Sampei et al., 2010). This variation allows IncI1 plasmids to transfer to a broader range of hosts. For example, E. coli and Salmonella require a different pilV variant for transfer (Ishiwa and Komano, 2003; Sekizuka et al., 2017).

IncI1 plasmids are subdivided into hundreds of sequence types with a pMLST scheme based on the pilL (pilus biosynthesis), sogS (primase), ardA (restriction-modification enzyme), repI1 (RNAI), and a region between the trbA and pndC genes (Garcia-Fernandez et al., 2008). They are also divided into clonal complexes that contain specific AR genes (Carattoli et al., 2018). IncI1 plasmids play a major role in the dissemination and persistence of β-lactamase genes (Carattoli et al., 2018). The blaCMY-2 gene is especially prevalent among IncI1 plasmids (Folster et al., 2011). IncI1 plasmids are also frequently implicated as carriers of AR genes in Salmonella associated with poultry (Folster et al., 2014). In Salmonella Heidelberg, IncI1 plasmids have been associated with an integron containing aadA, aac(3')-IId (aminoglycosides), and sul1, blaTEM-1, and tetA; some isolates were responsible for an outbreak associated with turkey in the United States in 2011 (Folster et al., 2012; Han et al., 2012).



OTHER INCOMPATIBILITY GROUPS

Other incompatibility groups have been found carrying AR genes in Salmonella. IncN plasmids are a small (30–70 kb) broad host range plasmid categorized by a pMLST scheme based on the repN, korA, and traJ genes (Garcia-Fernandez et al., 2011; Rozwandowicz et al., 2018). They contain a MOBF relaxase (Garcillan-Barcia et al., 2009). The transfer region of IncN plasmids is split into three discontinuous segments (Winans and Walker, 1985). In Salmonella, IncN plasmids have been associated with qnr genes (Garcia-Fernandez et al., 2009; Kim et al., 2013).

IncX plasmids range from 30 to 50 kb in size and are divided into six subgroups: X1–X6 (Compain et al., 2014; Rozwandowicz et al., 2018). Although most common in Salmonella and E. coli, transfer is possible to Pseudomonas aeruginosa (Tardif and Grant, 1983; Johnson et al., 2012). Conjugation in IncX plasmids is naturally repressed, but can be derepressed by suspending cells in an ammonium acetate solution (Bradley, 1980). IncX plasmids contain a MOBP relaxase, but the subtype differs by individual plasmid (Garcillan-Barcia et al., 2009). In Salmonella isolated in the United States, IncX plasmids have been associated with resistance to β-lactams and aminoglycosides (McMillan et al., 2019). IncX plasmids carrying ESBL and quinolone resistance genes have also been isolated (Rozwandowicz et al., 2018).



MOBILIZABLE PLASMIDS

Mobilizable plasmids in Salmonella also contain AR genes. IncQ1 plasmids are small (10–12 kb), have a well-conserved structure, and broad host range. They are generally associated with strAB, tetAR, and sul2, although other AR genes have been identified (Poirel et al., 2010; Oliva et al., 2017). IncQ1 plasmids replicate via strand-displacement and contain a relaxase gene, mobA, fused to a repB primase. The relaxase genes of IncQ1 plasmids are diverse, sometimes only exhibiting 84% homology between different plasmids (Loftie-Eaton and Rawlings, 2012). This could explain why IncQ1 relaxases can be classified as either MOBQ or MOBP (Garcillan-Barcia et al., 2009). IncQ1 plasmids can be mobilized by large plasmids including types F, I1, N, P, W, and X (Willetts and Crowther, 1981; Francia et al., 2004).

IncR plasmids were first described in 2009 in isolates of Klebsiella and Salmonella Montevideo (Garcia-Fernandez et al., 2009). They are not thought to be conjugative since they do not contain any tra genes or a relaxase, but could be mobilizable (Chen et al., 2006; Bielak et al., 2011; Rozwandowicz et al., 2018). Although IncR plasmids are rarely reported, an outbreak strain of Salmonella Newport in the United States reported between 2018 and 2019 contained an IncR plasmid carrying genes for resistance to up to five different classes of antibiotics: trimethoprim/sulfamethoxazole, tetracycline, chloramphenicol, β-lactams, and aminoglycosides (Plumb et al., 2019). IncR plasmids have also been associated with resistance to quinolones (Rozwandowicz et al., 2018).



DISCUSSION

Understanding how plasmids transfer in Salmonella is of the utmost importance in determining the risk of the dissemination of AR genes. If a plasmid carrying AR genes is conjugative, genes may have a higher risk of dissemination than those carried by non-conjugative plasmids. Furthermore, if a plasmid is mobilizable, it is important to know if the cell carries a helper plasmid and of what type; conjugative plasmids mobilize non-conjugative plasmids at different rates (Cabezon et al., 1997). However, it is important to remember that presence of conjugation genes does not guarantee conjugation. External conditions influence transfer efficiency; for example, inflammation has been shown to increase rates of transfer for IncI1 plasmids from Salmonella to E. coli (Stecher et al., 2012).

Plasmids are common in Salmonella and differ in their gene content and transfer genes. Tracking these plasmids is important because some can be associated with certain AR genes, like β-lactamases with I1 plasmids (Carattoli et al., 2018). However, as AR genes are frequently associated with transposons, genes are not fixed to specific plasmids, and AR genes can emerge on new plasmids at any time. Additionally, plasmids can contain multiple replicons. One study found that 66% of Salmonella plasmids investigated were mosaic, meaning that they contained sequences from multiple different plasmids as a result of recombination; many were mosaics of plasmids from different incompatibility groups (Boyd et al., 1996; Pesesky et al., 2019). Recently, a Salmonella Infantis strain containing the mosaic pESI-like plasmid (plasmid for emerging Salmonella infantis) carrying blaCTX-M-65 has emerged in poultry and caused human infections around the world (Table 2; Aviv et al., 2014; Tate et al., 2017; Brown et al., 2018). Although this gene has been isolated on other plasmids in E. coli, the gene is only found on the pESI plasmid in Salmonella Infantis. This plasmid has contributed to the rise of Infantis as one of the dominant serotypes in poultry in Europe and in the United States, where the prevalence of the serotype increased nearly 70% in the past few years (Tack et al., 2020). In addition to blaCTX-M-65, this plasmid carries other AR genes and genes that convey advantages over other Salmonella within a poultry host.

Plasmids in Salmonella may acquire AR genes seemingly at random, but their proliferation in a population is not random. The pESI plasmid is a good example of how a strain with a plasmid containing AR genes can rapidly spread by co-selection. Plasmids in Salmonella often carry more than one AR gene, or genes for resistance to heavy metals and/or biocides. In these cases, even if an antibiotic is withdrawn from the environment, other selective pressures encouraging plasmid carriage may remain. Further, plasmids may contain other factors, like fimbriae or nutrient acquisition systems, that give the host bacterium an advantage that further selects for the plasmid. Even without another selecting factor, plasmids may not carry a high fitness cost to the host bacterium. In some cases, AR genes carried by plasmid can have a lower cost of fitness than those carried chromosomally (Vogwill and MacLean, 2014).

Co-selection could also play a part in the associations between serotypes and certain plasmid types, but further investigation is needed to fully understand these correlations. For example, it is unknown why IncC plasmids are more common in serotypes Newport and Dublin. In the United States, these serotypes are also more frequently isolated from cattle sources, but whether the relationship of the plasmid is related to the serotype, the source, or a combination of factors remains unknown. Co-selection could also be responsible for the association of the pESI plasmid with serotype Infantis in poultry but does not explain why the plasmid has not been isolated in any other poultry-related serotypes. In this case, another factor such as a barrier to conjugation must be influencing the serotype association.

Surveillance is necessary, not just of Salmonella and other important human and animal pathogens, but of the plasmids they carry. Tracking plasmids and the genes they carry would allow for a better understanding of co-selection of AR genes and the associations of plasmids with Salmonella serotypes. Plasmid surveillance will not prevent the spread of AR, but it would provide information for designing mitigation strategies that account for these factors. Further study is needed to assess the contribution of plasmids to the spread of AR in Salmonella, both genotypically and phenotypically.
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Due to its drug resistant nature, β-lactamase represents a serious challenge for public health. Extended-spectrum β-lactamase (ESBL) producing Klebsiella pneumoniae clones are increasingly reported worldwide. Little is known about the prevalence and biological characteristics of drug-resistant strains in zoos. During routine surveillance at the Zhengzhou Zoo of China, we found Klebsiella pneumoniae isolate in healthy Red Kangaroos (Macropus Rufus) with severe MDR. The Klebsiella pneumoniae were especially resistant to Cefuroxime Sodium (MIC, > 64 μg/mL), Ceftriaxone (MIC, >8 μg/mL) and Cefepime (MIC, >64 μg/mL), and belonged to ST290. Subsequently, whole genome sequencing (WGS) showed that the Chrome Chr-M297-1 harbored blaDHA–3, blaSHV–1, blaCTX–M–14, fosA5, dfrA3, sul3, etc., and pM297-1.1 [222,864 bp, IncFIB(K)], which carried nine antimicrobial genes including blaCTX–M–14, blaTEM–191, aph(3″)-Ib, aph(6)-Id and qnrS1, etc., and pM297-1.2 [225,763 bp, IncFII(K)] carried 22 antimicrobial genes including blaTEM–1, blaCTX–M–3, aph(3′)-Ia, aac(3)-IIa, aac(6′)-Ib-cr, aadA16, qnrB2, qnrS1, qacEΔ1, mphA, sul1, and dfrA27, etc. A traceability analysis then revealed that these two plasmids were highly similar to those recovered from human clinical samples in some southern cities in Sichuan Province, China (>99%), suggesting that these plasmids are spreading in China. Furthermore, two plasmids harboring conjugal transfer genes facilitated the transmission of antimicrobial genes by conjugation with E. coli J53. Our research shows that the transmission and adaptation of Klebsiella pneumoniae producing ESBLs is occurring in zoo environments, suggesting that zoos may be becoming important potential reservoirs for clinically important drug-resistant genes. It is therefore necessary to monitor the emergence and spread of drug-resistant gene strains in captive wild animals held in zoo environments.
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INTRODUCTION

The emergence and dissemination of antimicrobial resistance (AMR) in the environment has become a global concern. AMR has become an area of focus over the past two decades and is now recognized as a potential and serious threat to global public health (Tacconelli et al., 2018). AMRs can be disseminated rapidly through various pathways, including foodborne pathogens, insects, wastewater, pet, food-production, or wild animals (Yang Q.E. et al., 2019). There were more than 25 instances of human infectious disease outbreak reported during the period between 1990 and 2000, 11 of which were related to animals in farms, petting zoos, and zoos (Bender and Shulman, 2004). A human may be infected through direct or indirect contact with wild animals during interactive activities in zoos, a situation that is lesser discussed in relation to public health, and there has to date, been little research on the role of wild animals in zoos and the epidemiology of multidrug resistance (MDR). Some previous studies have shown that bacterial isolates from wild animals that live in close proximity to humans have stronger drug resistance compared to wild animals living in remote areas (Rolland et al., 1985; Cole et al., 2005; Skurnik et al., 2006; Kozak et al., 2009; Allen et al., 2011). Captive wild animals in zoos have more close contact with humans and, therefore, are potential natural reservoirs for AMRs and antibiotic-resistant bacteria.

Bacteria can meet the evolutionary challenge of combating antimicrobial chemotherapy by acquiring preexisting resistance determinants from the bacterial gene pool. This is achieved through the concerted activities of mobile genetic elements that can move within or between DNA molecules, which include insertion sequences, transposons, and gene cassettes/integrons, and those that are able to transfer between bacterial cells, such as plasmids and integrative conjugative elements. MDR bacteria from captive wild animals can carry various mobile genetic elements, for example, a study on a Czech zoo found that IncI1 harbored blaCTX–M–1 and qnrS1 in E. coli (Dobiasova et al., 2013), integron (class I and II). Another study found plasmid carrying blaCMY–26,qnr and aac(6′)-Ib-cr in Gram-negative bacterial isolates from a Japanese zoo (Ahmed et al., 2007), and MDR Salmonella Enterobacter has been recovered from captive wild animals in Ohio (Farias et al., 2015). These studies indicate that these environments facilitate the emergence and dissemination of multidrug resistant pathogenic bacteria, posing a serious public health risk due to the interactions between humans and animals in these environments.

To further understand the routes of dissemination of AMRs harboring bacteria in a zoo, this study collected fresh animal feces samples as part of the routine monitoring of bacterial diseases in Zhengzhou zoo, Henan province, China. The Enterobacteriaceae in these samples were isolated, and we discovered an MDR Klebsiella pneumoniae isolate from a Red Kangaroo had severe drug resistance, including second-generation cephalosporins (Cefuroxime Sodium), third-generation cephalosporins (Ceftriaxone) and even, fourth-generation cephalosporins (Cefepime). A whole genome sequencing (WGS) analysis was then conducted to evaluate the relationship between the plasmid, drug-resistant gene related elements, and human clinical isolates.



MATERIALS AND METHODS


Bacterial Isolates

Enterobacteriaceae was isolated from fresh fecal samples of animals at Zhengzhou Zoo, Henan province, China. Briefly, fecal samples were collocated into an Eppendorf tube with 500 μL sterile saline, which was gently shaken, and allowed to stand for 10 min. The supernatant was used to inoculate onto the MacConkey Agar (Beijing SanYao Science & Technology Development Co, Beijing, China) plate at 35°C for 18 h. The colonies with different morphologies and colors were then stored and subjected to further analysis. Species identification was carried out using a 16S rRNA sequence (TIANYI HUIYUAN, China).



Drug Susceptibility Testing

Drug susceptibility testing was performed by the broth microdilution method (microbial susceptibility kit, BIO-KONT, China), according to the CLSI guidelines (CLSI, 2019). Fifteen antimicrobial drugs were used to screen MDR, including Ampicillin, Ampicillin/Sulbactam, Piperacillin/Tazobactam, Aztreonam, Cefuroxime sodium, Ceftriaxone, Cefepime, Ciprofloxacin, Levofloxacin, Meropenem, Colistin, Chloramphenicol, Trimethoprim/Sulfamethoxazole, Nitrofurantoin, and Amikacin. We tested drug susceptibility to Tetracycline and Doxycycline by the Kirby-Bauer disk diffusion method (OXOID, United Kingdom), and E. coli ATCC25922 was used as a quality-control strain.



Whole-Genome Sequencing and Bioinformatics Analysis

Based on drug susceptibility testing, an MDR Klebsiella pneumoniae isolate (named M297-1) was identified in a Red Kangaroo. This multidrug resistant (MDR) bacteria was subjected to WGS using the Oxford Nanopore Technologies (ONT) MinION platform (Biomarker Technologies, China) (Ashton et al., 2015; Loman et al., 2015). Sequencing was then carried out according to the standard protocol provided by ONT, and high-quality genomic DNA was extracted by NanoDrop, Qubit, and 0.35% agarose gel electrophoresis for purity, concentration, and integrity. Large fragments of DNA were recovered by the BluePippin automatic nucleic acid recovery system. The library was constructed by ligation sequencing kit (SQK-LSK109 Ligation Sequencing Kit, Oxford Nanopore Technologies, United Kingdom), and DNA damage repair and terminal repair magnetic bead purification were used to connect and re-purify, and the Qubit library was quantified and sequenced on the machine.

A phylogenetic tree was constructed based on 16s rRNAs and Klebsiella pneumoniae isolate multilocus sequence typing (MLST) was conducted by using MLST 1.8 or PubMLST1. Plasmid replicon typing, plasmid multilocus sequence typing, and identification of resistance genes were performed using Plasmid Finder2 or pMLST 2.0, and Resfinder 2.0 or CARD, respectively. The comparison of the similarity between plasmids and known plasmids was conducted using PLSDB databases3. The plasmid sequence was annotated with DFAST4, and the genomic structure was compared in EasyFig. The comparative map of the plasmid genome was drawn by the Illustrator for Biological Sequences (IBS) software v1.0. (Liu et al., 2015) and modified manually. Transposons and insertion sequences were determined using ISfinder.



Conjugation Experiments and the Evaluation of Plasmid Stability

To investigate the transferability of the plasmid in Klebsiella pneumoniae M297-l isolate, we performed conjugation assays with sodium-azide resistance E. coli J53 as a recipient strain. Briefly, overnight cultures of MDR Klebsiella pneumoniae M297-l as a donor and the recipient E. coli J53 strain were 1:10 mix and conducted on nitrocellulose membranes on a MacConkey Agar plate by incubation at 35°C for 16–20 h. After incubation, we subsequently diluted the 10-fold serial, mixed the culture in sterile saline, and aliquoted 100 μL of diluted culture onto MacConkey Agar plates supplemented with 20 mg/L of cefotaxime and 200 mg/L of sodium azide. E. coli transconjugants were screened by drug susceptibility testing. To further evaluate the stability of the plasmid of E. coli transconjugants, E. coli transconjugants were passaged continuously in MHB without antibiotics and detected in a McConkey Agar plate containing 20 mg/L cefotaxime according to previous reports (Walsh et al., 2011; Di Luca et al., 2017; Wein et al., 2019).

Similarly, we selected the conjugate strains based on the drug sensitivity test and used the Illumina sequencing platform (BGI, China) for high-throughput sequencing of the whole genome of the transconjugants plasmid.


Accession Numbers

The sequence data and details of the sequenced samples, including the date and location of the collection and source, were submitted to the GenBank. Accession numbers for Chr-M297-1, plasmid pM297-1.1, and pM297-1.2 from Klebsiella pneumoniae M297-1, respectively. Klebsiella pneumoniae M297-1 assembly contigs were deposited under study accession number CP051490, CP051491, and CP051492.



RESULTS


MDR Klebsiella pneumoniae M297-1 Isolates From Red Kangaroo

Overall, 24 isolates were isolated from animal fecal samples in Zhengzhou Zoo. These included 33 isolates of Escherichia coli and 1 isolate of Klebsiella pneumoniae. The susceptibility profiles indicated that most of the isolates were susceptible to some of the common antimicrobial drugs in clinical use. The antimicrobial resistance of the isolates from the Red Kangaroo (n = 4) was serious (Table 1) as compared with other samples the isolate of Klebsiella pneumoniae (named as M297-1) had high resistance to major groups of antimicrobial drugs including group A (Ampicillin), group B (Cefuroxime, Cefepime, Ceftriaxone, Ciprofloxacin, Levofloxacin, Trimethoprim/Sulfamethoxazole, Ampicillin/Sulbactam), group C (Aztreonam, Chloramphenicol), and group U (Nitrofurantoin).


TABLE 1. The drug susceptibility profiles of Enterobacteriaceae isolated from Red Kangaroo.
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Genomic Structure of the Chr-M297-1 Harboring blaDHA–3, blaSHV–1, and blaCTX–M–14

The isolate was subjected to WGS analysis. The chromosomal DNA of M297-1 (named as Chr-M297-1) is 5,750,384 bp in size and exhibits 100% identity with a query coverage of 100% to the K. pneumoniae by Ribosomal Multilocus Sequence Typing (rMLST). Isolate M297-1 belongs to ST 290)5, has the highest homology with Klebsiella pneumoniae isolate (99.93%) from human clinical samples based on phylogenetic tree of 16s rRNA (Supplementary Figure S1). For ST290, only five isolates were recorded in the database, of which one strain was from a dairy cow and the other four strains were from human clinical samples. Chr-M297-1 possesses 9 gene islands and 1 prophage, 169 antimicrobial genes most importantly carrying 3 β-lactamase genes (blaDHA–3, blaSHV–1, and blaCTX–M–14), fosA5, dfrA3, sul3, etc. (Table 2). In addition, the resistance pump was mainly composed of ABC family genes, as well as MFS, SMR, and MATE family genes.


TABLE 2. Genomic information of Klebsiella pneumoniae isolate M297-1 from Red Kangaroo in Zhengzhou zoo, Henan province.
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Genomic Structure of Plasmid Carrying Important Antimicrobial Genes

K. pneumoniae isolate M297-1 contains two plasmids pM297-1.1 (222,864 bp) and pM297-1.2 (225,763 bp), which belong to IncFIB(K) and IncFII(K), respectively. pM297-1.1 contains five Genomic_islands, two β-lactamase genes (blaCTX–M–14 and blaTEM–191), two aminoglycoside resistant genes [aph(3″)-Ib and aph(6)-Id], quinolone resistance gene qnrS1 and others. According to PLSDB database, only three plasmids were similar to pM297-1.1 focusing on the multidrug resistant region, which is tnpA-other-blaCTX–M–14-tnpA/Tn903-blaTEM–191—tnpA/IS2-other-qnrS1-tnpR/Tn552-ISKpn19-tnpR/Tn4653 (Figure 1). More specifically, there were conjugal transfer protein genes (traABCDEGHIKLMNPQTUVX-trbBCEFI-finO), Lactose permease, and two aminoglycoside resistant genes [transposase-aph(3″)-Ib and aph(6)-Id] co-located in the same larger Genomic_island 11 (42,044–101,359 bp).
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FIGURE 1. Antimicrobial genes, insertion sequences, and composite transposons in plasmids from MDR K. pneumoniae isolate M297-1. (A) pM297-1.1 and its similar linear property particle characteristics and comparison; (B) pM297-1.2 and its similar linear property particle characteristics and comparison. Dark green and golden shadows represent shared areas with high similarity (>90%), showing the relative positions of genes identified in the complete nucleotide sequences of these bacteria. These genes are marked with arrows, which represent the coding sequence and the associated transcription direction, and the size of the arrow is proportional to the length of the gene. The red shadow represents the antibiotic resistance gene, the blue shadow indicates the insertion sequence, the yellow shadow indicates the transposase gene, the green shadow indicates the integrase gene, and the orange shadow indicates the serine recombinase family protein gene. the blank indicates that it has nothing to do with drug resistance or unknown functional protein genes. Turquoise shadow, gene island; purple shadow, prophage.


pM297-1.2 contains 7 Genomic_islands and 1 prophage. Comparing to pM297-1.1, pM297-1.2 harbors more antimicrobial genes, including 2 extended-spectrum β-lactamase (ESBLs) genes (blaCTX–M–3 and blaTEM–1), 5 aminoglycoside resistance genes [aph(6)-I,aph(3′)-Ia, aph(3)-IIa,aadA16, aph(6′)-Ib-cr], fluoroquinolones resistant genes (qnrB2 and qnrS1), mphA, sul1, qacEΔ1 multidrug exporter, etc. Notably, pM297-1.2 carries chloramphenicol resistant genes (floR), tetracycline resistant genes (tetG), sulfonamide resistance gene (sul1, sul2) (Table 2), but pM297-1.1 does not contain these genes.

The genomic region of pM297-1.1 and pM297-1.2 were divided into different Multidrug Resistance regions according to the composition of antimicrobial genes and related antimicrobial genes. The pM297-1.1 possessed one multidrug resistance gene region (tnpA-other-blaCTX–M–14-insC/Tn903-blaTEM–191-insD-other-insC21-qnrS1-tnpR/Tn552-other-tnpR/Tn4653), which was entirely conserved in p911021-tetA, p1_020098, pLAP2_020009, NZ_CP040176.1 (similarity, >99.86%). This genomic region was flanked by insC/Tn903 and insC21 sequences and co-harbored other genes, encoding ESBLs (blaCTX–M–14 and blaTEM–191, Figure 1A, pM297-1.1), and one gene conferring resistance to fluoroquinolones (qnrS1, Figure 1A, pM297-1.1).

The multidrug resistance region of pM297-1.2 appeared to consist of three parts, which are named MDR1, MDR2, and MDR3. MDR1 was bracketed by derivatives of Tn903, Tn3, and Tn1721(Tn21 subfamily) and harbored resistance genes against aminoglycoside, sulfonamide, and chloramphenicol. MDR2 carried one class I integron (intl1) and co-harbored other genes that have resistance to aminoglycoside, sulfonamide, rifampicin, and fluoroquinolones. Notably, MDR3 was bracketed by derivatives of Tn3 harboring two β-lactamases genes blaCTX–M–3 and blaTEM–1 and Tn4653 gene carrying one gene resistance to fluoroquinolones. Some plasmid, including pKp21774-135, pKPNH54.1, pKF3-94, pL22-5, p2, pR210-2-CTX, pCTXM15_020019, pSCM96-1, pNH25.2, were found to possess the MDR3 by a database search. These two plasmids evolved from other plasmids by inserting, deleting, or replacing.



Traceability Analysis of These Two Plasmids

In the PLSDB database, five plasmids from Klebsiella pneumoniae in human clinical samples had high similarity to plasmid pM297-1.1. pM297-1.2 had high similarity to thirteen plasmids, of which 9 were derived from Klebsiella pneumoniae, and 1 from Klebsiella variicola, Klebsiella quasipneumoniae, Klebsiella sp., and Escherichia coli in human clinical samples from different regions (Supplementary Table S1).



Conjugative Transfer and Stability of Plasmids Harboring MDR Regions

Transconjugants were obtained from mating experiments with Klebsiella pneumoniae M297-1 donors, in E. coli J53 recipients, at rates of 10–5 to 10–6 transconjugants per recipient cell. All of the 13 putative transconjugants that were tested were found to be the recipient background species and to be β-lactamase positive by antimicrobial susceptibility testing. Notably, 8 of the 13 transconjugants were resistant to sulfamethoxazole, chloramphenicol, and tetracycline, which was suggested to be transconjugants carrying with pM297-1.2 (Table 3). Another 4 strains were not resistant to the sulfamethoxazole, chloramphenicol, and tetracycline (Table 3), which was considered to be transconjugants carried pM297-1.1. All positive transconjugant colonies tested, resistance to cefotaxime, and remained detectable throughout the 6-day passage experiment, even in the absence of antibiotic selection.


TABLE 3. Drug susceptibility testing of E. coli transconjugants from Klebsiella pneumoniae M297-1 as donor and E. coli J53 as a recipient strain.
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We sequenced the whole genome of the J53-2 transconjugants plasmid, which is completely sensitive to Chloramphenicol, Trimethoprim/Sulfamethoxazole, Tetracycline, and Doxycycline, and also sequenced the transconjugants plasmid J53-12, which is highly resistant to Chloramphenicol, Trimethoprim/Sulfamethoxazole, Tetracycline, and Doxycycline. The results show that there was a complete genome of plasmid pM297-1.1 in J53-2 and a complete genome of pM297-1.2 in J53-12. This result confirmed that the two plasmids that were carried by strain M297-1 could be transferred to E. coli.

We confirmed that the two plasmids carried by Klebsiella pneumoniae M297-1 had strong transferability and stability in new host bacteria.



DISCUSSION

In this study, we reported firstly that the multidrug-resistant Klebsiella pneumoniae M297-1 was carried by healthy Red Kangaroo, which suggests that an asymptomatic animal host, which is likely to be ignored, may become an important reservoir for drug-resistant pathogens, such as Salmonella entericus (Perron et al., 2008). Salmonella isolated from captive wild animals in Ibadan, western Nigeria, has been observed to be resistant to sulfadiazine and penicillin (Falade and Durojaiye, 1976). Among the 232 isolates of Gram-negative bacteria isolated from mammals, reptiles, and birds raised in an Asakusa Zoo, Hiroshima Prefecture, Japan, 21.1% of Gram-negative bacteria carry at least one drug-resistant gene and have multiple drug-resistant phenotypes (Ahmed et al., 2007). The ESBLs and fluoroquinolone resistance genes detected in Czech zoos were associated with the transmission of specific E. coli clones and plasmids of specific incompatible groups between different animal species (Dobiasova et al., 2013). S. aureus was taken from zoo and wildlife in Germany from 2008 to 2016, and two isolates from juvenile red squirrels showed multiple drug resistant phenotypes (Fessler et al., 2018). The frequency of AMRs detected in animals living in human settlements is significantly higher than that in animals living in the wild (Grall et al., 2015; Kock et al., 2018). The isolates from wild animals show a similar pattern of drug resistance to E. coli from human clinical sources in their study areas (Jobbins and Alexander, 2015). Other studies have indicated that drug-resistant Salmonella isolates identified from zoo environments, including those from animals and their keepers, have been confirmed to be clone-related (Farias et al., 2015; Milton et al., 2018). Therefore, wild animals may be important hosts and storage hosts for the spread of drug-resistant bacteria, and human activities significantly affect the microbial community of captive wild animals in zoo environments, which are not necessarily monitored for such risks.

In the present study, the ST290 sequence types K. pneumoniae M297-1 from a Red Kangaroo were closely related to that found in human clinical isolates, but only 5 cases of this sequence type have been reported worldwide, in the United States, Australia, and China (Figure 2). The plasmid of isolates carrying blaKPC–2, blaIMP–8, blaTEM–1, and blaCTX–M–15 gene transmission have been found in neonatal infections (Jin et al., 2017; Kong et al., 2020). The first case of nosocomial epidemic infection caused by NDM-5 metallo-β-lactamase ST290 isolates were reported in China (Wang et al., 2019). Therefore, our study further showed that zoo-derived MDR bacteria are closely related to human-derived MDR.
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FIGURE 2. The distribution of the ST290 of Klebsiella pneumoniae isolates in the world, among which three isolates were found in China, one in the United States, and one in Australia.


bGWAS provided comprehensive information about isolate M297-1. The whole genome analysis of M297-1 confirmed that its plasmids carried clinically related ESBLs genes including blaTEM–1, blaTEM–191, blaCTX–M–3, and blaCTX–M–14 (Table 2 and Figure 1). Since the late 1990s, the multidrug-resistant Enterobacteriaceae that produces ESBLs has become an important cause of urinary tracts and bloodstream infections in humans (Pitout and Laupland, 2008; Wyres et al., 2020). This is a rapidly evolving class of β-lactamases, usually from blaTEM–1, blaTEM–2, or blaSHV–1 genes, which can hydrolyze third-generation cephalosporins and aztreonam and can be inhibited by clavulanic acid (Paterson and Bonomo, 2005). Although new members of the ESBLs family are often found, the earlier blaCTX–M–14 and blaCTX–M–15 enzymes are prevalent in the world at large (Bush and Fisher, 2011; Bush and Bradford, 2020), while blaCTX–M–3 enzymes are prevalent mainly in Europe (Canton et al., 2008). Resistance to extended-spectrum cephalosporins such as ceftazidime, cefotaxime, and cefepime were often observed when ESBLs appeared in Klebsiella sp. (Babic et al., 2006). ESBLs were also detected on the M297-1 chromosome, but it also stably carried the ESBLs positive plasmids pM297-1.1 and pM297-1.2, indicating that drug resistance itself is not the only selection criterion for maintaining ESBLs cod plasmids. Other drug resistant genes, such as those of sulfonamides, fluoroquinolones, aminoglycosides, and tetracyclines and found on chromosomes and plasmids, suggest that the findings of this study may have evolved under the pressure of many antibiotics.

Mobile genetic elements, such as insertion sequence, transposon, integron, and prophage, can mobilize antibiotic resistance genes. The detection of blaTEM and blaCTX–M type β-lactamases genes in a variety of genetic backgrounds suggests that their mobilization may involve multiple mechanisms. In this study, for plasmid pM297-1.1, IS1380 is located upstream of blaCTX–M–14, and downstream we detected IS903, which has also located upstream of blaTEM–191 and blaTEM–191. This may also be related to its downstream truncated IS2 gene, and similar structures also exist in similar plasmids retrieved (p911021-tetA, MG288679.1; p1_020098, NZ_CP036307.1; pLAP2_020009, CP038004.1) (Figure 1). This seems to imply that the β-lactamase gene carried by pM297-1.1 may form a tandem structure of the drug resistance gene after multiple homologous recombinations. For the MDR 3 region of plasmid pM297-1.2, the resistance gene box of β-lactamase genes in Tn3-like transposon was tnpA-tnpR-blaTEM–1-other-blaCTX–M–3, and also located on the prophage. We found that a similar plasmid (pKF3-94, pL22-5, p2, pCTXM15_ 020019, pSCM96-1) also had a complete or truncated similar structure (Figure 1). There are usually two IS431mec insertion sequence genes from Staphylococcus aureus upstream and downstream of aminoglycosides, fluoroquinolones, sulfonamides, and tetracyclines in the pM297-1.2 MDR region. The structure of the intI1-gene cassette carried by the plasmid pM297-1.2 supports the concept of mobile elements to transfer antimicrobial genes between different bacteria. The drug resistance gene cassette [aac(6′)-1b-cr-arr-3-dfrA27-aadA16] is derived from the plasmid (ACC_NUCCORE : EU675686) carried by the multi-drug resistance E. coil isolated from the urine of patients in Huashan Hospital (Wei et al., 2009). This structure is completely preserved in pM297-1.2 from Klebsiella pneumoniae M297-1 (Figure 1) and is located on the Genomic Island. The drug resistance gene cassette mainly encodes β-lactamases, acetyltransferases, and nucleoside transferases, which do not require significant cell interaction and can be integrated into the metabolic network. Therefore, the interference from the existing genome is minimal, and it is the best example of a single gene corresponding to a single phenotype (Ghaly et al., 2020). In any case, this genetic factor will help bacteria evolve multiple determinants of antibiotic resistance in different habitats (Edge and Hill, 2005).

Asia is one of the centers of antibiotic resistance, and there are a number of drug-resistant strains including K. pneumoniae, and a large number of acquired gram-negative MDR strains have been found (Jean and Hsueh, 2011). The prevalent STs in Asia include ST15, ST23, ST14, and ST231. Among them, ST15 is very common, ST23 is significantly related to Southeast Asia, while ST14 and ST231 are significantly related to South Asia (Wyres et al., 2020). In this study, most of the plasmids retrieved from the PLSDB database were carried by K. pneumoniae. Among the K. pneumoniae isolates carrying highly similar plasmids to pM297-1.2, only two isolates of ST15 were isolated from Thailand and China, and one strain of ST23 and one strain of ST14 from China. The isolates carrying highly similar plasmids to pM297-1.1 did not detect the above four sequence types (Supplementary Table S1). As a result, the two plasmids in our study belong to IncF, a narrow host spectrum plasmid widely in Enterobacteriaceae, and can carry a variety of AMR genes and play a major role in the spread of specific antimicrobial genes (Carattoli, 2011; Rozwandowicz et al., 2018). Some studies showed that IncFIB and IncFII plasmids are effective vectors of β-lactamases. These plasmids can promote the transfer of antimicrobial genes when exposed to antibiotics (Rooney et al., 2019). blaNDM, blaOXA, and other genes spread in the Enterobacteriaceae flora of medical facilities by relying on these plasmids (Simner et al., 2018; Wu et al., 2019; Strydom et al., 2020), while blaCTX–M can become the dominant gene carried by IncFII plasmids in France and China (Du et al., 2012; Dahmen et al., 2013). It seems that blaCMY–42 is replacing blaCTX–M–15 in some areas (Paul et al., 2020). In particular, some IncFIB cannot only express a high level of drug resistance but also enhance the virulence of K. pneumoniae after conjugation with K. pneumoniae (Yang X. et al., 2019). The results of this suggest that the co-prevalence of plasmid IncFIB and IncFII in the same isolates may lead to serious public health problems.

Similar plasmids were found by Sweden, Thailand, and China, respectively. Except for one isolate in Sweden and two isolates in Thailand, the other isolates carrying similar plasmids are mainly distributed among the southern cities of Sichuan province, China (Figure 3 and Supplementary Table S1). It has been suggested that during the period from 2010 to 2019, the epidemic distribution of this drug-resistant plasmid was gradually spreading in China, and the difference in carrying drug-resistant genes indicates that it is evolving. However, the phylogenetic analysis of the related isolates showed that M297-1 is located on a different branch with other K. pneumoniae isolates carrying similar plasmids (Figure 4). Since strain M297-1 comes from red kangaroo samples, while other strains carrying similar plasmids come from human clinical samples, it is speculated that the reason why M297-1 and other K. pneumoniae carrying similar plasmids are in different branches may be closely related to their hosts.


[image: image]

FIGURE 3. The distribution of different isolates carrying similar plasmids in the world. The distribution of different isolates carrying similar plasmids that are highly similar to plasmids pM297-1.1 (A) and pM297-1.2 (B), while (C,D) indicate the distribution in China. The reporting date, region, and ST typing of the isolates are shown in the box.
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FIGURE 4. Phylogenetic relationship between reference K. pneumoniae isolates carrying similar plasmids and M297-1 based on 16s rRNA sequences. The circle indicates the strain carrying highly similar plasmids to pM297-1.1, the triangle indicates the strain carrying highly similar plasmids to pM297-1.2, and the red arrow points to M297-l. Orange, China; light green, Sweden; dark blue, Thailand; gray, missing information.




CONCLUSION

In conclusion, this study demonstrated the high resistance of 13 drugs including Ceftriaxone and Cefepime on MDR K. pneumoniae isolate, taken from healthy Red Kangaroos in Zhengzhou zoo, China. This is the first report on a K. pneumoniae M297-1 (ST290) from a wild animal carrying blaDHA–3, blaSHV–1, blaCTX–M–14, blaTEM–191, blaTEM–1, and blaCTX–M–3 in China and two conjugal transferable plasmids that co-harbor other antimicrobial genes: aph(3′)-Ia, aph(3″)-Ib, aph(6)-Id, aac(3)-IIa, aac(6′)-Ib-cr, aadA16, qnrB2, qnrS1, qacEΔ1, mphA, sul1, and dfrA27. This research confirmed that there is a close relationship between drug-resistant strains carried by wild animals in zoos and human clinical isolates. This suggests that zoos may be becoming important reservoirs for clinically important MDR isolates, which pose a serious potential public health risk. These potential reservoirs should not be ignored and monitoring these environments is of vital importance in preventing major threats to public health in the future.
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Masaki Shintani1,2,3†, Eman Nour4†, Tarek Elsayed4, Khald Blau4, Inessa Wall4, Sven Jechalke4, Cathrin Spröer5, Boyke Bunk5, Jörg Overmann5 and Kornelia Smalla4*

1Department of Engineering, Graduate School of Integrated Science and Technology, Shizuoka University, Hamamatsu, Japan

2Department of Environment and Energy Systems, Graduate School of Science and Technology, Shizuoka University, Hamamatsu, Japan

3Green Energy Research Division, Research Institute of Green Science and Technology, Shizuoka University, Hamamatsu, Japan

4Julius Kühn Institute (JKI) – Federal Research Centre for Cultivated Plants, Institute for Epidemiology and Pathogen Diagnostics, Braunschweig, Germany

5Department Microbial Ecology and Diversity Research, Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany

Edited by:
Clay Fuqua, Indiana University Bloomington, United States

Reviewed by:
Christopher Karl Yost, University of Regina, Canada
Hui Li, Institute of Applied Ecology (CAS), China

*Correspondence: Kornelia Smalla, kornelia.smalla@julius-kuehn.de

†These authors have contributed equally to this work

Specialty section: This article was submitted to Evolutionary and Genomic Microbiology, a section of the journal Frontiers in Microbiology

Received: 03 August 2020
Accepted: 15 October 2020
Published: 27 November 2020

Citation: Shintani M, Nour E, Elsayed T, Blau K, Wall I, Jechalke S, Spröer C, Bunk B, Overmann J and Smalla K (2020) Plant Species-Dependent Increased Abundance and Diversity of IncP-1 Plasmids in the Rhizosphere: New Insights Into Their Role and Ecology. Front. Microbiol. 11:590776. doi: 10.3389/fmicb.2020.590776

IncP-1 plasmids, first isolated from clinical specimens (R751, RP4), are recognized as important vectors spreading antibiotic resistance genes. The abundance of IncP-1 plasmids in the environment, previously reported, suggested a correlation with anthropogenic pollution. Unexpectedly, qPCR-based detection of IncP-1 plasmids revealed also an increased relative abundance of IncP-1 plasmids in total community DNA from the rhizosphere of lettuce and tomato plants grown in non-polluted soil along with plant age. Here we report the successful isolation of IncP-1 plasmids by exploiting their ability to mobilize plasmid pSM1890. IncP-1 plasmids were captured from the rhizosphere but not from bulk soil, and a high diversity was revealed by sequencing 14 different plasmids that were assigned to IncP-1β, δ, and ε subgroups. Although backbone genes were highly conserved and mobile elements or remnants as Tn501, IS1071, Tn402, or class 1 integron were carried by 13 of the sequenced IncP-1 plasmids, no antibiotic resistance genes were found. Instead, seven plasmids had a mer operon with Tn501-like transposon and five plasmids contained putative metabolic gene clusters linked to these mobile elements. In-depth sequence comparisons with previously known plasmids indicate that the IncP-1 plasmids captured from the rhizosphere are archetypes of those found in clinical isolates. Our findings that IncP-1 plasmids do not always carry accessory genes in unpolluted rhizospheres are important to understand the ecology and role of the IncP-1 plasmids in the natural environment.

Keywords: lettuce-, tomato-, and potato rhizosphere, korB qPCR, IncP-1 plasmid, PacBio sequencing


INTRODUCTION

Plasmids are self-replicating extrachromosomal DNA molecules and some of them are mobile genetic elements (MGEs) mediating the exchange of genetic information between bacterial cells via conjugation, mobilization, or transformation. Broad host range plasmids belonging to the ncompatibility (Inc) groups P/P-1, W, N, Q/P-4, and U/P-6 as well as the more recently proposed PromA (Van der Auwera et al., 2009) are of great interest, owing to their ability to transfer between, and maintain themselves in, bacteria of different taxa (Dröge et al., 2000). Among these, plasmids affiliated to IncP-1 group were shown to efficiently transfer under various environmental conditions (Heuer and Smalla, 2012; Shintani et al., 2014; Klümper et al., 2015). The first IncP-1 plasmids R751 and RP4 were isolated from clinical specimens (Datta et al., 1971; Jobanputra and Datta, 1974). Later, IncP-1 plasmids were reported from diverse environments, e.g., sewage, marine sediment, manure, biofilters, and rhizosphere that were affected by anthropogenic pollutants (Dahlberg et al., 1997; Schlüter et al., 2007; Binh et al., 2008; Bahl et al., 2009; Gomes et al., 2010; Heuer et al., 2012; Brown et al., 2013; Jechalke et al., 2013; Dealtry et al., 2014; Wolters et al., 2015). A wide variety of adaptive traits conferring resistance to antibiotics, disinfectants, heavy metals, and/or degradation of xenobiotics was found as accessory genes in the insertion hot spots of IncP-1 plasmids (Hsu and Bartha, 1979; Top and Springael, 2003; Smets and Barkay, 2005). IncP-1 plasmids were so far mainly reported from polluted environments (Schlüter et al., 2003; Tauch et al., 2003; Heuer et al., 2004; Tennstedt et al., 2005; Kamachi et al., 2006; Smalla et al., 2006). It was assumed that bacterial populations carrying IncP-1 plasmids encoding adaptive traits either increased in abundance due to the plasmid-conferred selective advantages or newly evolved in the environments under selective pressure.

Using improved sequencing technologies, new subgroups of IncP-1 were discovered and the sequence-based information was used to design primer systems that targeted plasmids of the different subgroups (Bahl et al., 2009; Jechalke et al., 2013). PCR-Southern blot hybridization and real-time quantitative PCR (qPCR) allowed detecting and estimating IncP-1 plasmid abundance in total community DNA (TC-DNA) from various environmental settings (Götz et al., 1996; Heuer et al., 2012; Jechalke et al., 2013, 2014). Exogenous plasmid capturing was one efficient way to isolate these plasmids from environmental bacteria, without cultivation of their original host (Smalla et al., 2015). The plasmid capturing by biparental matings is based on the expression of accessory genes provided by the conjugative plasmid, including resistance(s) to antibiotics or heavy metals. The capturing by triparental matings involves a second donor carrying a small mobilizable plasmid and is based on plasmid mobilizing capacity (Smalla et al., 2015). Notably, IncP-1 plasmids were often obtained by both methods, and in triparental matings, IncQ/P-4 plasmids were used as mobilizable plasmids (Smalla et al., 2015). More than 40 IncP-1 plasmids previously sequenced have been exogenously captured; more than 30 were obtained by biparental mating, while only nine were captured by triparental mating (Supplementary Table S1).

Recently, we reported the increase of the relative abundance of IncP-1 plasmids in the rhizosphere of lettuce grown under field conditions in three non-polluted arable soils compared to bulk soil (Jechalke et al., 2014). DNA directly extracted from bulk soil or lettuce rhizosphere (TC-DNA) was analyzed by real time qPCR targeting the IncP-1 specific korB gene. The strongly increased relative abundance of korB copy numbers in the rhizosphere compared to bulk soil was rather unexpected and revealed significant gaps in our present understanding of the ecology and role of IncP-1 plasmids. In order to confirm the findings made with the rhizosphere bacterial communities of field-grown lettuce and to evaluate if the findings can be expanded to other crop plants, several greenhouse experiments were performed with lettuce (Lactuca sativa L.), tomato (Solanum lycopersicum), and potato (Solanum tuberosum) plants. TC-DNA was isolated from both the rhizosphere and the bulk soil, and the relative abundance of IncP-1 plasmids was determined by the ratio of korB copies and 16S rRNA (rrn) gene copies quantified in TC-DNA by qPCR. As a means to capture IncP-1 plasmids, we employed the triparental mating with a mobilizable IncQ/P-4 pSM1890 plasmid. IncP-1 plasmids were successfully captured in Cupriavidus necator from the rhizosphere bacterial communities of lettuce, tomato, and potato but not from bulk soil. A total of 14 IncP-1 plasmids were selected based on prior phenotypic and genotypic characterization. The insights gained from their long read sequencing are reported here.



MATERIALS AND METHODS


Greenhouse Experiments, Sampling, and Sample Preparation

Lettuce [Lactuca sativa L.; cultivar (cv) Tizian], tomato (Solanum lycopersicum; cv Moneymaker), and potato (Solanum tuberosum; cv Arkola) were planted as seeds or tubers in diluvial sand [DS, arable soil whose characteristics were previously described (Rühlmann and Ruppel, 2005; Schreiter et al., 2014)], and grown under greenhouse conditions (16 h light, 20°C). Plants were watered with 2 g/L Wuxal® Super (AGLUKON Spezialdünger GmbH & Co., KG, Düsseldorf, Germany), with an NPK ratio of 8-8-6 and micro-nutrients. In addition, pots filled with DS and kept unplanted under the same conditions were used as bulk soil controls (four replicates each). Ten (experiment I: lettuce) or six weeks (experiment II: tomato and potato) after transplanting, plants were destructively sampled (four replicate pots) and vigorously shaken to detach loosely bound soil. Greenhouse experiment III was performed with lettuce and tomato plants only to study the relative abundance of IncP-1 plasmids during different plant growth stages. Therefore, four plants sampled six, eight, and ten weeks after transplanting were analyzed.

Rhizosphere microbial fractions were obtained from the entire root system with the tightly adhering soil placed in Stomacher bags after homogenization with 15 mL of 0.85% NaCl using Stomacher 400 Circulator (Seward Ltd., Worthing, United Kingdom). The supernatants were collected, and the Stomacher step was repeated twice. The microbial pellet was obtained from the combined supernatants (45 mL) by centrifugation (16,000 × g, 10 min). The pellet was resuspended in 2 mL 0.85% NaCl, and 1 mL cell suspension was used for the exogenous plasmid isolation experiments. Five-gram bulk soil samples from unplanted pots were processed accordingly. The microbial pellet was harvested by centrifugation.



Determination of the Relative Abundance of korB in TC-DNA

TC-DNA was extracted and purified from 500 mg of the rhizosphere or bulk soil-derived microbial pellets (four replicates each) as previously described (Jechalke et al., 2013; Blau et al., 2019). Total bacterial 16S rRNA gene (rrn) copy number was determined for the TC-DNA obtained from rhizosphere samples in addition to bulk soil as described in Suzuki et al. (2000). The abundance of korB gene, specific for IncP-1 plasmids, was quantified by TaqManTM-based real-time PCR methods (Jechalke et al., 2013). The relative abundance of IncP-1 plasmids was calculated as ratio of korB gene copy numbers and the rrn copies of the corresponding samples and presented as Log10 values. The CFX 96 Real-time detection system (Bio-Rad Laboratories, Hercules, CA, United States) was used with primer sets, TaqManTM probes, and reference plasmids as previously described (Heuer et al., 2012; Jechalke et al., 2013). The statistical significance was tested by Tukey’s HSD test.



Triparental Exogenous Plasmid Isolation

Triparental matings were performed with rifampicin (Rif) resistant Cupriavidus necator JMP228 as a recipient (which has been successfully used in different experiments as a recipient for capturing IncP-1 plasmids, reviewed in Smalla et al., 2015), Escherichia coli J53 (pSM1890) with the mobilizable IncQ/P-4 plasmid pSM1890 as a second donor (Tietze et al., 1989; Haagensen et al., 2002), and detached cells from rhizosphere and bulk soil samples as donors of mobilizing plasmids as previously described (Smalla et al., 2006). Plasmid pSM1890 encoded GFP and conferred streptomycin (Sm) and gentamicin (Gm) resistances. Overnight cultures of second donor and recipient strains were prepared with lysogeny broth (LB; Roth, Karlsruhe, Germany) supplemented with appropriate antibiotics. The detached cells were activated in 1:10 tryptic soy broth (TSB) medium (Becton Dickinson and Company, Sparks, MD, United States) and gently shaken (150 rpm, 2 h) at room temperature. Recipient, donor, and second donor cells were washed, harvested, and resuspended in 1:10 TSB. A mixture of cells was pipetted onto a Millipore filter (0.22 μm) placed on plate count agar (PCA) (Merck Corp., Kenilworth, NJ, United States) supplemented with cycloheximide (Cyc). After 24 h filter mating at 28°C, cells resuspended from the filters in 1 mL NaCl 0.85% and serial dilutions were plated on PCA with Cyc (200 μg/mL), Rif (50 μg/mL), Km (50 μg/mL), Gm (20 μg/mL), and Sm (50 μg/mL), and incubated for 48 h.



Confirmation of the Transconjugants’ and Plasmids’ Identity and IncP-1 Plasmids Detection and Identification

Genomic DNA was extracted from each overnight culture of potential transconjugants from the lettuce (pTL), tomato (pTT), and potato (pTK) rhizosphere and recipient using Qiagen genomic DNA extraction kit (Qiagen, Hilden, Germany). The presence of oriV region (IncQ/P-4) of pSM1890 was confirmed by PCR with IncQ/P-4 specific primers. BOX-PCR performed as described by Rademaker and De Bruijn (1997) to confirm that the patterns were identical between those of transconjugants and the corresponding recipient. Plasmid DNA extraction from the pSM1890-positive transconjugants was performed as described previously (Smalla et al., 2000). Real-time qPCR was employed for screening the plasmid DNA for korB gene (Heuer et al., 2012; Jechalke et al., 2013). To confirm the presence of IncP-1 plasmids as well as to evaluate their diversity, the korB positive transconjugants were digested with NotI (Thermo Fisher Scientific). The digested plasmid DNA was subjected to 1% agarose gel (w/v) electrophoresis and then Southern-blot analysis was performed with IncP-1 mixed probes (targeting the trfA gene of α, β, ϵ, [image: image], and δ subgroups) (Bahl et al., 2009; Wolters et al., 2014). The obtained restriction patterns were compared using GELCOMPAR II version 6.5 (Applied Math, Sint-Martens-Latem, Belgium). The clusters were constructed according to their similarity using Pearson’s correlation coefficients and hierarchical cluster method UPGMA (unweighted pair group method average algorithm means). Based on the restriction pattern comparisons, one representative plasmid was selected for sequencing.



Whole Nucleotide Sequencing of Plasmids and Analyses

Plasmid DNA was extracted from the transconjugants using QIAGEN Plasmid Midi Kit (QIAGEN). SMRTbellTM template library was prepared according to the instructions from Pacific Biosciences, Menlo Park, CA, United States. For preparation of 10 kb libraries 1 to 4 μg of each plasmid DNA was sheared using g-tubesTM (Covaris, Woburn, MA, United States) and DNA was end-repaired and ligated overnight to barcoded SMRTbellTM adapters applying components from the DNA/Polymerase Binding Kit P6 (Pacific Biosciences). Five to eight SMRTbellTM templates were combined equimolar. Samples were either exonuclease-treated for removal of incompletely formed reaction products or subjected to a BluePippinTM Size-Selection (Sage Science, Beverly, MA, United States) for DNA fragments greater than 4 kb. SMRT sequencing was carried out on the PacBio RSII (Pacific Biosciences) taking one 240-min movie for each SMRT cell. Assemblies of the multiplexed plasmid pools have been performed using the HGAP3 Whitelisting protocol within SMRTPipe 2.3.0 applying a genome size of 100 kb and a minimum subread length of 1 kb after demultiplexing using the RS_Subreads.1 protocol contained within SMRT Portal 2.3.0. Whenever possible, plasmids were circularized removing artificial redundancies at the ends of the contigs. Draft annotation was performed using Prokka (Seemann, 2014). The conserved genes in the IncP-1 plasmids were reannotated and named based on those in R751 (Thorsted et al., 1998), except for kfrB (upf54.8 in R751) and kfrC (upf54.4 in R751). Accessory genes including putative metabolic genes and/or transporter genes were subjected to BLAST1 to find similar sequences. Genotypic screening of antibiotic resistance genes in these plasmids was performed by using the comprehensive antibiotic resistance database (CARD) (Alcock et al., 2020). Comparative analyses of the plasmids were performed and visualized by Easyfig ver. 2.2.2 (Sullivan et al., 2011). The nucleotide sequences of genes encoding replication initiation protein (trfA) and relaxase (traI) of 130 selected IncP-1 plasmids (Supplementary Table S3) were aligned using ClustalW (Thompson et al., 1994) and the maximum likelihood method was used for the unrooted trees using MEGA 7 (Kumar et al., 2016). Visualization of plasmid maps was performed using SnapGene2. Plasmid sequences were deposited in GenBank under Accession Numbers MH392232 to MH392246.




RESULTS


Influence of Plant Species and Age on the Relative Abundance of IncP-1 Plasmids

The relative abundance of IncP-1 plasmids (ratio of korB to rrn) quantified by qPCR in TC-DNA showed an approximately one to two orders of magnitude increased relative abundance in the rhizosphere of lettuce and tomato plants compared to bulk soil (t-test, n = 4, p < 0.01 or Tukey’s HSD test, n = 4, p < 0.05), while this was not significant in the potato rhizosphere (Tukey’s HSD test, n = 4, p > 0.05, experiments I and II, Supplementary Figure S1). In addition, korB quantification in TC-DNA from the rhizosphere samples of lettuce and tomato plants collected at six, eight, or ten weeks after transplanting (greenhouse experiment III) revealed that for both plant species the relative abundance of IncP-1 plasmids significantly increased with plant age (Tukey’s HSD test, n = 4, p < 0.05, Figure 1).
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FIGURE 1. Relative abundance of IncP-1 plasmids log10(korB/rrn) in total community DNA (TC-DNA) from the rhizosphere of lettuce and tomato plants taken at different time points of plant development. a, b, and c indicate the significant differences (Tukey’s HSD test, p < 0.05, n = 4). bc indicates that significant differences were detected between the results of the rhizosphere of lettuce and tomato plants at 6 weeks and that of tomato at 10 weeks, but not between those of lettuce and tomato at 10 weeks.




Exogenous Isolation of IncP-1 Plasmids Based on Their Mobilizing Capacity

From the rhizosphere of lettuce, tomato, and potato, 16, 51, and one IncP-1 plasmids were obtained, respectively, but none was obtained from bulk soil samples. Based on NotI restriction pattern analysis, 14 IncP-1 plasmids were selected, and their complete sequences were obtained. All plasmids captured from the lettuce rhizosphere had a unique restriction pattern, except for pTL50 that was representative of four transconjugants (Supplementary Table S2). In contrast, the restriction patterns of plasmids from the tomato rhizosphere fell into one of a number of groups, i.e., pTT11 was a representative of 21 plasmids, pTT47 of 12, pTT5 of three, and pTT60 of two (Supplementary Table S2). Phenotypic and genotypic screening of transconjugants did not indicate acquired antibiotic resistances.



PacBio Sequence Analysis Revealed That IncP-1 Plasmids From the Rhizosphere Belong to Different Subgroups

The sizes of 14 representative IncP-1 plasmids captured from the rhizosphere of lettuce (pTL8, pTL9, pTL25, pTL16, pTL21, pTL43, pTL50, and pTL52), tomato (pTT5, pTT11, pTT25, pTT47, and pTT60), and potato (pTK9) remarkably varied. Their sizes ranged from 39,671 bp to 107,234 bp for pTL50 and pTL9 plasmids, respectively (Supplementary Table S2). The phylogenetic analysis of the plasmids was performed based on the nucleotide sequence of trfA and traI genes encoding replication initiation protein and relaxase, respectively (Figure 2). The majority of the plasmids from all three rhizospheres (12 out of 14 plasmids) belonged to the IncP-1β subgroup (Figure 2 and Supplementary Table S2). Eleven IncP-1β plasmids were classified as IncP-1β1 subgroup and the pTL8 plasmid belonged to the IncP-1β2 subgroup. Plasmid pTT60 showed >99% nucleotide sequence identity of trfA and traI with the new IncP-1δ group prototype plasmid pAKD4. The only plasmid in this study without any MGEs or accessory genes was the IncP-1ε plasmid pTL50. Eleven plasmids had type II toxin-antitoxin systems (TAs), which were encoded by kluAB genes in their backbone regions (Supplementary Figure S2). Six of them (pTK9, pTT11, pTL16, pTL21, pTL25, and pTL52) had a putative RelEB system encoding riboendonuclease as toxin that cleaves mRNA on translating ribosomes (Christensen et al., 2001). The other five (pTL9, pTL43, pTT5, pTT25, and pTT47) had a putative ParED system encoding inhibitor of DNA gyrase as toxin (Jiang et al., 2002) (Supplementary Figure S2). No previously known antibiotic resistance genes were identified in any captured plasmids by searching the comprehensive antibiotic resistance database (CARD).
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FIGURE 2. Phylogenetic analysis based on nucleotide sequences of (A) trfA (encoding replication initiation protein) and (B) traI (encoding relaxase) of IncP-1 plasmids. Plasmids with colors indicate that they were obtained by exogenous plasmid capturing, red for the obtained plasmids in the present study, blue for biparental mating, and brown for triparental mating. The accession numbers of other IncP-1 plasmids are listed in Supplementary Table S3. The unrooted trees were inferred by the neighbor joining method using Geneious Prime 2019. Bootstrap values are indicated at each node.



The Diversity of IncP-1β Subgroup Driven by MGE

The comparison of the sequences beyond the backbone genes revealed that the diversity of the set of plasmids studied here was driven by MGEs and accessory genes (Figure 3 and Supplementary Table S2). The two smallest IncP-1β1 plasmids originating both from the tomato rhizosphere, pTT5 and pTT47 (43,580 and 43,582 bp), are likely identical. Interestingly, they consisted only of the plasmid backbone genes except for the presence of IS1071 linked to a gene coding for a hypothetical protein. Furthermore, sequence analysis showed that the parA gene was lost from both plasmids, likely due to the insertion of IS1071 at this site (Supplementary Figure S2).
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FIGURE 3. Comparisons of the whole genetic structure for the captured plasmids. (A) IncP-1β with representative plasmids R751 and pBB55 from manure soil, (B) IncP-1δ with pAKD4, and (C) IncP-1ε with pKJK5. trfA was set as the right end of the linear plasmid maps, and the start points and directions of the representative plasmids in the maps are shown by red arrows in panel (D). Block arrows with colors indicate coding sequences (CDSs) and their predicted functions (red for replication, green for conjugation, yellow for other genes in IncP-1 backbone, light blue for genes related to mobile genetic element, and magenta for accessory genes). Homologous regions are indicated by frame areas. The key mobile genetic elements (IS1071, Tn402, Tn402-integron, and Tn501) are shown by colored rectangular shapes that are shown below the figure.




Tn501-Like Transposon

The Tn501-like transposon linked to a mer operon was detected on seven of the 11 IncP-1β1 plasmids studied here (Figure 3A) and the transconjugants harboring these plasmids indeed grew on a mercury chloride-containing medium (data not shown). In all plasmids with Tn501 the insertion site was between trfA and oriV. However, a closer sequence comparison revealed a few distinct differences that were caused mainly by the insertion site of IS1071 and truncation of the Tn501 tnpATn501 coding for the transposase (Figure 4A and Supplementary Text).
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FIGURE 4. Comparisons of the genetic structure for the key mobile genetic elements (MGEs), Tn501 (A) and Tn402-class 1 integrons (B,C). CDSs and homologous regions are indicated by block arrows and framed areas, respectively. Inverted repeats (IRs) are shown by blue triangles. * or Δ indicates that the gene was disrupted or truncated by other MGEs, respectively. (A) Comparisons of Tn501 containing the mer operon found in IncP-1β-1 plasmids with pJP4, which has a mer operon. The insertion sites of IS1071 are pointed by red triangles. pTK9 had another inverted repeat of Tn501 in downstream of the metabolic island with IS1071 insertion. pBB55 had another insertion in the tnpATn501 gene shown by pink triangles. (B) Comparisons of Tn402-class 1 integron like regions in pTL16 and pTT25 with that in R751. IS3-family element is shown as a rectangle. (C) Comparisons of Tn402-class 1 integron-like regions in pBB55 (captured from manure soil) with those in pB8. IS1326-family element is shown by a rectangle. (D) Comparisons of promoters for gene cassettes in the Tn402-class 1 integrons. Red boxes show –35 and –10 region of the gene cassette and +1 indicates transcription start point. The boxes with light blue indicate PcW promoter (pB8, pBB55, pTL25, and pTT25), while those with pink indicate PcS promoter in R751.




Tn402/Class 1 Integrons

Complete or remnants of Tn402-like transposons were found in the four IncP-1β1 plasmids, pTL9, pTL16, pTL43, pTT25, and in the IncP-1δ plasmid pTT60 (Figure 3A and Supplementary Figure S3). Despite the differences in the backbone of the two plasmid subgroups, the integration site was always between traC and parA. In pTL16 and pTT25, the complete or the remnant of the Tn402-like transposon was linked to a class 1 integron, which was highly similar to the constellation in the prototype plasmid R751 (Figure 4B). In contrast to R751, the class 1 integrons on pTL16 and pTT25 did not carry any gene cassettes conferring antibiotic resistances but an intact qacE gene instead (Figure 4B). In R751, the class 1 integron is linked to a qacE in addition to an antibiotic resistance gene cassette (dhfrII, Figure 4B). Notably, nucleotide sequences of the promoters of gene cassettes on the integrons in pTL16, pTT25, and R751 were different; as shown in Figure 4D, the former two were identical with PcW promoters, while that in R751 was identical with PcS promoter (Labbate et al., 2008; Chamosa et al., 2017; Ghaly et al., 2017).



IS Elements

Different IS elements were identified in this set of IncP-1 plasmids, but by far the most frequently detected IS element was IS1071 (Figure 3A and Supplementary Figure S3). This IS element, or its remnant, was detected in all IncP-1β plasmids, and in eight plasmids, IS1071 was integrated between trfA and oriV (Figure 3A and Supplementary Figure S3). In the remaining plasmids, it was inserted between traC and parA (Figure 3A and Supplementary Figure S3). In seven plasmids, a complete IS1071 was detected, and in three plasmids, the IS1071 also contained direct repeats (Supplementary Table S2). In pTT11 a ΔtnpAIS1071 frame shift was detected in the IS1071 integrated into the Tn501 (Supplementary Table S2).



Metabolic Genes of IncP-1β Plasmids

Five IncP-1β plasmids captured from potato or lettuce rhizosphere carried putative metabolic gene clusters or even complete operons and therefore were larger than most of the remaining plasmids. In pTK9, the only plasmid captured from potato rhizosphere, a complete set for catechol degradation genes also related to chloroaniline degradation was inserted between trfA and oriV (Figure 3A and Supplementary Figure S3). The metabolic genes were localized downstream of the mer operon/Tn501 followed by IS1071 (Figure 3A and Supplementary Figure S3). Interestingly, another Tn501 inverted repeat was found downstream of IS1071 (Supplementary Figure S3). The IncP-1β2 plasmid pTL8 carried a chlorite dismutase gene inserted between trfA-oriV in a Tn3-like transposon downstream from a complete IS1071 with direct repeat (Supplementary Figure S3). Plasmid pTL9 carries a remarkably large fragment (50 kb) between trfA and oriV, showing high identity (>99%) with the genomic DNA of Cupriavidus basilensis strains X1 and 4G11 (Supplementary Figure S3). This region contained putative genes for glycolate and pyruvate metabolisms (50 kp). In addition, this plasmid carried putative molybdenum transporter genes modEAGC inserted between traC and parA linked to Tn402 (Supplementary Figure S3). Putative novel dioxygenases (Rieske type) and C4-organic transporters were identified in pTL25 downstream of the mer operon/Tn501 and two remnant IS1071 copies (Supplementary Figure S3). In pTL43, the insertion of extradiol dioxygenase genes into a complete Tn402 was observed between traC and parA (Supplementary Figure S3). The metabolic genes were linked to three IS21, two of which were identical (Supplementary Figure S3).

A very curious observation was that a large proportion of plasmid pTL21 seemed to have lost a large metabolic island. pTL21 had been considered to carry putative polyaromatic hydrocarbon (PAH) ring hydroxylating dioxygenase gene, because a PCR product was detected with primers for PAH-rhdα (Ding et al., 2010). In-depth analyses in the assembly process of pTL21 revealed that only a smaller proportion of pTL21 carried the above gene as a part of nag operon, named as pTL21∗(Supplementary Text). pTL21∗ was 81,088 bp in size and carried a complete nag operon, which was integrated into IS1071 linked to Tn501-mer operon (Supplementary Text and Supplementary Figure S4). The putative naphthalene degradative (nag) genes were flanked by the two copies of IS1071 in pTL21∗, which might have been lost by homologous recombination between them (Supplementary Figure S4). This was a possible reason that the majorly assembled plasmid (i.e., pTL21) did not carry the nagAg operon.





DISCUSSION

Quantification of IncP-1 plasmids in TC-DNA revealed that remarkably, these plasmids increased in relative abundance in the rhizosphere of lettuce and tomato plants along with the plant age. These results obtained under greenhouse conditions confirmed our previous data on the rhizosphere of lettuce grown under field conditions in three different soils (Jechalke et al., 2014). However, the increase in relative abundance in the rhizosphere of lettuce compared to bulk soil was stronger under field conditions (more than two orders of magnitude) compared to the pot experiment. These plant species-dependent differences were likely due to the differences in amount of root exudates and deposits (Neumann et al., 2014) shaping the plant species-dependent bacterial community. Although we did not perform amplicon sequencing of 16S rRNA genes amplified from rhizosphere TC-DNA of lettuce, tomato, and potato in the present project, this was done for lettuce and potato both grown under field conditions in DS soil. The rhizosphere microbiome was distinct (unpublished) likely due to differences in exudate composition.

The exogenous plasmid capturing methods have a limitation in so far as the original host(s) of the obtained plasmids is not determined (Smalla et al., 2015). Several potential hosts of IncP-1 plasmids including Pseudomonas, Variovorax, and Burkholderia were previously reported as rhizosphere responders (genera with a significant increase in relative abundance in the rhizosphere compared to bulk soil) of lettuce grown in DS under field conditions (Schreiter et al., 2014). Currently, except for one isolate, the IncP-1 plasmids were not successfully detected by PCR of bacterial isolates obtained from the rhizosphere of lettuce and tomato (data not shown). This was probably because the original hosts of IncP-1 plasmids were not cultivable or because they did not belong to the dominant bacterial isolates. To identify the original hosts of the obtained plasmids, further in-depth analysis with HiC method as reported in Stalder et al. (2019) will be necessary.

In sewage sludge or manure, high concentrations of pollutants likely provide a selective advantage of carrying IncP-1 plasmids because they typically carried multiple antibiotic resistance genes (Schlüter et al., 2007). In contrast, the rhizosphere samples studied here originated from plants grown in unpolluted soil.

Most unexpected was the high diversity of IncP-1 plasmids captured. In contrast, only one dominant IncP-1 plasmid type was captured from a soil treated with manure spiked with doxycycline (Blau et al., 2019) by biparental exogenous isolation as previously described (Blau et al., 2018; Supplementary Text). Forty plasmids captured from this soil (from three soil replicates) displayed identical restriction patterns (data not shown). One representative of these plasmids, pBB55, was sequenced in the same PacBio sequencing run as the 14 IncP-1 plasmids from the plant rhizosphere and represented a multi-resistance plasmid carrying a tet(C) gene conferring resistance to doxycycline but also others such as macrolide resistance genes msr(E) and mph(E), mer genes conferring resistance to mercury, aminoglycoside resistance genes aph(3″)-Ib and aph(6)-Id, beta lactamase gene blaOXA-2, and emrE multidrug efflux protein genes (Supplementary Figure S5, GenBank accession no. MH392232). These genes were contained by several transposons and integrons, and they were inserted into the two insertion hot spots (Supplementary Figure S5) like the other obtained IncP-1β plasmids (Supplementary Figure S3). One of them was between trfA and oriV, in which tet(C), msr(E), and mph(E) genes were contained by a composite transposon of IS26s, aph(3″)-Ib and aph(6)-Id were contained by a Tn3-like transposon, and mer genes were contained by Tn501 remnant with IS1071 (Supplementary Figure S5). The other was between parA and upf30.5, in which emrE was in Tn402-class 1 integron remnant (with IS1326) in addition with sulfonamide resistance gene sul1 and quaternary ammonium compound resistance gene qacEΔ (Supplementary Figure S5). We propose that plasmid diversity observed under strong selective conditions including high pollutants and/or antibiotic exposure is lower due to the increased relative abundance of host populations carrying IncP-1 plasmids that provide fitness advantages by their accessory genes. In contrast, the plasmids from the rhizosphere of plants grown in unpolluted soils showed higher diversity, and none of them carried previously known antibiotic resistance genes by searching in CARD. The presence of highly diverse IncP-1 plasmids suggested that the role of IncP-1 plasmids in unpolluted rhizosphere might be not only be conferring resistance to antibiotics, disinfectants, heavy metals, and/or degradation of xenobiotics (Hsu and Bartha, 1979; Top and Springael, 2003; Smets and Barkay, 2005) but also providing genetic flexibility of microbes in rhizosphere by a high rate of gene acquisition and loss via various IncP-1 plasmids.

The present study points to the important role of plasmid-localized MGEs in the acquisition of accessory genes and plasmid evolution.

Tn501 was always linked to mercury resistance in seven of the sequenced IncP-1 plasmids (Figure 3A and Supplementary Figure S3). Lilley and Bailey (1997) reported that plasmids with mercury resistance genes were isolated from the rhizosphere of sugar beets grown in arable field soils. However, in their report, the mercury resistance operon was carried by large Pseudomonas plasmids (Lilley and Bailey, 1997). To date, we can only speculate about the widespread dissemination of mercury resistance genes, and mercury resistance might provide a fitness advantage to their hosts. The amount of mercury compounds in soil might be due to pedogenesis, their presence in organic fertilizers (sewage sludge, manure), or their usage as fungicide, e.g., for treating seeds.

The class 1 integrons were similarly localized on the IncP-1 plasmids from unpolluted rhizosphere as those present on the prototype IncP-1β1 plasmid, R751 found in clinical isolate (Jobanputra and Datta, 1974). Sequence comparison of the class 1 integron identified in pTL16 from the lettuce rhizosphere displayed a high similarity to that in R751, except that the latter plasmid contained two additional gene cassettes with the dhfr gene conferring the trimethoprim resistance that initially led to its isolation. The class 1 integron of both plasmids carried an intact qacE gene, instead of qacEΔ1, which is presently far more frequently distributed (Ghaly et al., 2017). Indeed, the integron in pBB55 carried the qacEΔ1 gene (Figure 4C), which was also similarly found in another IncP-1β plasmid, pB8, obtained by biparental plasmid capturing from an activated sludge (Schlüter et al., 2005). pTL16 seems to carry an ancestral class 1 integron, although loss of the antibiotic resistance gene cassettes localized on R751 cannot be excluded. Ghaly et al. (2017) reported an Enterobacter cloacae isolated from baby spinach leaves that also carried a class 1 integron inserted into a Tn402 localized on an IncP-1β plasmid, pOP-I. They argued that plants eaten raw might be an important transmission route and a likely link from the environment to humans. Further, the promoters of these integrons in pTL16, pTT25, and also in pBB55 and pB8 were identical to “weak” PcW promoters (Figure 4D), which are considered to be “ancestral” promoters conserved in chromosomal integrons of “environmental” strains, while that in R751 was “strong” PcS promoter, which is common in “clinical” integron cassette arrays and considered to be an “evolved” promoter (Labbate et al., 2008; Chamosa et al., 2017; Ghaly et al., 2017). These facts indicate that the IncP-1 plasmids obtained from the rhizosphere possessed relatively ancestral types of class 1 integrons.

In five plasmids, MGEs were linked to metabolic degradative genes. The in-depth exploration of the metabolic genes linked to the IncP-1 plasmid captured from the rhizosphere and their contribution to host fitness deserves further studies. The products of these genes might be advantageous for the survival of host(s) of these plasmids in rhizosphere environments. As for pTL21, here we can only speculate that during growth of transconjugant, the presence of the nag operon was a metabolic burden and disadvantageous under the growth conditions on nutrient media. This might well present a general strategy to lower the metabolic burden of the population. In the rhizosphere, the presence of the nagAg operon might not represent a disadvantage due to lower growth rates and the presence of aromatic compounds in the root exudates (Neumann et al., 2014; Windisch et al., 2017).

pTL50 assigned to the IncP-1ε subgroup could represent the first archetype of the IncP-1ε group only carrying core genes (Figure 3C). Recently, we isolated numerous IncP-1ε plasmids conferring sulfadiazine or tetracycline resistance from bacteria of manure, digestates of biogas plants, and manure-treated soils by exogenous plasmid capturing (Heuer et al., 2012; Wolters et al., 2015). Similar to pKJK5, originally isolated from manure-treated soils (Bahl et al., 2007), all these plasmids carried class 1 integrons with tet(A) gene and their diversity was proposed to be driven by different sets of other gene cassettes (Heuer et al., 2012; Jechalke et al., 2014; Wolters et al., 2015). In contrast, IncP-1ε plasmids originating from mercury or 2,4-D polluted soils including pAKD34, pAKD25, pAKD16, and pEMT3 did not contain class 1 integrons but mer genes or metabolic genes (Sen et al., 2011; Sen et al., 2013; Li et al., 2016). pTL50 can be an archetype plasmid of them as a vector for genes in these polluted environments.



CONCLUSION

The discovery that bacterial populations carrying IncP-1 plasmids are increased in relative abundance in the rhizosphere of plants grown in unpolluted soil in a plant species-dependent manner is of importance as these self-transmissible plasmids might represent important shuttles of genes conferring adaptive traits or MGEs ready to recruit them. Here we showed that the exogenously captured IncP-1 plasmids exhibited an unexpectedly high diversity. As described in Brown et al. (2013), it is still unclear whether the IncP-1 plasmids with a few or no accessory genes are advantageous for their hosts. They might be advantageous because they allow rapid and dynamic acquisition or loss of accessory genes due to the presence of MGEs that were identical or highly similar to the ones found on the clinical IncP-1 plasmids conferring multiple antibiotic resistances.
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Members of the Rhizobiaceae, often carry multiple secondary replicons in addition to the primary chromosome with compatible repABC-based replication systems. Unlike secondary chromosomes and chromids, repABC-based megaplasmids and plasmids can undergo copy number fluctuations and are capable of conjugative transfer in response to environmental signals. Several Agrobacterium tumefaciens lineages harbor three secondary repABC-based replicons, including a secondary chromosome (often linear), the Ti (tumor-inducing) plasmid and the At megaplasmid. The Ti plasmid is required for virulence and encodes a conjugative transfer (tra) system that is strictly regulated by a subset of plant-tumor released opines and a well-described acyl-homoserine lactone (AHL)-based quorum-sensing mechanism. The At plasmids are generally not required for virulence, but carry genes that enhance rhizosphere survival, and these plasmids are often conjugatively proficient. We report that the At megaplasmid of the octopine-type strain A. tumefaciens 15955 encodes a quorum-controlled conjugation system that directly interacts with the paralogous quorum sensing system on the co-resident Ti plasmid. Both the pAt15955 and pTi15955 plasmids carry homologs of a TraI-type AHL synthase, a TraR-type AHL-responsive transcription activator, and a TraM-type anti-activator. The traI genes from both pTi15955 and pAt15955 can direct production of the inducing AHL (3-octanoyl-L-homoserine lactone) and together contribute to the overall AHL pool. The TraR protein encoded on each plasmid activates AHL-responsive transcription of target tra gene promoters. The pAt15955 TraR can cross-activate tra genes on the Ti plasmid as strongly as its cognate tra genes, whereas the pTi15955 TraR is preferentially biased toward its own tra genes. Putative tra box elements are located upstream of target promoters, and comparing between plasmids, they are in similar locations and share an inverted repeat structure, but have distinct consensus sequences. The two AHL quorum sensing systems have a combinatorial effect on conjugative transfer of both plasmids. Overall, the interactions described here have implications for the horizontal transfer and evolutionary stability of both plasmids and, in a broad sense, are consistent with other repABC systems that often have multiple quorum-sensing controlled secondary replicons.

Keywords: plasmids, conjugative transfer, quorum sensing (QS), repABC system, gene regulation


INTRODUCTION

Many members of the Alphaproteobacteria (APB) group contain large secondary replicons, in addition to the primary chromosomal replicon with the majority of core genes. These secondary replicons which include megaplasmids, chromids (large replicons, >350 kb, that carry essential genes but are thought to have arisen by horizontal gene transfer), and secondary chromosomes often have repABC-based replication origins (Pinto et al., 2012; Fournes et al., 2018). Several APB, notably within the Family Rhizobiaceae, harbor multiple large secondary replicons that are also stably maintained by compatible repABC systems. These plasmids have extensive systems for their retention and proliferation, including copy number control, efficient partitioning with the chromosomes, and conjugative transfer (Pinto et al., 2012).

The Ti plasmid from the plant pathogen Agrobacterium tumefaciens is one of the most well-studied repABC replicons (Gordon and Christie, 2014), in which control of plasmid copy number and horizontal transfer is directly linked to bacterial population dynamics resulting from interactions with host plants. Octopine-type and nopaline-type Ti plasmids of A. tumefaciens have been most extensively studied for this regulation, but multiple other agrobacterial and rhizobial plasmids exhibit similar regulatory patterns (He and Fuqua, 2006; Wetzel et al., 2015). A. tumefaciens causes the plant neoplastic disease crown gall, by driving cross-kingdom horizontal gene transfer to host plants, delivering a segment of the Ti plasmid called the T-DNA, into host cells (Chilton et al., 1977). This process is strictly regulated by plant-released signals via the VirA-VirG two-component system (Winans, 1991) which activates virulence (vir) gene expression including the VirB Type IV secretion system (T4SS) that delivers the T-DNA to plant cells (Christie, 2001). In the plant, the T-DNA is ushered into the nucleus and inserted into the host genome (Gelvin, 2003). Stable integration of the T-DNA and expression of the transferred genes results in neoplastic growth of the infected tissue, and visible galls. These genes also encode proteins which drive production of unusual metabolites called opines that are utilized as semi-exclusive nutrients by agrobacteria in the rhizosphere via catabolic functions primarily encoded on the Ti plasmids (Dessaux et al., 1998). A subset of these opines, called conjugal opines, stimulate interbacterial conjugative transfer of the Ti plasmid, and increased Ti plasmid copy number (Klapwijk et al., 1978; Ellis et al., 1982). In most cases, the conjugal opines act indirectly, by stimulating expression of an acyl-homoserine lactone (AHL) quorum sensing (QS) mechanism. The Ti plasmid encodes a LuxI-type AHL synthase called TraI that synthesizes the AHL N-3-oxo-octanoyl-L-homoserine lactone (3-oxo-C8-HSL) (Fuqua and Winans, 1994; Hwang et al., 1994; Moré et al., 1996). As with many other AHL quorum sensing systems, the signal can diffuse across the membrane and out of the cell. However, as the population density of AHL-producing agrobacteria increases, the relative AHL concentration is also elevated, eventually signaling a bacterial quorum. The AHL-dependent, LuxR-type protein TraR, also encoded on the Ti plasmid, interacts with the AHL to activate transcription of conjugative transfer (tra and trb) genes and the repABC replication genes of the Ti plasmid, driving conjugation and increased copy number (Fuqua and Winans, 1996; Li and Farrand, 2000; Pappas and Winans, 2003). In addition, TraR activates traI expression, resulting in a positive feedback loop on AHL production. Expression of the Ti plasmid traR gene is under the tight transcriptional control of the conjugal opine, through an opine-responsive regulator (Fuqua and Winans, 1994). Therefore, conjugative transfer and copy number of the Ti plasmid is strictly regulated by the plant-tumor-released conjugal opine via traR expression, and AHL-producing bacterial population density via the QS mechanism. Other Ti plasmid-encoded functions modulate these processes, most notably the antiactivator TraM which directly inhibits TraR, and maintains the minimum threshold of the protein required to activate tra/trb and repABC expression (Fuqua et al., 1995; Hwang et al., 1995).

In the best studied A. tumefaciens strains, conjugative transfer and copy number of the co-resident At megaplasmid is not recognized to be strongly affected by the opine-responsive and quorum sensing control systems which regulate these processes for the Ti plasmid. Rather, At plasmid conjugative transfer is commonly regulated through the rctA and rctB repressor cascade, which seems to provide largely homeostatic control of At plasmid conjugation (Perez-Mendoza et al., 2005). However, in certain nopaline-type A. tumefaciens such as strain C58, the conjugal opines that activate quorum sensing can also stimulate transcription of the rctA and rctB genes (Lang et al., 2013), thereby providing a regulatory linkage between these plasmids.

Here, we show that the octopine-inducible, quorum sensing-dependent conjugation system of the Ti plasmid from A. tumefaciens 15955 interacts directly with the conjugation system of the co-resident At megaplasmid. We find that both plasmids contribute to the same AHL pool through independent traI AHL synthases, and that they each also encode AHL-responsive TraR transcription factors that can cross-regulate genes on both replicons, impacting the overall quorum-sensing response as well as conjugative transfer of both the Ti plasmid and the At megaplasmid. The co-regulation of conjugative transfer functions observed here suggests direct coordination between both replicons that may affect their population-level stability and increase overall horizontal transfer. Our observations provide another alternate example of complex interactions between conjugative transfer regulatory elements of co-resident repABC plasmids in the rhizobia (He et al., 2003; Castellani et al., 2019; Cervantes et al., 2019). Similar interactions are likely to occur within other systems with multiple repABC-based replicons, several examples of which exhibit quorum-sensing controlled replication and horizontal gene transfer systems.



MATERIALS AND METHODS


Reagents, Media, Strains, and Growth Conditions

All strains, plasmids, and oligonucleotides used in this study are described in Supplementary Tables 1, 2. Chemicals, antibiotics, and culture media were obtained from Fisher Scientific (Pittsburgh, PA), Sigma Aldrich (St. Louis, MO), and Goldbio (St. Louis, MO) unless otherwise noted. Plasmid design and verification as well as strain creation was performed as described previously (Morton and Fuqua, 2012a) with specific details in the text. Oligonucleotide primers were ordered from Integrated DNA Technologies (Coralville, IA). Single primer extension DNA sequencing was performed by ACGT, Inc. (Wheeling, IL). Plasmids were introduced into Escherichia coli via transformation with standard chemically competent preparations and into A. tumefaciens via electroporation or conjugation. In-frame deletions of traI and traR were constructed using a previously described allelic replacement method (Morton and Fuqua, 2012a).

E. coli was cultured in standard LB broth with or without 1.5% (w v−1) agar. Unless noted otherwise, A. tumefaciens strains were grown on AT minimal medium containing 0.5% (w v−1) glucose and 15 mM ammonium sulfate without added FeS04 (ATGN) (Morton and Fuqua, 2012b) or AT with 5% (w v−1) sucrose as the sole carbon source (ATSN). When required, appropriate antibiotics were added to the medium as follows: for E. coli, 100 μg ml−1 ampicillin (Ap), 50 μg ml−1 gentamicin (Gm), and 50 μg ml−1 kanamycin (Km); and for A. tumefaciens, 300 μg ml−1 Gm, 300 μg ml−1 Km, and 300 μg ml−1 spectinomycin (Sp). When indicated, A. tumefaciens 15955 strains were grown in ATGN media supplemented with 3.25 mM octopine (Octopine, + Oct.) and/or 0.1 μM synthetic 3-oxo-octanoyl-L-homoserine lactone (+AHL, 3-oxo-C8-HSL).



Genome Sequence and Bioinformatic Analysis

The genome assembly for A. tumefaciens 15955 was deposited into GenBank by Academia Sinica (Genbank Access. No. 7601828). Multiple and pairwise sequence alignments were performed with Clustal Omega (Sievers et al., 2011) using default parameters. Promoter sequence motifs were generated with WebLogo (Crooks et al., 2004).



Controlled Expression and Reporter Plasmids

Plasmid-borne expression constructs were created using the LacIQ encoding, IPTG-inducible series of pSRK vectors (Khan et al., 2008). Coding sequences of traR and traI from pAt15955 (At15955_50350 and At15955_49060, respectively) and pTi15955 (At15955_53990 and At15955_54620, respectively) were PCR amplified from A. tumefaciens 15955 gDNA using primers for the corresponding gene (Supplementary Table 3) and Phusion DNA polymerase (New England Biolabs, Beverly, MA). PCR products were ligated into pGEM-T easy (Promega, Madison, WI), excised by restriction enzyme digest, and ligated into either pSRKKm or pSRKGm. Final pSRK constructs were confirmed with sequencing and restriction enzyme digestion prior to electroporation into A. tumefaciens.

Promoter expression reporter plasmids were created in pRA301 (Akakura and Winans, 2002a). Promoter regions for traA (At15955_53920 for pTi15955 and At15955_50400 for pAt15955) and traI (~500 bp) were amplified with PCR (as above) using A. tumefaciens 15955 gDNA and the appropriate primers (Supplementary Table 3). All reporter gene fusions have lacZ translationally fused in frame at the start codon of each gene. PCR products were then assembled into restriction enzyme digests of pRA301 in a two-part NEBuilder isothermal assembly reaction (New England Biolabs, Beverly, MA), verified by PCR and sequencing, and introduced into A. tumefaciens via electroporation.



Promoter Expression Assays

For octopine and AHL induction of traA and traI promoters, A. tumefaciens 15955 carrying the appropriate pRA301-based reporter constructs were grown to an optical density at 600 nm (OD600) of 0.4–0.6 in ATGN supplemented with appropriate antibiotics and spotted onto 0.2 μm sterile filter disks (0.45 μm pore size) placed on small ATGN plates (35 × 10 mm) supplemented with octopine (3.25 mM) and/or AHL (0.1 μM 3-oxo-C8-HSL) and incubated for 48 h at 28°C. A. tumefaciens 15955 strains were then removed from the filter discs, diluted to an OD600 ~0.6 in sterile water and used as in standard β-galactosidase assays, as previously described (Miller, 1972).

To determine the effect of traR expression on promoter activities of PtraA and PtraI from pAt15955 and pTi15955, A. tumefaciens 15955 and A. tumefaciens NTL4 derivatives carrying pSRK-based traR expression constructs and pRA301-based lacZ reporter constructs (Supplementary Table 1) were grown in ATGN liquid cultures with appropriate antibiotics and 400 μM IPTG in the presence or absence of AHL to an OD600 ~0.6 and used in standard β-galactosidase assays.



AHL Detection Assays

For AHL detection on solid media, we utilized the AHL biosensor strain [A. tumefaciens NTL4 (pCF218)(pCF372)] (Fuqua and Winans, 1996). This biosensor relies on a high expression, plasmid-borne copy of the AHL-responsive TraR protein from A. tumefaciens R10 (pCF218), and a second plasmid carrying a TraR-dependent promoter fused to lacZ (traI-lacZ, pCF372), both harbored in A. tumefaciens NTL4, a Ti-plasmidless strain which lacks an AHL synthase, and therefore does not produce endogenous AHLs. The biosensor is a sensitive detection system for exogenous AHLs, expressing lacZ only when inducing AHLs are present (McLean et al., 1997). Strain derivatives to be tested for AHLs were grown overnight to an OD600 0.4–0.6 in ATGN supplemented with appropriate antibiotics and then each strain to be tested was struck onto ATGN agar supplemented with 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) ~1 cm from the AHL biosensor strain. Media used in assays to test for AHL production with A. tumefaciens NTL4-derivatives also had 400 μM IPTG unless otherwise noted. The AHL biosensor was also used to detect AHL in cell-free supernatant from A. tumefaciens strains. Strains to be tested were grown overnight in ATGN supplemented with appropriate antibiotics to an OD600 of 0.4–0.6 and 1 mL of culture was then pelleted, supernatant removed and re-centrifuged to remove additional cell debris, and filter sterilized (0.2 μm) to create cell-free supernatant (CFS). One hundred microliter of CFS was then added to cultures of the AHL biosensor, grown to an OD600 0.4–0.6, and assayed for promoter activity using standard β-galactosidase assays. Relative AHL levels for CFS were then reported as Miller units normalized to the OD600 of the tested culture.



Conjugation Experiments

Conjugation assays were performed as described previously (Heckel et al., 2014) with alterations. Briefly, liquid cultures of donors and recipients were grown to mid-logarithmic phase in ATGN at 30°C and normalized to OD600 ~0.6, mixed 1:1, and 100 μL was spotted onto 0.2 μm pore size cellulose acetate filter disks placed on small ATGN plates (35 × 10 mm). Conjugations were performed on ATGN with A. tumefaciens 15955 ectopically expressing plasmid-borne Plac-traR fusions with or without 400 μM IPTG and appropriate antibiotics. For AHL rescue of conjugation in the traI double mutant, varying amounts of 3-oxo-C8-HSL were also added. Following incubation (18 h, 28°C), cells were suspended in liquid ATGN, serially diluted, and spotted onto media supplemented with appropriate antibiotics to enumerate donors and transconjugants. Conjugation efficiencies were determined as the ratio of transconjugants per output donor.



Statistical Analysis

Assays were performed with at least three biological replicates. Standard deviation was determined and presented as error bars. Where appropriate, significance was conservatively evaluated using 2-sided, paired t-tests.




RESULTS


Conjugation Systems of pAt15955 and pTi15955 Are Activated by Octopine

A. tumefaciens 15955 is a member of the Genomospecies Group 1 along with similar derivatives A. tumefaciens Ach5 and A6 (Lassalle et al., 2011). Sequence analysis of pAt15955 identified conjugation genes homologous to the quorum-sensing regulated tra/trb system encoded on pTi15955 and other Ti plasmids (Alt-Mörbe et al., 1996; Farrand et al., 1996), including tra and trb structural genes and homologs of the quorum sensing regulators traI, traR, and traM (Supplementary Figure 1A). The conjugation system encoded on pAt15955 is distinct from those found on many other At plasmids, including those of the type strain A. tumefaciens C58, a nopaline-type strain (Genomospecies 8), in which pAtC58 conjugates via a virB-like type IV secretion system (avhB) (Chen et al., 2002) regulated by rctA/rctB-like regulators commonly found for other rhizobial plasmids (Perez-Mendoza et al., 2005; Nogales et al., 2013) (Supplementary Figure 1). Given the presence of TraI, TraR and TraM homologs on pAt15955 (Supplementary Figures 1B,C), it was conceivable that the conjugative transfer of this plasmid might be regulated by quorum sensing and that pAt15955 and pTi15955 could contribute and respond to a common AHL pool. We previously showed that pAt15955 encodes a functional conjugation system and observed that conjugation of pAt15955Δ270 (a derivative with a 270 kb deletion on pAt) which lacks cis-encoded trb conjugation functions (Supplementary Figure 1A), could be stimulated by octopine-induction in a pTi15955-dependent manner (Barton et al., 2019) suggesting a direct interaction between the conjugation systems of both plasmids.

To compare the impact of octopine and AHL cues on the expression of pAt15955 and pTi15955 conjugative transfer (tra) genes, we constructed independent translational lacZ fusions to the upstream regions and start codons of the predicted traA nickase/helicase homologs and the traI AHL synthase homologs, carried on the broad host range plasmid pRA301 (Akakura and Winans, 2002b) (Supplementary Table 2, Methods). These fusion plasmids were introduced into wild type A. tumefaciens 15955, and used in β-galactosidase assays to measure gene expression in the presence or absence of 0.1 μM 3-oxo-C8-HSL and/or 3.25 mM octopine (Figure 1, Materials and Methods). The β-galactosidase activity imparted by the traA-lacZ fusions from pTi15955 (green bars) and pAt15955 (blue bars) was low in the absence of octopine or AHL addition (Figure 1A). Addition of octopine alone (medium-fill bars) or octopine plus AHL (dark-fill bars) significantly increased activity from the traAAt-lacZ and traATi-lacZ fusions, although overall activity of each was relatively low. The same pattern of regulation was observed for 15955 harboring the traI-lacZ fusions, although the level of activity from both traITi-lacZ fusions was considerably higher than the traA-lacZ fusions, and addition of octopine and AHL together had a stronger effect than octopine alone (Figure 1B). The traIAt-lacZ fusion (blue bars) showed a similar pattern although its overall expression was lower than the traITi fusion (green bars). Taken together with our prior observation of pTi15955-dependent octopine-induction of pAt15955 conjugation (Barton et al., 2019), this data suggests that pTi15955 is directly involved in activation of pAt15955 tra gene expression in response to octopine (Fuqua and Winans, 1994, 1996). Additionally, octopine-induction had differential effects on pAt15955 and pTi15955 gene activation, where octopine addition stimulated comparable modest expression from both traA genes (Figure 1A), but had a more dramatic effect on traITi expression than that of traIAt (Figure 1B), suggesting complex cross-regulation between both plasmids and supporting our previous observations for pAt15955 conjugation control, as well as previous work on the activation of octopine-type Ti plasmid conjugation (Fuqua and Winans, 1996, Fuqua and Winans, 1994).


[image: Figure 1]
FIGURE 1. Octopine-induced activation of PtraA and PtraI from pAt and pTi in WT A. tumefaciens 15955. WT A. tumefaciens 15955 carrying a plasmid-borne copy of either PtraA (top) or PtraI (bottom) from pTi15955 (green) or pAt15955 (blue) translationally fused at their start codons to lacZ were spotted on 0.2 μm cellulose acetate filter discs placed on ATGN with or without 3.25 mM octopine (Oct.) and/or 0.1 μM N-3-oxo-C8-HSL (AHL) and incubated at 28°C for 48 h. Bars with no, light, medium, or dark fill indicate no addition, addition of AHL, addition of octpine, or addition of both octopine and AHL, respectively. Cells were resuspended and promoter activities were calculated as Miller Units (Methods). Bars under the same bracket are not significantly different, unless they are marked with an asterisk (p < 0.05). Bars under brackets that have the same number above them (1, 2, 3) in each panel (A,B) denote a significant difference in averages (p < 0.05) between the bars under the similarly numbered brackets.




A. tumefaciens 15955 Encodes two Functional Homologs of the traI AHL Synthase

The pAt15955 plasmid has two annotated traI homologs, one of which is encoded as the predicted first gene of a traI-trb operon (traIAt_1, At15955_49060) in a position similar to pTi-encoded systems, and another ~20 Kbp distant from trb in an uncharacterized locus (traIAt_2, At15955_RS25205) (Supplementary Figures 1A,C). Both are within the large segment of pAt15955 that is deleted upon curing of pTi15955 (blue bar in Supplementary Figure 1), and a pAt15955 derivative with this deletion is unable to conjugate independently (Barton et al., 2019). The annotated coding sequence of traIAt_2 specifies a protein that has a 25 amino acid C-terminal extension relative to TraITi and TraIAt_1 (Supplementary Figure 2). TraIAt_1 is 100% identical to a TraI homolog we identified earlier from the related Genomospecies 1 strain A. tumefaciens A6, that we found to specify production of 3-oxo-C8-HSL (Wang et al., 2014). To evaluate the functionality of the three traI homologs in A. tumefaciens 15955, each coding sequence was fused in-frame with the lacZ start codon under control of Plac in the broad host range vector, pSRKGm, to create the following constructs: pSRKGm Plac-traIAt_1 (pIB302), pSRKGm Plac-traIAt_2 (pIB305) and pSRKGm Plac-traITi (pIB303) (Supplementary Table 2). These plasmids were introduced individually into A. tumefaciens NTL4, a strain that lacks the Ti plasmid and does not produce AHL (Supplementary Table 1) to create derivatives that were used in agar plate-based AHL crossfeeding assays (McLean et al., 1997) with the A. tumefaciens NTL4(pCF218)(pCF372) AHL biosensor (Figure 2A). With this biosensor, diffusible AHLs in the producing strain cause induction of the AHL-responsive biosensor resulting in blue X-Gal pigmentation via increased β-galactosidase activity. The biosensor responds optimally to 3-oxo-C8-HSL, but will also detectably respond at diminishing levels to a broad range of non-cognate AHLs, from acyl chain lengths of C6-C14, and either 3-oxo-, 3-OH or fully reduced at the β-carbon (Zhu et al., 1998). Expression of either normal length traI from pAt15955 or pTi15955 grown in the presence of 400 μM IPTG to induce expression of the Plac-traI fusion was able to generate detectable AHL via the plate-based assay, validating that both genes are functional (Figure 2A). However, no AHL production was detected from the strain harboring the traIAt_2 plasmid, suggesting it is non-functional or produces a product not recognized by the AHL biosensor strain.
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FIGURE 2. Qualitative and quantitative AHL assays of A. tumefaciens strains ectopically expressing traI genes, and traI mutant derivatives. (A) AHL production by A. tumefaciens NTL4 (Ti plasmidless, AHL−) ectopically expressing traI genes from pAt15955 and pTi15955 expressed from Plac (top streaks). These strains were used in a plate-based AHL production diffusion assays (McLean et al., 1997) with NTL4(pCF218)(pCF372), (AHL reporter, bottom streak). The traI designations are listed above. Media was ATGN agar supplemented with IPTG (400 μM) and X-Gal (40 ug/ml). (B) A. tumefaciens 15955 or derivatives with clean deletions in traI from pTi15955 (ΔtraITi), pAt15955 (ΔtraIAt_1), or both (ΔtraITi; ΔtraIAt_1) (top streak) were used in plate-based AHL production assays with A. tumefaciens NTL4(pCF218)(pCF372) (AHL reporter, bottom streak). (C) Cell-free supernatants from A. tumefaciens 15955 (WT, mixed green/blue bar) and derivatives mutated for traI on pTi15955 (ΔtraITi, blue bar), pAt15955 (ΔtraIAt_1, green bar), or both (ΔtraITi; ΔtraIAt_1, open bar) were added to subcultures of the AHL biosensor strain, A. tumefaciens NTL4(pCF218)(pCF372), and allowed to grow until mid-exponential phase. Standard β-gal assays were then conducted on reporter strain cultures to determine relative AHL levels in the cell-free supernatant, calculated as β-gal activity (Methods). AHL- indicates cell-free supernatant from the biosensor strain A. tumefaciens NTL4(pCF218)(pCF372) (gray bar). Assays performed as three biological replicates, and bars marked with asterisks are significantly different from wild type (p < 0.05).


To determine whether both functional traI genes are expressed in WT A. tumefaciens 15955 and contribute to the overall AHL pool, plate-based AHL detection assays were conducted (as above) with WT A. tumefaciens 15955 and strains isogenic for deletion of traI gene from the Ti plasmid (ΔtraITi), the At plasmid (ΔtraIAt_1), or both (ΔtraITiΔtraIAt_1) (Supplementary Table 1, Figure 2B). AHL production was detected for WT A. tumefaciens 15955 and the individual deletion mutants, but the double mutant did not produce inducing levels of AHL (Figure 2B), indicating that both traI genes are expressed in A. tumefaciens 15955 and each contribute to detectable levels of AHL. To assess the relative amount of AHL produced by each TraI protein in standard growth media, quantitative β-gal assays were conducted with the AHL reporter (NTL4 pCF218 pCF372) using cell-free supernatant from the isogenic traI mutant strains (Figure 2C). Cell-free supernatant from turbid cultures from either traI mutant strain provided half of the B-gal activity relative to WT 15955, which indicates roughly equal contribution from each traI under standard growth conditions in the absence of octopine. The double deletion mutant resulted in background activity equivalent to an AHL- control strain (Figure 2C).



traI-Dependent Activation of pAt15955 and pTi15955 Conjugation by traRTi

One explanation for octopine-induced activation of pAt15955 conjugation is direct regulation of pAt15955 tra genes by traRTi. To determine the effect of traRTi on conjugation in A. tumefaciens 15955, we generated Plac-traR constructs fused in-frame at the lacZ start codon and carried on pSRKKm (pIB309) or pSRKGm (pIB307). These plasmids were independently introduced into WT A. tumefaciens 15955 derivatives that carry antibiotic resistance marked derivatives of either pTi15955 (IB123, GmR) or pAt15955 (IB125, KmR), respectively, and assayed for conjugation efficiencies of pTi15955 or pAt15955 upon induction of traRTi with 400 μM IPTG (Figure 3, green and blue bars, respectively). As with other Ti plasmids, pTi15955 plasmid does not conjugate at detectable levels in the absence of octopine, but this requirement can be bypassed with ectopic expression of traR (Fuqua and Winans, 1994). Expression of traRTi stimulated conjugation of pTi15955 to a level consistent with our previous findings, and also strongly stimulated pAt15955 conjugation (Figure 3).
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FIGURE 3. Stimulation of pTi15955 and pAt15955 conjugation by traR expression is dependent on pAt15955- and pTi15955-encoded traI. A tumefaciens 15955 derivatives with a GmR cassette integrated at a neutral location on pTi15955 (green bars) or a KmR cassette similarly integrated on pAt15955 (blue bars) harboring either a plasmid-borne copy of Plac-traR from pTi15955 (light green and light blue bars) or pAt15955 (dark green and dark blue bars) were mixed 1:1 with a plasmidless recipient (A. tumefaciens ERM52, SpR) and spotted on ATGN agar containing 400 μM IPTG. After 24 h incubation, transconjugants and donors were enumerated and conjugation frequencies were calculated as transconjugants per output donor (Methods). Green and blue bars depict pTi15955 and pAt15955 conjugation frequencies, respectively. Asterisks denote significant difference between averages relative to wild type (p < 0.05).


As with many quorum sensing systems, stimulation of conjugation by traRTi in previously studied A. tumefaciens strains requires elevated levels of AHL, augmented by positive feedback on AHL production, to fully activate TraR by stabilizing functional dimerization and DNA binding (Hwang et al., 1999; Qin et al., 2000). To test how the two traI genes contribute to AHL-mediated induction of pTi15955 and pAt15955 conjugation, experiments were performed as above in derivatives deleted for traITi or traIAt_1, or both. Interestingly, conjugation of pTi15955 and of pAt15955 was activated by expression of traRTi in the presence of either version of traI, but was extremely low or undetectable (<10−7 conjugation efficiency) when both were mutated (Figure 3 light green and light blue bars). However, while expression of traRTi was able to stimulate equivalent levels of conjugation in the wild type or in the ΔtraIAt_1 mutant, deletion of the traITi decreased conjugation frequency of both plasmids by 10-fold or greater, although it was still detectable over the ΔtraITiΔtraIAt_1 double mutant. Conjugation of pAt15955 from the ΔtraITiΔtraIAt mutant could be rescued with exogenous addition of 3-oxo-C8-HSL, confirming that the extremely low conjugation from this mutant was due to differences in AHL levels (Supplementary Figure 3).



traRAt Is a Potent Activator of pAt15955 and pTi15955 Conjugation

LuxR-type proteins are defined by several well-conserved amino acid positions in the N-terminal domain that mediate AHL recognition, and in their C-terminal domains that usually coordinate DNA binding. TraRAt is very similar to TraRTi (63.2% identity) and both share the majority of these defining conserved residues (Supplementary Figure 4). However, they differ at position 194 where TraRTi has a well-conserved isoleucine (I194) residue whereas at this position TraRAt has an alanine (A194) residue, an amino acid residue not found in most other LuxR homologs (Whitehead et al., 2001). To determine whether the traR homolog from pAt15955 could stimulate conjugation of either pAt15955 or pTi15955, conjugation experiments were performed as above with ectopic expression of Plac-traRAt (Figure 3, dark green and dark blue bars). The traRAt plasmid was able to stimulate conjugation of pTi15955 and pAt15955 to a magnitude similar for traRTi in a traI-dependent manner (Figure 3). However, in contrast to traRTi, traRAt was able to effectively stimulate conjugation of pTi15955 and pAt15955 when either traI gene, traITi or traIAt_1 was present (Figure 3, dark green and dark blue bars), suggesting that traRAt can potentiate AHL production from either traI gene.



Differential Activation of AHL Production by TraRTi and TraRAt Depends on Each traI Gene

Our findings have revealed that the traI genes from pAt15955 and pTi15955 are activated by octopine and AHL, presumably by one or both TraR proteins (TraRTi and TraRAt), but that the traITi gene is more strongly expressed than traIAt_1 (Figure 1B). As such, one explanation for the reduced conjugation frequencies in the ΔtraITi mutant is that although TraIAt_1 generates similar basal levels of AHL in the absence of octopine induction (Figures 2B,C), its expression is less strongly activated by TraRTi and thus does not create the same level of positive feedback to drive maximal AHL production. We performed plate-based AHL detection assays with the isogenic traI mutants harboring the Plac-traRTi plasmid (Figure 4A). Ectopic expression of traRTi clearly drives strong AHL synthesis in wild type, consistent with positive autoregulation of AHL production by activated TraR. This elevated AHL production was not observed in the ΔtraITi mutant or in the ΔtraITiΔtraIAt_1 double mutant, but was clear for the ΔtraIAt_1 mutant (Figure 4A). This observation suggested that the weak TraRTi activation of traIAt_1 expression resulting in less pronounced increases in AHL levels might underlie the diminished conjugation observed in the traITi mutant. Conversely, we explored how traRAt impacted AHL production with the isogenic traI derivatives expressing traRAt (Figure 4B). In contrast to traRTi, AHL production was enhanced by expression of traRAt when either traI gene was present (Figure 4B).
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FIGURE 4. AHL production induced by ectopic expression of traRTi and traRAt in A. tumefaciens 15955. A. tumefaciens 15955 expressing a plasmid-borne copy of (A) traRTi or (B) traRAt with or without in-frame deletions in traITi, traIAt_1, or both (top streaks) were used as AHL donors for A. tumefaciens NTL4(pCF218)(pCF372) (bottom streaks) on ATGN media supplemented with XGal, with or without 400 μM IPTG (top and bottom plates, respectively). Genotypes of A. tumefaciens 15955 AHL donor strain relative to traI indicated above.




Mutational Analysis of traR Genes Reveals Overlapping Control of Target Promoters

In frame deletions were created in the traRTi (ΔtraRTi) and traRAt (ΔtraRAt) genes of A. tumefaciens 15955 to generate single mutants as well as a double mutant (ΔtraRTiΔtraRAt). The plasmids carrying lacZ fusions to the traITi and traIAt genes were independently introduced into these mutants, and β-galatosidase activity was measured following growth on solid medium under a range of different conditions (Figures 5A,B). In wild type A. tumefaciens 15955, the traITi-lacZ fusion was strongly induced on media with octopine (3.25 mM) with or without the exogenous AHL 3-oxo-C8-HSL (0.1 μM) (Figure 5A). Octopine-dependent induction was abolished in the ΔtraRTi mutant, but retained in the ΔtraRAt mutant. Basal level activity was also decreased in the ΔtraRTi mutant but a modest increase was observed in the presence of AHL (Figure 5A). In contrast, basal activity from this lacZ fusion was slightly increased in the ΔtraRAt mutant. The double mutant lacking both traR genes had very low activity that was unaffected by any of the different conditions.
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FIGURE 5. Mutational analysis of traR gene with traI reporter fusions. WT A. tumefaciens 15955 and mutant derivatives (ΔtraRTi and ΔtraRAt), and (ΔtraRTiΔtraRAt) carrying a plasmid-borne copy of either PtraI from pTi15955 (A, green bars) or from pAt15955 (B, blue bars) translationally fused to lacZ were spotted on 0.2 μm cellulose acetate filter discs placed on ATGN on its own (open bars), with 0.1 μM N-3-oxo-C8-HSL (AHL, light-fill bars), with 3.25 mM octopine (Oct., medium-fill bars), and with both (dark-fill bars) Cells were resuspended and promoter activities were calculated as Miller Units (Methods). Bars are standard deviation. All bars that differ by 10-fold or more are significant (p < 0.05). Bars that differ by <10-fold, that are however significantly different (p < 0.05) are designated with a bracketed asterisk.


Expression of the traIAt_1-lacZ fusion showed a different pattern of regulation in the mutant backgrounds. In the wild type background AHL alone was able to significantly increase β-galactosidase activity roughly 3-fold, and addition of octopine with and without exogenous AHL increased this even further (Figure 5B). In the ΔtraRTi mutant the overall level of β-galactosidase decreased about 10-fold relative to wild type, but addition of AHL conversely increased the activity 10-fold from that amount. Octopine addition had no effect in the ΔtraRTi mutant. The activity imparted from the traIAt_1-lacZ fusion also decreased 10-fold in the traRAt mutant relative to wild type, but in contrast to the traRTi mutant exogenous addition of AHL alone had no effect, whereas octopine or AHL plus octopine both resulted in a 10-fold induction. As with the traRTi-lacZ fusion, low level activity from the traIAt_1-lacZ fusion was unaffected by either octopine or AHL alone or in combination in the ΔtraITiΔtraIAt_1 mutant (Figure 5B).

Introduction of compatible plasmids expressing either the traRTi or traRAt gene from the Plac promoter into wild type 15955 and all three different traR mutants resulted in strong IPTG-inducible β-galactosidase activity from both the traITi-lacZ and traRAt-lacZ fusions, in the absence of exogenous AHL or octopine (Supplementary Figure 5). This is consistent with other A. tumefaciens strains where ectopic expression of the traR protein, and its positive impact on AHL production, can bypass the need for conjugal opine addition or the effect of exogenous AHL (Fuqua and Winans, 1994). Ectopic expression of the traRTi gene however stimulated notably lower β-galactosidase activity from the traIAt_1-lacZ fusion than it did for traITi-lacZ, and this decreased even further in the ΔtraR mutant backgrounds, with the lowest activity in the ΔtraRTiΔtraRAt mutant. Ectopic expression of traRAt seemed to have an equivalent impact on both promoters, and this was largely unaffected in the traR deletion mutants.



In vivo Target Gene Specificity for TraRTi and TraRAt

Our observations on plasmid conjugation, AHL production, and tra gene expression suggested that TraRTi and TraRAt might have different specificities for target promoters. Well-studied TraR proteins are known to bind upstream of regulated promoters at conserved tra box elements (Fuqua and Winans, 1996; Zhu and Winans, 1999), sequence motifs that can readily be identified on pTi15955 upstream of tra genes. Sequence analysis of the presumptive promoter regions of conjugative transfer genes on pAt15955 identified similar inverted repeat, tra box-type elements (Supplementary Figures 6A,B), suggesting direct regulation by one or both TraR proteins. However, the tra box consensus motif for pAt15955-encoded genes is slightly different from that of the pTi15955 elements (Supplementary Figure 6B).

The traI-lacZ and traA-lacZ fusions from pAt15955 and pTi15955 were introduced into the AHL− Ti plasmid-cured A. tumefaciens NTL4 strain harboring either the traRTi or traRAt expression plasmids, that provide IPTG-inducible expression. Very low-β-galactosidase activity was imparted by all of the fusions in the absence of exogenous AHL, even with high level expression of either traR gene in the presence of 800 μM IPTG (Figure 6). In the presence of AHL, the traAAt-lacZ was strongly activated by traRAt, but about 4-fold more weakly activated by traRTi, whereas the difference for activation of the traATi-lacZ fusion was less pronounced (Figure 6A, compare blue-filled bars relative to green-filled bars). Activation patterns for the traI fusions were similar to the traA fusions, though the magnitude of β-galactosidase activity was many fold greater (Figure 6B). The traIAt_1-lacZ fusion was again more weakly activated by traRTi than by traRAt (blue-filled bars), with the activation of the traITi-lacZ closer to equivalency for the two regulators (compare green-filled bars). Thus, for both gene fusions derived from pAt15955 the Ti-plasmid encoded traR leads to weaker induction, whereas the equivalent gene fusions from pTi15955 are strongly activated by both the TraRTi and TraRAt.


[image: Figure 6]
FIGURE 6. Differential activation of pAt15955 and pTi15955 PtraA and PtraI by traR. Plasmid-borne copies of PtraA-lacZ or PtraI-lacZ from pTi15955 (green) or pAt15955 (blue) and Plac-traR with traR genes from either pAt15955 (At) or pTi15955 (Ti) were moved into A. tumefaciens NTL4 and β-galactosidase activity (MU) of PtraA (A) or PtraI (B) were determined in the presence or absence of 0.1 μM 3-oxo-C8-HSL (+ AHL and – AHL, respectively). Bars with the same numbers possess significant difference in averages (p < 0.05).





DISCUSSION

Members of the Family Rhizobiaceae often harbor multiple repABC-based secondary replicons that are compatible with each other and are replicated and segregated faithfully during the cell cycle (Cevallos et al., 2008; Castillo-Ramirez et al., 2009). Unlike secondary chromosomes and chromids, megaplasmids, and plasmids within this group often encode conjugation machinery and undergo copy number fluctuations tied with functions such as virulence, symbiosis, and horizontal transfer. The Ti plasmid from A. tumefaciens is one of the most well-studied repABC-controlled replicons, where virulence and horizontal transfer are tightly controlled by environmental signals. In addition to proper coordination with the cell cycle, tight regulation of copy number and horizontal gene transfer of large secondary replicons serves to limit the costs associated with DNA replication and horizontal transfer.

The opine-dependent quorum sensing system is well-characterized in Agrobacterium species harboring the wide host range octopine-type and nopaline-type Ti plasmids, with prototypes pTiR10 and pTiC58, respectively (Gordon and Christie, 2014). Based on extensive genomic sequencing the Agrobacterium genus has been phylogenetically subdivided into over 10 different genomospecies (Lassalle et al., 2011), with pTiR10 found in Genomospecies 4 and pTiC58 found in Genomospecies 8. In these systems there is a single quorum sensing system comprised of the TraR transcription factor, the TraI AHL synthase, and the TraM antiactivator, which together regulate Ti plasmid conjugation and copy number. However, in several members of the Agrobacterium G1 genomospecies with octopine-type Ti plasmids, such as A. tumefaciens 15955, A. tumefaciens A6, and A. tumefaciens Ach5, the At plasmid carries a second TraR-TraI-TraM quorum sensing system, that is closely related to the Ti-encoded regulators. We have demonstrated that this second At-encoded system controls conjugative transfer through regulation of tra genes on the At plasmid, but that it can also have a profound impact on Ti plasmid functions. Likewise, the Ti-encoded system can impact At plasmid conjugative transfer, most notably imparting octopine-inducible control over pAt15955 conjugation (Barton et al., 2019). These co-resident quorum sensing systems interdigitate at multiple levels to regulate horizontal transfer of both plasmids (Figure 7). Both TraI gene products are highly similar to each other, and drive AHL synthesis. Although the chemical identity of the AHL is not formally shown here for A. tumefaciens 15955, it has been reported for the closely related A. tumefaciens A6 that both the Ti and At traI genes specify production of 3-oxo-C8-HSL (Wang et al., 2014). The TraI proteins between A6 and 15955 show 100% amino acid identity. Furthermore, we show here that either traI gene can function to facilitate conjugation of both plasmids, but loss of both traI genes together abolishes conjugation of each plasmid. Therefore, we predict that the two TraI proteins in A. tumefaciens 15955 primarily contribute to the same pool of 3-oxo-C8-HSL (Figure 7). This pool of AHL is required for TraR-mediated activation of tra genes and plasmid conjugation, through protein-ligand interactions with their amino-terminal ligand binding domains.


[image: Figure 7]
FIGURE 7. Model of Dual Quorum Sensing Systems in A. tumefaciens 15955. Green shaded symbols representing proteins and genes from pTi15955, and blue shaded symbols represent proteins and genes from pAt15955. Solid arrows indicate translation of specific genes, dotted arrows represent enzymatic synthesis of AHL, and dashed arrows are regulatory impacts of each system. The thinner arrows from TraRTi to the pAt15955 target genes reflect the observed weaker effect of this protein on their expression.


In the presence of inducing levels of AHL the TraR proteins can bind to DNA and activate expression of target promoters, and stimulate plasmid conjugative transfer. The presence of octopine, naturally produced by plant tissue transformed with T-DNA encoding the octopine synthase genes, has been shown to activate expression of the Ti plasmid traR gene in other octopine-type plasmids (Fuqua and Winans, 1994). The operon structure upstream of the pTi15955 traR is identical to that on these better studied octopine-type Ti plasmids (Supplementary Figure 1B). We posit that octopine increases expression of traRTi on pTi15955 as well, and that this increase stimulates expression of the traITi gene, which in turn elevates AHL levels, creating a positive feedback loop as observed for many LuxR-LuxI-type systems (Fuqua and Greenberg, 2002). Ectopically increasing expression of traRTi bypasses the need for octopine. However, traRTi only weakly stimulates the traI gene on the At plasmid, which in turn limits its impact on AHL synthesis, thereby explaining the weaker stimulation of both Ti plasmid and At plasmid conjugation in the ΔtraITi mutant (Figure 3). The traRAt gene product appears to activate expression of both the traIAt_1 and traITi with rough equivalence. However, there is no evidence that its expression is affected by octopine, and consistent with this, in the absence of the traRTi gene octopine has no impact on the tra gene expression or conjugation of either plasmid. We hypothesize that under laboratory conditions, traRAt expression is low, and insufficient to stimulate significant positive feedback on AHL production, and thus pTi15955 conjugative transfer is extremely infrequent or undetectable in the absence of octopine. The basal expression of the traITi gene is in fact modestly elevated in the ΔtraRAt mutant raising the possibility that TraRAt plays a mildly inhibitory role in the absence of octopine. In contrast to pTi15955, low level conjugation of pAt15955 is detectable in the absence of octopine (Barton et al., 2019). The observation that even this minimal conjugation is largely abolished in the ΔtraITiΔtraIAt double mutants suggests that quorum sensing is functioning to regulate the process even at its lowest levels. It also is plausible that expression of the traRAt gene is regulated by a condition that we have not yet identified such as has been observed in other rhizobia, and under certain conditions might elevate pAt15955 and thereby indirectly pTi15955 conjugation (Banuelos-Vazquez et al., 2020).

The molecular mechanisms by which the two TraR proteins function in the same cell remains an area for future studies. There are abundant examples of multiple LuxR-type regulators functioning in a single bacterial species, often in some form of hierarchal network. For example, in Pseudomonas aeruginosa there are three distinct LuxR-type regulators, LasR, RhlR, and QscR with overlapping regulons (Ding et al., 2018). In other Alphaproteobacteria multiple LuxR proteins are also common. For example, in the marine bacterium Ruegeria sp. KLH11 the SsaR LuxR-type protein activates motility in response to long chain AHLs generated by the SsaI AHL synthase, and also regulates the activity of a second LuxR-type protein SsbR and two AHL synthases SsbI and SscI (Zan et al., 2012, 2015). Multiple, co-resident LuxR-LuxI-type proteins are well-documented in the rhizobia, and their regulatory interactions are notably complex and convoluted. Rhizobium leguminosarum biovar viciae has a cascade of multiple LuxR and LuxI-type proteins including several that control plasmid conjugation (Lithgow et al., 2002; Cervantes et al., 2019). The biocontrol agent known as Rhizobium rhizogenes K84 encodes two TraR homologs (TraRacc and TraRnoc) on the single pAtK84b plasmid that combine to control conjugative transfer of this plasmid (Oger et al., 1998). Remarkably, in K84 expression of each traR gene is regulated by a different conjugal opine, nopaline and agrocinopine A/B, and consequently both opines independently stimulate pAtK84b conjugation through a single conjugative machinery. Recently, two of the repABC plasmids of Sinorhizobium fredii GR64, pSfr64a, and pSfr64b have been reported to encode two separate TraR-TraM-TraI quorum sensing systems, in addition to a quorum sensing regulatory system encoded by the chromosome, NgrR-NgrI (Cervantes et al., 2019). All three of these quorum sensing systems impact each other and contribute to control of pSfr64a and pSfr64b conjugation. Similar to S. fredii GR64, A. tumefaciens 15955 and its immediate relatives have dual, highly conserved TraR-TraI-TraM systems on two separate plasmids that each encode their own conjugative transfer machinery. Although there is no chromosomal LuxR-LuxI system in A. tumefaciens 15955, our findings reveal that the plasmid encoded quorum sensing systems are clearly interdependent.

Dimerization is known to be a requirement for DNA binding among diverse LuxR homologs including TraR. Given the similarity of the TraRTi and TraRAt proteins (63.2% identity), heterodimer formation is plausible, potentially altering the activity of each TraR protein. Interestingly, A. tumefaciens 15955 is known to encode a truncated copy of the traRTi gene, named TrlR that is 88% identical, but ablated for the DNA binding domain, expression of which is inducible by the non-conjugative opine mannopine (Oger et al., 1998; Zhu et al., 1998). TrlR is a dominant negative homolog of TraR, that forms an inactive heterodimer with TraRTi and prevents DNA binding (Chai et al., 2001). In the absence of mannopine, TrlR is not expressed. Our genetic analysis revealed that mutation of traRAt modestly elevated expression of the traITi-lacZ fusion in response to octopine, suggesting that TraRAt may also have a mild dominant negative effect on TraRTi.

Another component of the quorum sensing systems commonly encoded on Ti plasmids is the TraM anti-activator (Fuqua et al., 1995; Hwang et al., 1995). TraM forms a multimeric complex with TraR, abrogating its activity and targeting it for proteolysis (Swiderska et al., 2001; Chen et al., 2007; Costa et al., 2012). A. tumefaciens 15955 encodes TraM proteins on pAt15955 and pTi15955, that are 65% identical. Genetic and biochemical analysis of a second TraM homolog from the close relative A. tumefaciens A6 demonstrated that it can form a complex with TraR encoded by the Ti plasmid and adopts the same three-dimensional structure as TraMTi (Chen et al., 2006; Wang et al., 2014). The two TraM proteins seemed to be functionally redundant in A. tumefaciens A6, and mutation of both genes was required to disregulate the Ti plasmid TraR. Subsequent studies prior to genome sequencing also identified traR and traI genes linked to this second traM gene, all of which we now recognize to be carried on the pAtA6 plasmid (Wang et al., 2014). Although we did not examine the role for the traMTi and traMAt in the current study on A. tumefaciens 15955, it seems very likely that they play similar roles as those in A6. As such, the orchestration between the pTi15955 and pAt15955 quorum sensing systems to control plasmid transfer, very likely also includes these TraM anti-activators and their ability to inhibit their cognate and non-cognate TraR proteins.

We observed that TraRTi only weakly activated the pAt15955 gene fusions tested, while it strongly affected the homologous pTi15955 gene fusions. In contrast, TraRAt was largely equivalent in activation of both pTi15955 and pAt15955 targets, suggesting that it has a more permissive DNA binding specificity. Comparatively, the tra box elements identified upstream of these and other potential target genes, are similar 18 bp inverted repeats, but there are several differences at specific positions, that may distinguish the pTi15955 targets from the pAt15955 sequences. Amino acid sequence differences between TraRTi and TraRAt within the C-terminal DNA-binding domain are likely to impart the DNA binding site specificity. Although the proteins are quite similar overall in the DNA binding domain (69% identity), there are several differences including a conserved isoleucine residue (I194) in TraRTi (either an I or V in most LuxR-type proteins, Whitehead et al., 2001), that is an alanine (A194) in TraRAt (Supplementary Figure 6). The octopine-type A. tumefaciens R10 TraR protein which is encoded on pTiR10, was structurally characterized in association with the 3-oxo-C8-HSL ligand and bound to a synthetic tra box oligonucleotide (Zhang et al., 2002). Two of the primary contacts with DNA residues within the tra box were Arg206 (R206) and Arg210 (R210) which are conserved in the 15955 TraRTi protein (Supplementary Figure 4, asterisks). However, these positions are divergent in 15955 TraRAt and are Lys206 and Glu210 (Supplementary Figure 4). Thus, it seems the potential mechanism of tra box recognition may be different between these two regulators. Our findings suggest that sequence divergence between the two proteins imparts a less restrictive DNA binding site specificity to TraRAt than to TraRTi. However, testing the binding of each TraR paralogue to pAt15955 and pTi15955 promoters in vitro would provide an effective way to directly evaluate their specificity.
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Lactic acid bacteria (LAB) belonging to the genus classically known as Lactobacillus, recently split into 25 different genera, include many relevant species for the food industry. The well-known properties of lactobacilli as probiotics make them an attractive model also for vaccines and therapeutic proteins delivery in humans. However, scarce tools are available to accomplish genetic modification of these organisms, and most are only suitable for laboratory strains. Here, we test bacterial conjugation as a new tool to introduce genetic modifications into many biotechnologically relevant laboratory and wild type lactobacilli. Using mobilizable shuttle plasmids from a donor Escherichia coli carrying either RP4 or R388 conjugative systems, we were able to get transconjugants to all tested Lactocaseibacillus casei strains, including many natural isolates, and to several other genera, including Lentilactobacillus parabuchneri, for which no transformation protocol has been reported. Transconjugants were confirmed by the presence of the oriT and 16S rRNA gene sequencing. Serendipitously, we also found transconjugants into researcher-contaminant Staphylococcus epidermidis. Conjugative DNA transfer from E. coli to S. aureus was previously described, but at very low frequencies. We have purified this recipient strain and used it in standard conjugation assays, confirming that both R388 and RP4 conjugative systems mediate mobilization of plasmids into S. epidermidis. This protocol could be assayed to introduce DNA into other Gram-positive microorganisms which are resistant to transformation.
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INTRODUCTION

Lactic acid bacteria (LAB) are a heterogenic group of Gram-positive bacteria with the capacity of producing lactic acid as the main product of their sugar metabolism. Consequently, LAB are an essential microbial group in the food industry due to their use as starters in the elaboration of a great variety of fermented food and drinks, being responsible for their organoleptic properties and acting as natural preservatives (Smit and Smit, 2005; Jany and Barbier, 2008; Börner et al., 2019). Due to their extensive use during the last centuries in the food industry, some species are Generally Regarded As Safe (GRAS) by the Food and Drugs Administration (FDA) and have the status of Qualified Presumption of Safety (QPS) by the European Food Safety Authority (EFSA). The genus Lactobacillus, in addition, contains some strains that are well-known probiotics. Up to now, the genus Lactobacillus was exceptionally large and diverse, as it comprised 261 species very different at the phenotypic, ecological and genotypic level. Recently, the genus has been revisited and a new classification into 25 genera has been established (Zheng et al., 2020), which helps to reflect the great biodiversity among the species that previously were grouped as Lactobacillus. In this work, the term “lactobacilli” will remain used to designate all organisms previously classified as Lactobacillus up to 2020.

The use of lactobacilli has earned interest in human and animal biomedical applications (Wells and Mercenier, 2008; Cano-Garrido et al., 2015; Wang et al., 2016). They are crucial members of the microbiota of human mucosal surfaces, where they are involved in homeostasis processes, providing protection against pathogenic bacteria and stimulating the immune system (Isolauri and Ouwehand, 2004; Bernardeau et al., 2008). Lactobacilli have been proposed as ideal live vectors for the in situ production of therapeutic agents in the oral, nasal, genital and intestinal mucosae (Cano-Garrido et al., 2015; Wang et al., 2016; Rio et al., 2019), due to their tolerance to temperature, low pH, bile salts, or high alcohol concentrations (Bosma et al., 2017). So far, lactobacilli have been used as adjuvants or prophylactic agents against many different diseases (Reid, 2017; Mays and Nair, 2018) as well as in a range of animal husbandries (Syngai et al., 2016). Furthermore, their use in therapeutics for prevention and diagnosis (Mays and Nair, 2018) is gaining attention. However, the extended use of lactobacilli in industrial and biomedical applications is limited, since genetic tools are still underdeveloped, especially for wild-type strains (Bosma et al., 2017).

LAB were a pioneer group studied for development of genetic tools (de Vos, 2011), but these efforts were mainly focused on obtaining food-grade microorganisms rather than optimizing mutagenesis procedures (Derkx et al., 2014; Bachmann et al., 2015; Johansen, 2018; Vida and Berlec, 2020). There are several targeted genome editing methods currently available for LAB (Martin et al., 2000; Bosma et al., 2017; Hatti-Kaul et al., 2018). First studies focused on Lactococcus lactis and Lactiplantibacillus plantarum, due to their importance as starter cultures and probiotics, respectively, but several other LAB species have been found to be susceptible to genetic modification albeit with significantly lower efficiencies (de Vos, 2011; Bosma et al., 2017). The first step to accomplish targeted genetic modification is the introduction of DNA, which can be challenging in Gram-positive bacteria due to the thick peptidoglycan layer in their cell wall. The most widely used method is electroporation. Although a wide range of LAB species have been successfully transformed using generalized electroporation protocols, efficiencies varied strongly among strains and protocols need to be optimized (Landete et al., 2014; Bosma et al., 2017). In particular, transformation of lactobacilli wild-type strains has proven difficult or even not feasible. Thus the importance of exploring new approaches for efficient DNA introduction in these important LAB.

Bacterial conjugation is an efficient mechanism of horizontal gene transfer (HGT) of DNA from a donor bacterium to a recipient one which requires physical contact between them. Bacterial conjugation confers a high genomic plasticity to the prokaryotic world (de la Cruz and Davies, 2000), being the most important means of spreading resistance and virulence factors among bacteria. The conjugative machinery is composed by a Type IV secretion system (T4SS), which constitutes the physical channel for secretion of the DNA, and a number of proteins which recognize and process the DNA to be transferred (Cabezón et al., 2015). Among them, a key enzyme is the relaxase, which attaches covalently to the DNA and pilots it into the recipient cell (Guzmán-Herrador and Llosa, 2019). The DNA to be transferred must have a sequence of 100–400 bp known as origin of transfer (oriT), which is recognized by the relaxase, where it binds and cleaves the strand to be transferred.

Conjugation has been described in both Gram-negative and -positive bacteria, and even between both bacterial groups. Conjugative transfer using the RP4 transfer system from E. coli to several Gram-positive bacteria was described long ago (Trieu-Cuot et al., 1987). Dominguez and Sullivan (2013) describe a robust conjugation protocol that can be used in the transfer of genetic material from E. coli to several Bifidobacterium species. Although conjugative plasmids and transposons are very common in LAB, the details of conjugative mechanisms are still under research (Kullen and Klaenhammer, 2000; Bron et al., 2019). It has also been described that conjugative transfer happens in vivo in our microbiota, including LAB species as recipients (Aviv et al., 2016). Conjugative DNA transfer from lactobacilli has been described in a few instances to other LAB, such as Enterococcus and Lactococcus (Gevers et al., 2003). However, up to date, transfer of DNA into lactobacilli by conjugation has not been reported.

The development of genetic modification tools for Gram-positive bacteria has also focused on species with clinical relevance. An example of this is illustrated by the genus Staphylococcus, which includes many relevant strains for human health, and is also reluctant to genetic manipulation. Staphylococci are one of the main causative agents of severe nosocomial infections which require prolonged hospitalizations (Becker et al., 2014). The majority of genetic tools have been developed for Staphylococcus aureus; in other staphylococci, genetic modification is often halted by the absence of efficient transformable protocols. This is the case of coagulase-negative staphylococci (Becker et al., 2014) which include species with increasing interest in human health, such as the emerging human pathogen Staphylococcus epidermidis (Otto, 2009). Up to now, staphylococcal species are transformed via electroporation or, less frequently, by protoplast transformation (Götz and Schumacher, 1987; Augustin and Götz, 1990; Löfblom et al., 2007). However, the restriction-modification systems present in S. aureus truncate the uptake of foreign DNA (Waldron and Lindsay, 2006; Xu et al., 2011; Monk and Foster, 2012; Monk et al., 2012). The use of E. coli strains lacking dcm for production of unmethylated DNA allowed electroporation of particular strains (Monk et al., 2012; Costa et al., 2017), but it requires large amounts of DNA and is limited to specific isolates. Transformation is especially inefficient for S. epidermidis strains (Costa et al., 2017). Bacterial conjugation from E. coli to S. aureus was initially reported, albeit at low frequency (Trieu-Cuot et al., 1987), and no follow-up works are available.

The limitations of current electroporation protocols for the introduction of DNA, especially in wild-type strains, prompted us to assay conjugation as an alternative to transfer DNA into lactobacilli. Furthermore, conjugation is considered a natural mechanisms and therefore is a more accepted approach than electro-transformation (Pedersen et al., 2005). To this end, we have optimized a conjugation protocol from E. coli to lactobacilli using the promiscuous conjugative plasmids R388 and RP4. Using this protocol, we obtained transconjugants in a number of genera and species, including many wild-type strains. Serendipitously, we found that this conjugation protocol also mediates conjugal transfer from E. coli to S. epidermidis, a researcher-contaminant bacterium which normally colonizes the human skin. This conjugation protocol could be a useful approach to genetically modify other Gram-positive microorganisms which are resistant to electroporation.



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

The bacterial strains used in this study are listed in Table 1. Escherichia coli strains were grown at 37°C in LB media and when necessary supplemented with 100 μg/ml ampicillin (Ap), or 50 μg/ml kanamycin (Km). Lactobacilli and S. epidermidis were grown at 37°C without aeration in MRS medium (Oxoid, Basingstoke, Hampshire, England) or on solid MRS plates supplemented with 2% agar, supplemented with 5 μg/ml erythromycin (Em) when indicated.


TABLE 1. Bacterial strains used in the present study.
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The S. epidermidis strain used in this work was isolated from the researcher’s skin. The hands were placed on MRS-agar plates without antibiotics, which were then incubated at 37°C. The colonies grown were replicated on MRS-agar with and without Em 5 μg/ml. Em-sensitive colonies were selected, their 16S rRNA gene sequence was amplified by PCR, and DNA sequence was determined (STABVIDA) to confirm they were S. epidermidis.



DNA Manipulation

In order to extract genomic DNA from lactobacilli and S. epidermidis, a colony from an MRS-agar plate is punctured and resuspended in 50 μl of TE buffer. 50 μl of chloroform are added and mixed thoroughly until the mixture is homogeneous. The mixture is then centrifuged 10 min at 4°C and three phases appear. The top phase containing the genomic DNA is collected carefully and used directly for PCR analysis.

Plasmid DNA was isolated from E. coli with the GenElute Plasmid Miniprep Kit (Sigma). From lactobacilli and S. epidermidis, the protocol of Anderson and Mckay (1983) was followed with modifications to lyse the cells previous to plasmid DNA purification with the GenElute Plasmid Miniprep Kit, as follows. Lactobacillus and S. epidermidis strains were grown overnight in MRS supplemented with Em (5 μg/ml) for plasmid selection. Two milliliter cultures were centrifuged 10 min at 14,000 rpm. The pellet was resuspended in STE (sucrose 10.3%, Tris HCl 25 mM pH8, EDTA 10 mM) and centrifuged again 10 min at the same speed. The pellet was frozen at −80°C for 15 min. Then, the pellet was resuspended in 200 μl of lysis buffer (sucrose 20%, Tris HCl 10 mM pH8, EDTA 10 mM, NaCl 10 mM) with lysozyme (30 mg/ml), 2 μl of RNAse (25 mg/ml) and 20 μl of proteinase K (20 mg/ml). The sample was homogenized by vortexing, and incubated at 55°C during 30 min. Then, the lysates were applied to GenElute Plasmid Miniprep Kit (Sigma-Aldrich) to purify the plasmid DNA following the manufacturer’s protocol.

DNA and PCR products were visualized by agarose gel electrophoresis stained with SYBR Safe (Invitrogen) and visualized with a Gel Doc2000 UV system, and images were analyzed with Quantity One software (BioRad). HyperLader I (Biolabs) was used as a molecular weight marker. DNA was quantified using a Nano-Drop Spectrophotometer ND-1000. GenElute PCR Clean-Up Kit (Sigma) was used for purification of PCR products, and GenElute Agarose Spin Columns (Sigma) were used for DNA purification from agarose gels.



Plasmids and Plasmid Constructions

Plasmids used in this work and their relevant properties are listed in Table 2. Plasmid constructions were done by standard recombinant DNA techniques. Plasmid pEM110 was digested with the enzymes ClaI and SmaI (Thermo Fisher Scientific). The oriT sequences of plasmids RP4 and R388 were PCR-amplified from plasmids pLA31 and pLA32, respectively, using the oligonucleotides shown in Table 3 and high fidelity DNA polymerase PCRBIO HiFi (PCRBIOSYSTEMS). PCR fragments were digested with the same enzymes and ligated with the vector. Ligations were electroporated into E. coli (see below). The DNA sequence of the inserts was determined (STABVIDA) to verify the correct assembly of the new plasmids.


TABLE 2. Plasmids used in the present study.
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TABLE 3. Primers used for PCR.
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E. coli Electroporation

For preparation of electrocompetent cells, bacteria were grown to OD600 = 0.5–0.6, and pelleted by centrifugation at 4°C. Two series of washes and centrifugations (6,000 rpm on a Beckman JA-10 rotor) of 1vol milliQ water and a final wash in 1/50 volume 10% glycerol at 4°C were applied. Cells were resuspended in 1/500 vol 10% glycerol and aliquoted in 50 μl samples. Aliquots were frozen on dry ice and kept at −70°C until usage. Aliquots were mixed with < 10 ng of DNA in a 0.2 cm Gene Pulser® cuvette (BioRad) and subjected to an electric pulse (2.5 kV, 25 μF and 200 Ω) in a MicroPulserTM (BioRad). Electroporated cells were added to 1 ml LB and incubated with shaking at 37°C to allow antibiotic expression. After incubation cells were plated on antibiotic containing media.



Bacterial Conjugation

Standard conjugation assays in E. coli were performed as described in Grandoso et al. (2000). The conjugation protocol from E. coli to lactobacilli was optimized starting from the one previously described. Once the new protocol was established, conjugation to lactobacilli was performed as follows: First, donor E. coli strains were grown on LB supplemented with antibiotics overnight. Recipient lactobacilli were grown on MRS without antibiotics. The matings were performed on solid media by mixing the same volume of donor and recipient strains (100 μl of the overnight cultures) after washing with BHI media (Oxoid, Basingstoke, Hampshire, England). The bacterial mixture was then washed with BHI again, resuspended in 20 μL of BHI and transferred to a conjugation filter (0.22 μm nitrocellulose, Millipore) on a BHI-agar plate. The mating mixtures were incubated at 37°C for 24 h. Then, the filter was resuspended on BHI and appropriate dilutions were made and plated on selective media for donors, recipients and transconjugants. Donor E. coli were plated on LB agar with antibiotics for strain and plasmids selection. Recipient strains were plated on MRS. Transconjugants were plated on MRS with Em 5 μg/ml. The frequency of conjugation is expressed as the number of transconjugants per donor cell. Conjugation from E. coli into Staphylococcus epidermidis strains was performed as explained above for lactobacilli. All the manipulations of these conjugations were performed on a Faster BH-EN 2004 Class II Microbiological Safety Cabinet and using filter tips.



Analysis of Transconjugants

Transconjugants were analyzed directly from the plate for the presence of oriT. PCR reactions included an extra boiling step at the beginning to break the cells. PCRs were performed using DNA polymerase KapaTaq (KapaBiosystems) and primers indicated in Table 3. PCR products were run on agarose gels to observe the expected amplification bands.

Several transconjugants from each conjugation assay were analyzed to confirm the lactobacilli or S. epidermidis species by PCR-amplification of the 16S rRNA gene, using the universal primer pair 27F and 1492R (Table 3; Lane, 1991), and determination of the DNA sequence from the amplicon, as explained in Diaz et al. (2016).

In order to confirm the presence of the autonomous shuttle plasmid in S. epidermidis transconjugants, plasmid DNA was extracted from both the transconjugants and the strain with no plasmid, and from L. casei with and without plasmid as a control. Plasmid DNA was visualized on agarose gels. Subsequently, this plasmid DNA was electroporated into E. coli, plasmid DNA extracted again from the transformants, and analyzed by restriction digestion to test its integrity.



RESULTS


Bacterial Conjugation From E. coli to Lacticaseibacillus casei

In order to set up a protocol for conjugative DNA transfer into lactobacilli from laboratory E. coli strains, we adapted the protocol routinely used for conjugative DNA transfer among Gram-negative bacteria on solid media (Grandoso et al., 2000). We tested two well characterized conjugative systems; those of plasmids R388 and RP4, which have been previously shown to mediate conjugative DNA transfer into a broad range of recipient cells (see section “Introduction”).

For a DNA molecule to be transferred by conjugation, the only element required in cis is the oriT. We constructed mobilizable shuttle vectors carrying replication and antibiotic resistance genes for selection in E. coli and Lactobacillus, plus the oriT of either R388 or RP4 (pCOR48 and pCOR49; Table 2). The rest of the conjugative machinery was provided in trans, either using E. coli S17.1 strain as a donor, which has the conjugative machinery of RP4 integrated into the bacterial chromosome, or using a non-mobilizable helper plasmid which provides the R388 conjugative system (pSU711; Table 2). These plasmids were tested in conjugation between E. coli strains to verify their functionality (Table 4, top rows). As negative controls, we used donors harboring the mobilizable plasmids but devoid of the rest of the conjugative machinery.


TABLE 4. Conjugation frequency of mobilizable shuttle plasmids into E. coli and Lacticaseibacillus casei 393.

[image: Table 4]In order to optimize a new protocol for conjugation from E. coli to lactobacilli, we chose the laboratory strain L. casei 393, which is easy to grow, manipulate and transform (Chassy and Flickinger, 1987). Different conditions were tested, such as the mating time, donor/recipient cell ratio, growth phases in the bacterial cultures, and culture media in the conjugation plate. After several trials, a functional protocol for conjugation between E. coli and L. casei was established. The protocol is detailed in section “Materials and Methods.” In summary, overnight cultures of both donor and recipient bacteria were mixed on BHI medium, where both donor and recipient cells can thrive, while LB and MRS allow growth only of E. coli and L. casei, respectively, allowing counter selection of donors or recipients. The mating mixtures were incubated on solid media for 24 h. Conjugation frequencies obtained are shown in Table 4 (lower rows). Transconjugants were obtained using both R388 and RP4 conjugative systems, with frequencies only 1−log lower than between E. coli strains (2.1 × 10–4 vs. 2.5 × 10–3 transconjugants/donor for R388, and 1.8 × 10–3 vs. 1.4 × 10–2 for RP4).

Several transconjugants were selected for further analysis. Total DNA was extracted and used as a template for two PCR amplifications: (i) the 16S rRNA gene region, which was used for DNA sequence determination and confirmation that they were L. casei; and (ii), the corresponding oriT. An example of this analysis is shown in Figure 1. It can be observed that neither oriT is amplified from gDNA of L. casei, while the expected band for each oriT is present in DNA from the transconjugants. All these results confirm that the transconjugants obtained were bona-fide L. casei colonies which had received the pCOR shuttle plasmid by conjugation.
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FIGURE 1. PCR analysis of L. casei 393 transconjugants for the amplification of R388 and RP4 oriT. The oriT amplified by PCR is indicated at the bottom (oligonucleotides indicated in Table 3). The template is indicated on top of the gel, and it was either purified DNA (R388 and RP4 as positive controls, and the recipient L. casei gDNA as negative control) or transconjugant (TC) colonies directly used for the PCR reactions. The expected plasmid in the transconjugants (R388 or RP4) is indicated. –, control reaction with no template DNA. The central lane is a molecular weight marker (GeneRuler 1 kb DNA ladder). The 500 bp band is indicated. Expected fragment size: 330 bp for R388 oriT and 280 bp for RP4 oriT.


The ability to transform lactobacilli by electroporation varies widely depending not only on the genus or species, but also on the strains. Some of the more interesting strains for biotechnological purposes are wild-type isolates, which typically show lower transformation rates than laboratory strains. We tested different strains of L. casei as conjugation recipients, isolated from natural environments. The results (Table 5) showed that we obtained transconjugants into all strains using RP4 conjugative system, whereas R388 conjugative system provided transconjugants in a subset of strains only. Transconjugants were confirmed by PCR amplification of the oriT. We confirmed that conjugation frequencies varied significantly among strains of L. casei, and frequencies were in all cases lower than that of the laboratory strain: in the case of R388, frequencies ranged around 10–7–10–5 transconjugants/donor (compared to 10–4 for L. casei 393), and in the case of RP4, we obtained between 10–7 and 10–4 transconjugants per donor (compared to 10–3 for the laboratory strain).


TABLE 5. Conjugation frequencies from E. coli to different L. casei strains using R388 and RP4 systemsa.

[image: Table 5]


Conjugation From E. coli to Other Lactobacilli

The next step was to test conjugation to other wild-type lactobacilli, some of which are reluctant to genetic transformation by electroporation. Conjugation was performed using the same donor strains harboring R388 and RP4 conjugative systems as shown in Table 4, and using as positive control for conjugation L. casei 393 as a recipient. The conjugation frequencies obtained are shown in Table 6. Transconjugants were obtained for Lactiplantibacillus plantarum, Lentilactobacillus buchneri, Lentilactobacillus parabuchneri, Levilactobacillus brevis, and Limosilactobacillus vaginalis when using the RP4 conjugative system. No transconjugants were obtained when using the R388 conjugative system. The frequencies obtained were in all cases significantly lower than into the laboratory strain L. casei 393, ranging around 10–5–10–6 transconjugants per donor (vs. 10–3 for the laboratory strain).


TABLE 6. Conjugation frequencies from E. coli to different lactobacilli using R388 and RP4 systemsa.

[image: Table 6]Transconjugants were confirmed by the presence of the corresponding oriT (Figure 2). Their 16S rRNA gene sequence was amplified with primers shown in Table 3 and the DNA sequence determined, confirming in all cases the expected genera.
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FIGURE 2. Amplification of RP4 oriT from transconjugants. Primers used are shown in Table 3. The template DNAs are: Lane 1: no DNA (C–, negative control). Lanes 2–4: gDNAs from recipient L. parabuchneri, L. buchneri and L. vaginalis. M, molecular marker (GeneRuler 1 kb DNA ladder). The size of the bands is 1,000, 750, 500, and 250 bp from top to bottom. The expected size of the amplicon is 280 bp. To the right, Lane 5: pCOR49 plasmid DNA (C+, positive control). Lanes 6 and 7: DNA extracts from L. parabuchneri transconjugants. Lanes 8 and 9: DNA extracts from L. buchneri transconjugants. Lane 10: gDNA extracts from L. vaginalis transconjugant.




Conjugation From E. coli to S. epidermidis

Serendipitously, we found a high number of putative transconjugants in one of the matings described above using the R388 conjugative system, which did not match the lactobacilli phenotype, although they did show amplification of the R388 oriT. Upon sequencing of the 16S rRNA gene, we found out these colonies corresponded to Staphylococcus epidermidis, a common isolate in human epidermis, and thus probably originated from a contamination from the researcher skin. Since this fact suggested that conjugation from E. coli occurred to other Gram-positives, and S. epidermidis itself is a recalcitrant organism of high biomedical interest, we decided to confirm and quantify this phenomenon. To confirm and quantify this finding, as well as to rule out that the observed phenotype was restricted to a particular isolate, S. epidermidis was isolated placing on MRS plates the hands of two other researchers, from the same and different laboratories. Colonies resembling staphylococci were obtained, cultured on MRS, checked for their sensitivity to erythromycin by replica-plating, and confirmed as S. epidermidis by 16S rRNA gene sequencing. A PCR for the R388 and RP4 oriT was performed on total DNA to verify that there was no amplification from the strains (not shown). These new isolates of S. epidermidis (isolates 1 and 2) were used as a recipient strains in conjugation assays from E. coli.

Conjugation frequencies obtained are summarized in Table 7. We obtained S. epidermidis transconjugants for both recipient strains, using both R388 and RP4 conjugative systems, confirming that plasmids can be mobilized by conjugation from E. coli to S. epidermidis. It is interesting to note that in this case, the R388 system was similar or even more efficient in rendering transconjugants than RP4. Transconjugants were confirmed by PCR for amplification of the corresponding oriT, and their 16S rRNA gene sequence was amplified by PCR and the DNA sequence determined, to verify that they were S. epidermidis.


TABLE 7. Conjugation frequencies from E. coli to S. epidermidis using conjugative systems R388 and RP4a.

[image: Table 7]The mobilizable shuttle plasmids used for our mating assays (pCOR48 and pCOR49; Table 2) carry origins of replication for E. coli and Lactobacillus, but it is not known if the plasmid can replicate in staphylococci. In order to determine if the S. epidermidis transconjugants harbored the shuttle plasmid as an episome, or they were the result of integration of the plasmid into the S. epidermidis chromosome, plasmid DNA was extracted from several transconjugants. In parallel, plasmid DNA was extracted from the strain without plasmids as a negative control, and from L. casei 393 transconjugants obtained in previous conjugation assays, as positive controls. The DNA samples were run on agarose gels, where the plasmid DNA was visible in the S. epidermidis transconjugants (not shown). For further confirmation, these plasmid DNA samples were used to electroporate E. coli. Ampicillin-resistant colonies were obtained and their plasmid DNA was extracted and analyzed by restriction digestion in parallel with the original plasmid DNA, to confirm the presence of the pCOR shuttle plasmid (Figure 3). It can be observed that the plasmid recovered from the E. coli cells transformed with plasmid DNA extracted from the L. casei or S. epidermidis transconjugants maintains the same restriction pattern as the original shuttle plasmid present in the donor E. coli strain. Thus, the shuttle plasmid is able to replicate in S. epidermidis.
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FIGURE 3. Analysis of plasmids extracted from E. coli previously transformed with plasmid DNA from transconjugants. Plasmid DNA samples were digested with enzyme EcoRI (Fast Digest, Thermo Fisher Scientific), purified, and run on an agarose gel. pCOR48, plasmid DNA (positive control). The transconjugants from which the electroporated DNA was extracted were L. casei 393 (pCOR48) (1–2), and S. epidermidis (pCOR48) from two different colonies (3–4 and 5–6). M, molecular weight marker (GeneRuler 1 kb DNA ladder). The 6,000 and 3,000 bp are indicated. Expected fragment sizes: 5,436 and 2,000 bp.




DISCUSSION

Targeted genetic modification of bacteria with biotechnological and biomedical potential is a prerequisite for most processes of genetic improvement, whether it is to introduce a plasmid contributing to increase production of the desired substance, or to introduce scarless genetic modifications in strains to be applied to human consumption or for medical uses. These processes all have a first requisite consisting on the introduction of DNA into the target cell. A number of protocols exist using bacterial transformation, conjugation, phage transduction, or even protoplast fusions, which are available for most laboratory strains. However, the need for novel substances to use as antimicrobials, food additives, probiotics, or therapeutic substances, has propelled the search for wild-type strains providing the desired properties, which require subsequent optimization steps. Introducing foreign DNA into these microorganisms often proves challenging and even impossible. Among LAB, electroporation is the most widely used method, due to its simplicity, efficiency and wide applicability; however, efficiencies vary strongly among species and even strains, and protocols need to be optimized for each of them (Wang et al., 2020). In particular, transformation of wild-type strains has proven difficult or even not feasible. This is the case for many lactobacilli which, in addition of including some of the most relevant species in the food industry, has an increasingly important biomedical interest, due to both its potential as human live delivery vector and to the existence of emerging human pathogens. Thus, there is an open niche for new DNA introduction protocols.

Bacterial conjugation is a naturally efficient and promiscuous mechanism of horizontal gene transfer, which operates among all main bacterial types. Conjugative DNA transfer from E. coli to several LAB has been reported (see section “Introduction”), but to our knowledge, there are no reports of conjugation from E. coli into lactobacilli. In this work, we prove that it is possible to introduce DNA by conjugation into lactobacilli from E. coli, not only to the model laboratory strain L. casei 393, but to a number of other genera, species and natural isolates, typically reluctant to transformation. In particular, we successfully obtained transconjugants in L. plantarum, L. buchneri, L. parabuchneri, L. brevis, and L. vaginalis (Table 6). Since no transconjugants were obtained in the negative controls lacking the conjugative machinery, we conclude that DNA transfer is happening through conjugation, and not through other mechanisms such as natural transformation, nanotubes, or extracellular vesicles. Dedicated electroporation protocols have been published for each of these species, reflecting the inherent difficulty of transforming them (Stephenson et al., 2011; Spath et al., 2012; Zhang et al., 2012). In the case of L. parabuchneri, to our knowledge there are no reports of transformation, which makes this result especially significative. L. parabuchneri is a member of cheese flora, contributing to its organoleptic properties and ripening process (Fröhlich-Wyder et al., 2013). Moreover, some species have been characterized as potential probiotics (Agostini et al., 2018). On the other hand, some strains of L. parabuchneri are mainly responsible for the undesirable accumulation of the biogenic amine histamine in cheese (Diaz et al., 2015b). Thus, the ability to manipulate genetically this species has high scientific interest, as well as both biotechnological and biomedical potential.

The efficiency of conjugation into the model laboratory strain L. casei 393 was around 10–3 or 10–4 transconjugants per donor, depending on the conjugative system used (RP4 or R388), which is higher than in early reports of conjugative transfer between distantly related bacteria (Trieu-Cuot et al., 1987). Comparable rates were obtained in conjugation experiments from E. coli to Bifidobacterium (Dominguez and Sullivan, 2013) where differences between strains were apparent. The efficiency of the different lactobacilli species as recipients also varied widely, and was always lower than that of the laboratory strain (Table 6). Some species were not transformed. There is no taxonomic explanation for this difference: according to the recent reclassification of the genus Lactobacillus (Zheng et al., 2020), L. casei shares the genus with its closest relative L. paracasei, for which we obtained no transconjugants. In fact, a survey of different L. casei natural isolates (Table 5) showed also ample variation within the species. The difference in conjugation frequencies could have multiple causes, such as the existence of different restriction-modification systems, and very likely, the presence of other plasmids in the wild-type strains; further studies would be necessary to determine the factors interfering with conjugation, which could lead to increased efficiencies and a wider range of potential recipients. Moreover, as for some species the frequency of conjugation obtained in some cases is just at the limit of detection of the mating assays, we think that an optimization of the protocol will probably extend the range of recipient species.

Serendipitously, we found that our conjugation assay also mediated DNA transfer into a researcher-contaminant S. epidermidis, so we isolated this species from different researchers and quantified the DNA transfer, confirming the presence of transconjugants. We have also confirmed the episomal presence of the shuttle plasmid in the transconjugants, meaning that one of the origins of replication present in this plasmid is functional in staphylococci. The mobilizable shuttle plasmids pCOR48 and pCOR49 contain the pBR322 origin of replication, which is functional in E. coli but not in Gram-positive organisms, and the replicon of P8014-2, a plasmid isolated from L. plantarum (Leer et al., 1992). There are a number of broad-host-range plasmids of Gram-positive bacteria which can replicate in both Lactobacillus and Staphylococcus spp. (Jain and Srivastava, 2013). Our results indicate that the Lactobacillus plasmid P8014-2 replicon is also functional in both lactobacilli and staphylococci. In fact, this replicon includes a sequence at position 2051 (5′-TTCTTATCTTGATA-3′) which is identical to the plus origin of replication of plasmid pC194 (Gros et al., 1987), capable of replication in S. aureus and Bacillus subtilis (Horinouchi and Weisblum, 1982).

Our finding that bacterial conjugation can be used to introduce DNA into S. epidermidis is significant. As stated in the Introduction, staphylococci are difficult to transform, and conjugative DNA transfer from E. coli has only been reported for S. aureus (Trieu-Cuot et al., 1987) using an IncP plasmid. S. epidermidis is a component of the human microbiota and also an emerging pathogen (Otto, 2009), leading to an increasing interest in its genetic manipulation. Up to now, few reports have addressed electroporation and transduction, respectively, of specific S. epidermidis strains (Monk et al., 2012; Winstel et al., 2015; Costa et al., 2017). The strategies used to increase the transformation efficiency of S. aureus have little efficiency on S. epidermidis (Monk et al., 2012; Costa et al., 2017). Thus, adding bacterial conjugation to this scarce toolbox will undoubtedly facilitate the generation of genetically modified strains. Conjugation into the laboratory strain L. casei 393 worked efficiently using both RP4 and R388 conjugative systems, although the efficiency was higher with the RP4 system. This result was expected, since the RP4 transfer system has been widely used to transfer DNA into distantly related bacteria and even eukaryotic cells, due to its intrinsic promiscuity (Bates et al., 1998; Luzhetskyy et al., 2006). In contrast, this is, to our knowledge, the first report of conjugative transfer to any Gram-positive bacteria mediated by R388. Moreover, conjugation into S. epidermidis was more efficient using R388 than RP4 conjugative system (Table 7). These results underscore the importance of assaying different conjugative systems, and point to the R388 conjugative system as a suitable candidate to explore other recalcitrant microorganisms as recipients of bacterial conjugation assays.

With this work, we show that a single conjugation protocol allows the introduction of foreign DNA into many different genera, species, and wild-type strains. The result obtained accidentally with S. epidermidis suggests that the range of Gram-positive bacteria which can act as recipients of conjugative DNA transfer from E. coli may be wider than suspected. Using E. coli as a donor laboratory strain implies access to almost unlimited genetic tools to generate the desired DNA to be transferred. Bacterial conjugation is a simple assay, which allows the transfer of DNA molecules of any size, even whole genomes (Isaacs et al., 2011). In addition, bacterial conjugation is considered a natural process, as opposed to electroporation; conjugation has been exploited to introduce natural plasmids into LAB strains, which can be considered non-genetically modified when this technology is used instead of electroporation (Pedersen et al., 2005; Bron et al., 2019). These features are relevant for the genetic manipulation of LAB, for their use in food fermentation as probiotics or as live vector for mucosal delivery of therapeutic proteins (Wells and Mercenier, 2008).
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Animals are considered important sources of ESBL/AmpC-producing bacteria in humans. We analyzed indications of transfer of ESBL/AmpC genes between pigs and pig farmers in Vietnam by analyzing whole genome sequences of 114 ESBL/AmpC-producing E. coli isolated from the two hosts, and performed conjugation experiments and plasmid profiling to confirm that such transfer could have happened. ESBL-encoding genes detected in pigs and pig farmers included blaCTX–M-55, blaCTX-M-27, blaCTX-M-65, blaCTX-M-15, blaCTX-M-14, blaCTX-M-3, blaCTX-M-24, and blaCARB-2, and AmpC β-lactamases included blaCMY-2, blaDHA-1, and blaCMY-42. The most frequent ESBL gene, blaCTX-M-55, was carried on plasmid with replicons types IncF, IncX, IncH, IncN, IncR, and IncP. The insertion transposases downstream of the blaCTX-M-55 gene were different in plasmids carried by different strains. The second most detected gene, blaCTX-M-27, is found in a stable genetic arrangement with the same flanking transposons seen across strains, and the gene was located on similar conjugal IncF plasmid types, suggesting a horizontal spread of these plasmids. In three strains, we observed a novel blaCTX-M-27 harboring IncF type of plasmid which had not been reported before. Its closest reference in NCBI was the non-ESBL Salmonella Typhimurium plasmid pB71 that might have experienced an insertion of blaCTX-M-27. Our data also point to an emergence of plasmids co-carrying ESBL genes, mcr genes, quinolones and other antimicrobials resistance determinants, and such plasmids require special attention. Plasmids phylogeny confirmed that the blaCTX-M-55 encoding plasmids varied considerably, while those encoding blaCTX-M-27 were closely related. Plasmids harboring both ESBL genes were confirmed to be conjugative and not to differ in transfer efficacy. The isolates carrying the plasmids, even those with plasmids of similar types, showed wide genetic variation with high number of SNPs, suggesting horizontal spread of plasmids into different clonal lines. Their virulence profiles did not confirm to known pathotypes, suggesting that unrelated commensals are a main reservoir for ESBL and AmpC β-lactamases in both humans and pigs. Overall, despite evidence of transferability of plasmids in the analyzed strains, our findings do not support that ESBL-producing E. coli from pigs or their ESBL/AmpC encoding plasmids are commonly spread to workers in close contact with the animals.
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INTRODUCTION

Extended-spectrum β-lactamases (ESBLs) and AmpC β-lactamases are the most widespread mechanisms of cephalosporin resistance in E. coli in animals and humans worldwide, including the Asia Pacific region (Jean and Hsueh, 2017; Naas et al., 2017). Some of the ESBLs and AmpC β-lactamases described in E. coli have spread globally in the last two decades, including CMY-2, which is the most common AmpC enzyme (Naas et al., 2017), and CTX-M, which is the most widespread ESBL type (Jean and Hsueh, 2017); however, there are marked differences in the CTX-M variants occurring across sources and geographical areas. In Vietnam, CTX-M-1 group enzymes including CTX-M-15 and CTX-M-55, and CTX-M-9 group enzymes including CTX-M-14, CTX-M-27, and CTX-M-65 have been described in E. coli from diseased and healthy humans, chickens, pigs, meat, and vegetables (Bui et al., 2015; Zurfluh et al., 2015; Nguyen et al., 2016; Hoang et al., 2017; Jean and Hsueh, 2017).

In most cases, ESBL/AmpC-encoding genes are located on mobile genetic element, and many are plasmid-mediated and transferable between bacteria of different species. Studies from Europe have shown that farmers share highly related and even identical ESBL/AmpC E. coli and/or ESBL/AmpC plasmids with their livestock (Madec et al., 2017). It is likely that this risk is enhanced within countries with higher level of animal to human contact due to low hygienic standards in their livestock production, such as in pig production in Vietnam (Hoang et al., 2017), but this remains to be further investigated.

Knowledge and control of ESBL and AmpC in E. coli from animals is crucial to preserve the effect of medically important antimicrobials such as cephalosporins. Therefore, ESBL/AmpC monitoring in E. coli from animals and food has been mandatory in EU countries since 2014 (Commission implementing Decision 2013/652/EU) and such monitoring is a suggested focus area by the World Health Organization in low-and middle-income countries (The ESBL Ec Tricycle AMR surveillance project)1.

In Vietnam, knowledge on the ESBL/AmpC variants in E. coli from pigs and pig farmers is limited, and thorough characterization of the genetic location of the ESBL/AmpC-encoding genes in E. coli is lacking. Moreover, most genomic studies that address transmission of resistance genes between animals and humans rely on tracking clonally evolving lineages excluding extrachromosomal plasmids despite plasmids being the primary carriers of antibiotic resistance genes across the pathogens (David et al., 2020).

The objective of this study was therefore to characterize ESBL/AmpC genes in E. coli in pigs and pig farmers in northern Vietnam and determine their location and context on mobile genetic elements to estimate the level of transfer between pigs and humans. Information from this study illustrates the role of different genetic elements in the spread of ESBL/AmpC genes between human and animal hosts.



MATERIALS AND METHODS


Isolates and Genome Collections

In a previous study, cefotaxime-resistant E. coli collected in 2015 from pigs and farm workers in Thai Binh and Hanoi provinces in Vietnam were characterized (Dang et al., 2018). Forty of these cefotaxime-resistant E. coli was selected for whole genome sequencing by stratified random selection of isolates. At least one isolate per cephalosporin resistance profile compatible with ESBL/AmpC production was included. When the same resistance profile was present in more than one isolate, a number of isolates proportional to the frequency of that phenotype within the overall collection of isolates was selected. Choice of isolates within specific resistance profiles was random, in that, each isolate was assigned a consecutive number and random numbers were generated by using online freely available software2. Since we aimed at having pig and human isolates equally represented within each profile, the numbers were randomly generated until this criterion was satisfied. Only in one case, four isolates from humans and two isolates from pigs (instead of 3 and 3) were selected since the third isolate originating from pigs was no longer available.

Additionally, 74 genomes of ESBL/AmpC producing E. coli isolated in 2018 from pigs and pig farm workers in Bac Ninh province, Vietnam were retracted from a sequence collection submitted to the European Nucleotide Archives under the project accession number PRJEB37980. Thus in total 114 genomes were included in the study.

All 114 strains were previously subjected to antimicrobial susceptibility testing, and results are available from Dang et al. (2018) and a recently submitted manuscript (Duong et al., under review).



Whole Genome Sequencing, Genome Assembly, and Genome-Characterization

Genomic DNA was extracted from the 40 E. coli isolates from 2015 using an Invitrogen Easy-DNA Kit (Invitrogen, Carlsbad, CA, United States) and DNA concentration was determined using the Qubit dsDNA BR assay kit (Invitrogen). The genomic DNA was prepared for Illumina pair-end sequencing using the Illumina (Illumina, Inc., San Diego, CA) NexteraXT® Guide 14 150319425031942 following the protocol revision C. The libraries were sequenced using an Illumina MiSeq platform. Raw sequence data were submitted to the European Nucleotide Archive (ENA) under study accession no: PRJEB30991. Along with the 2018 genomes retracted from ENA under the project accession PRJEB37980., the raw reads of all the 114 strains were de novo assembled using SPAdes algorithm for de novo short reads assembly (Bankevich et al., 2012). Assembled sequences were analyzed using the CGE tools3 including MLST finder to determine E. coli multi-locus sequence types (MLST), ResFinder 3.1 for detection of genes and chromosomal mutations mediating AMR, VirulenceFinder 2.0 with default settings for detection of virulence genes, PlasmidFinder for detection of plasmid replicons, and pMLST for further subtyping of specific plasmids.



Analysis of Contigs Harboring ESBL/AmpC-Encoding Genes

In all genomes, contigs harboring ESBL/AmpC-encoding genes were analyzed in detail to gain insights into the genetic context of the ESBL/AmpC-encoding genes. First, nucleotide BLAST at NCBI was used to determine the level of identity of the contig with publicly available sequences. Then, Open Reading Frames (ORFs) were predicted and annotated using Artemis software version 8 (Carver et al., 2012), and each predicted protein was compared against the all-protein database at NCBI using BlastP. ISfinder was used for identification of insertion sequences (IS) (Siguier et al., 2006). Comparisons of contigs harboring identical ESBL/AmpC-encoding genes were performed using CLC genomics workbench v.8. Furthermore, the Artemis comparative tool (Carver et al., 2005) was used to perform in-depth comparative genomics between ESBL-hosting contigs of our samples and their closest references from NCBI.



Plasmids Reconstruction and Characterization

To retract plasmid components from the short illumina reads for downstream analyses, the raw reads of all genomes with and without plasmid replicons were analyzed with PlasmidSpades (Bankevich et al., 2012). The predicted plasmids were then used as input files in PlasmidFinder to detect their replicon types and analyzed in ResFinder to detect antimicrobial resistance genes found on these plasmids including ESBL/AmpC encoding genes as well as co-occurrence of the plasmid-mediated colistin resistance mcr genes and more. Additionally, the concatenated plasmid component files were analyzed in Bacmet (Pal et al., 2014) for experimentally confirmed metal and biocide tolerance genes co-occurring on the ESBL/AmpC carrying plasmids. With a two-two-table from STATCALC in EPIINFO v.7.2, we assessed the association of metal and biocide resistance genes co-occurring with β-lactamases on the same predicted plasmids. The reconstructed plasmids were also annotated in RAST (Overbeek et al., 2014) and visualized with CLC Genomics workbench v8 and displayed as graphics for selected samples.



Plasmid Profiling

To confirm the presence and the size of predicted plasmids in the strains, a plasmid profiling was carried out where plasmid DNA was extracted according to Kado and Liu (1981). The purified plasmid DNA was separated on a 0.8% (W/V) agarose gel for 3.5 h at 150 V and stained with 0.5 μg ml–1 ethidium bromide. The approximate molecular weight of each plasmid was determined by comparison with two reference E. coli strains, 39R861 (Threlfall et al., 1986) and V517 (Macrina et al., 1978), containing multiple reference plasmids.



Diversity of Plasmids Harboring the Predominant ESBL Genes blaCTX-M-55 and blaCTX-M-27

Due to the fact that the ESBL/AmpC contigs were of highly variable sizes and also do not represent the whole plasmid, the predicted plasmid components were annotated using Prokka v1.13.3 (Seemann, 2014) and used for comparative analyses. Two pan-genome analyses were performed using roary v3.12 (Page et al., 2015) across the annotated gff files of predicted plasmids harboring blaCTX-M-55 and for those harboring blaCTX-M-27 to identify the number of shared genes among the plasmids. For better representation of the gene contents of the plasmids, only plasmid components with the size above 40 kb were included in these analyses making 18 plasmid components in each pan-genome.

A single nucleotide polymorphism analysis was not appropriate due to the small fraction of nucleotides representing the core-genome in the analyzed plasmids; therefore, the phylogenetic analysis was performed using nucleotides alignment method. This analysis included all predicted plasmids harboring the two blaCTX-M-55 and blaCTX-M-27), and DNA sequences were aligned using the Clustal Omega multiple sequence alignment tool4. The aligned files were converted to MEGA file format then used as input to construct a neighbor-joining phylogenetic tree in MEGAx (Kumar et al., 2018) using the bootstrap method with 500 replicates. The final trees were visualized in iTOL (Letunic and Bork, 2016) and rooted with the shortest plasmids in each group.



Genetic Diversity of the E. coli Isolates

For the overall population analysis of the E. coli genomes, the whole genome sequences were analyzed in CSIPhylogeny for core-genome phylogenetic analysis using the genome of E. coli K12 as reference and the resulting tree was visualized in iTOL (Letunic and Bork, 2016). In this analysis, the pig isolate 51A3 obtained in 2015 containing only the narrow-spectrum β-lactamase blaTEM–1A was not included.



Conjugation Experiment

To experimentally investigate the transferability of the plasmids harboring the blaCTX-M-27 and blaCTX-M-55 genes, a conjugation experiment was conducted. We randomly selected four strains to serve as donors including EC224 (IncFII) and EC170 (IncFIB) representing blaCTX-M-27, while blaCTX-M-55 was represented by strains EC297 (IncFIB) and EC116 (IncN). The recipient strain in all experiments was E. coli J53-1 encoding a chromosomally located rifampicin resistance gene. The conjugation experiment was performed as previously described (Møller et al., 2017). Briefly, the donor and recipient strains were grown in Luria-Bertani (LB) broth (Sigma, Copenhagen, Denmark) with shaking (180 rpm) at 37°C to exponential phase (OD600 = 0.5). Conjugation was performed by mixing donor and recipient strains in a 1:1 ratio on filter papers (0.22 μM, Millipore, Copenhagen, Denmark) placed on LB agar plates (Becton, Dickinson, Albertslund, Denmark) at 37°C for 1 and 6 h. The bacterial material was washed from the filters using isotonic NaCl and plated on LB agar plates containing either 2 mg L–1 cefotaxime (to quantify donor + transconjugants), 50 mg L–1 rifampicin (to quantify doner and transconjugants), or 50 mg L–1 rifampicin and 2 mg L–1 cefotaxime (to quantify transconjugants) and incubated overnight at 37°C. The conjugation experiments were performed with two biological replicates and two technical replicates each. Selected colonies of the transconjugants were subjected to plasmid profiling using the method described above to confirm the transfer of the ESBL-gene encoding plasmids from the donors. The conjugation frequency of each strain was calculated as the number of transconjugants divided by the number of donors. The results are presented as means cfu. mL–1 ± SD.



RESULTS


ESBL/AmpC Genes Pool

The ESBL-encoding genes detected in the E. coli isolates from pigs from 2015 and 2018, were blaCTX-M-55 (n = 28), blaCTX-M-27 (n = 12), blaCTX-M-65 (n = 4), blaCTX-M-15 (n = 4), and blaCTX-M-14 (n = 10). The AmpC β-lactamase-encoding blaCMY-2 was detected in three isolates and blaDHA-1 was present in one isolate (Supplementary Table S1). One isolate (51A3) did not yield any ESBL/AmpC-encoding gene and was not investigated further. One pig isolate co-carried blaCTX-M-14 together with the AmpC gene blaDHA-1 (Supplementary Table S1). In human isolates, the ESBL-encoding genes detected were blaCTX-M-27 (n = 24), blaCTX-M-55 (n = 12), blaCTX-M-15 (n = 7), blaCTX-M-14 (n = 5), blaCTX-M-65 (1), and the AmpC β-lactamase-encoding genes were blaCMY-42 (n = 1) and blaCMY-2 (n = 3). In addition, blaCTX-M-3 and blaCTX-M-24 were detected together in one human isolate (Supplementary Table S1). Co-occurrence of blaCTX-M-27 with AmpC genes blaDHA-1 and blaCMY-2 were detected in one strain each (Supplementary Table S1). Two 2018 strains from human samples carried blaCARB-2 in addition to blaCTX-M-55.



Genetic Context of ESBL/AmpC Genes


blaCTX-M-55

The gene blaCTX-M-55 was the most abundant ESBL-encoding gene observed (n = 40 strains). Twenty-eight strains originated from pigs and 12 were from farm workers. In all cases, the blaCTX-M-55 gene was flanked by an ISEcp1 elements upstream and a partial orf477 downstream (Figure 1). However, genetic variations between blaCTX-M-55 encoding elements were frequent due to different length of the ISEcp1 elements, different length of the region between ISEcp1 and blaCTX-M-55, and/or different length of the partial orf477 (Figure 1). In seven of the 40 strains containing blaCTX-M-55, BLAST in NCBI suggested a chromosomal location (Table 1 and Supplementary Table S1), as the blaCTX-M-55 encoding elements were flanked by genes which are normally chromosomally located. In the remaining 33 strains the hosting contigs not only corresponded to plasmid sequences in NCBI (Supplementary Table S1) but also included ORFs which clearly indicated plasmid location (e.g., plasmid DNA primase, DNA ligase, and conserved plasmid hypothetical proteins). The predicted plasmid components carrying blaCTX-M-55 were of variable replicon types including IncF (IncFIA, IncFIB(K), IncFII), IncX, IncH, IncN, IncR, and IncP (Supplementary File 1). Overall, blaCTX-M-55 was predominantly plasmid mediated, surrounded by variable genetic contexts and carried on plasmids with multiple different replicon-types. Comparison of isolates obtained from humans and pigs did not suggest transmission of plasmids carrying this gene between pigs and farmers.
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FIGURE 1. Organization of DNA fragments found to encode blaCTX–M–55. The figure shows the different genetic arrangements (lengths) observed around blaCTX–M–55 encoding DNA fragments illustrated by 6 selected strains (A) strain 55A2, (B) strain 74A1, (C) strains 27C1, (D) strain EC297, (E) strain 79A1, (F) strain 9A2.



TABLE 1. Genetic context and location of the main ESBL/AmpC genes detected.
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blaCTX-M-27

The gene blaCTX-M-27 was detected in 36 E. coli strains including 24 strains from pig farm workers and 12 from pigs. blaCTX-M-27 was flanked in all strains by a partial ISEcp1 upstream and partial IS903B downstream (Figure 2). In all 36 strains, the contigs where blaCTX-M-27 was located produced exclusively plasmid hits by BLAST in NCBI, mostly with 99–100% coverage and percent identity match to published plasmid sequences (Table 1 and Supplementary Table S1). The gene blaCTX-M-27 was associated with IncF conjugative plasmids of variable sizes as confirmed by plasmid profiling (Supplementary File 1). Strikingly, in three strains, we observed that blaCTX-M-27 was inserted on a novel IncF type of plasmid that had not been reported before (Figure 3). Its closest reference in NCBI was the non-ESBL-encoding Salmonella Typhimurium plasmid pB71, Accession KP899806 (70% coverage and 99% identity). blaCTX-M-27 in ESBL-producing E. coli from pigs and pig farm workers were all carried by the conjugal IncF types of plasmid with a consistent genetic context suggesting horizontal transmission of the mobile elements.
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FIGURE 2. Organization of the DNA fragments found to encode blaCTX–M–27. The figure represents the consistency in size of elements flanking blaCTX–M–27 using five isolates: (A) strain 90A2, (B) strains 8C2, (C) strains EC219d), (D) strains EC467, (E) 100A3.
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FIGURE 3. Integrated view of a novel plasmid species harboring blaCTX–M–27. Representation from strains EC9 and EC489 harboring blaCTX–M–27 at positions 13997.14886, and 12662.13537, respectively (indicated by the red arrows), in comparison with their closest BLAST reference plasmid pB71 (accession KP899806) which contains no ESBL encoding gene. The blue blocks of synteny indicate an inversion in the shared regions.




Other CTX-M Genes

The gene blaCTX-M-14 was detected in 15 strains including five strains from humans and ten strains from pigs. blaCTX-M-14 was flanked by partial IS903B interrupted by an ISEcp1 upstream and partial IS903B downstream (Supplementary Figure S1). This ESBL gene occurred either in the chromosome or on plasmids, i.e., in nine out of the 15 contigs, BLAST showed best hits for E coli chromosomal fragments (Table 1 and Supplementary Table S1). In the remaining six strains, the contigs harboring blaCTX-M-14 showed highly similar nucleotide sequences and perfect matches to plasmid sequences including mostly the E. coli plasmid with accession number #MT318677 (Supplementary Table S1). Interestingly, the NCBI BLAST of the blaCTX-M-14 contig of the human isolate EC514 yielded a perfect match to the Escherichia coli plasmid pESBL57, Accession MT230319 initially reported with blaCTM–M-97 (Figure 4). The predicted plasmids harboring blaCTX-M-14 were of varying sizes as confirmed by profiling (Supplementary File 1) and showed different replicon types including IncB/O/K/Z, IncFIB, and IncX4 (Table 1 and Supplementary Table S1). In summary, blaCTX-M-14 was predominantly chromosomally located with insertion in variable genetic contexts, and there was little evidence that the gene was transferred between E. coli in pigs and farmers.
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FIGURE 4. Comparative integrated view of the contig harboring blaCTX–M–14 in the isolate EC514 vs. plasmid pB71 (accession KP899806). This isolate harbors blaCTX–M–14 at bp position 466.1341 (indicated by the red arrow below) compared to its closest BLAST reference plasmid pB71 which contains blaCTX–M–97 (red arrow above). The blue block of synteny indicate an inversion in the shared region.


The gene blaCTX-M-15 was detected in 10 strains including seven strains from humans and three strains of pig origin. The blaCTX-M-15 was flanked by an ISEcp1 gene upstream and partial orf477 downstream, which was followed by partial Tn2 sequence (Supplementary Figure S2). In the human isolate 29C1, blaCTX-M-15 was predicted to be located in the chromosome (Table 1 and Supplementary Table S1), and annotation of the contig showed that blaCTX-M-15 and its associated transposon elements were inserted downstream of a 3-dehydroquinate dehydratase annotated as RR31_09005 in E. coli strain 6409 (GenBank #CP010371). In the remaining nine strains, the blaCTX-M-15 contig generated plasmid hits in NCBI to which perfect matches (100% coverage and 100%ID) were determined (Supplementary Table S1). The reconstructed plasmids varied in size (Supplementary Table S1 and Supplementary File 1) and were mostly of the IncF conjugal type. Two of them were however multi-replicon plasmids such as in strain 79C1 (IncB/O/K/Z, IncFII), EC472 (IncFII, IncI1), and EC89 (IncFII, IncB/O/K/Z).

The gene blaCTX-M-65 was present in five strains including three pig strains from 2015, one pig strain from 2018 and one human strain isolated in 2018. Genes in the pig strains were detected on contigs with high similarity (100% coverage and 99.9% identify) to a Salmonella Infantis plasmid with accession number CP052840 in NCBI. blaCTX-M-65 occurred on an IncF conjugal plasmid and in all strains, the blaCTX-M-65 gene was flanked by insertion sequences ISEcp1 (IS26) upstream and partial IS903-like downstream (Supplementary Figure S3).

One human isolate (EC84 from 2018) carried blaCTX-M-24 on a 50,655 bp contig. The annotation of the ORFs flancking blaCTX-M-24 in the contig showed unidentified mobile elements interrupting a tonB dependent receptor upstream and two hypothetical proteins downstream (Supplementary Figure S4A). By BLAST at NCBI, the contig showed the highest similarity (88% coverage and 99.8% ID) with the E coli plasmid with the accession number MF136778 (Supplementary Table S1). blaCTX-M-24 was confirmed on an IncP1 plasmid.

Strain EC488 isolated from a farm worker in 2018 was the only isolate carrying blaCTX-M-3 on a short 1,289 bp contig that yielded a perfect sequence match by BLAST in NCBI to the Klebsiella pneumonia plasmid of accession number LC556222 (Supplementary Table S1). The only annotated ORF on the contig hosting blaCTX-M-3 was a tryptophan synthase beta chain located downstream (Supplementary Figure S4B). In addition, a 200 kb plasmid of the IncF(II) replicon type was predicted in the isolate and confirmed the plasmid location of blaCTX-M-3.



AmpC Genes

The gene blaCMY-2 was detected in seven strains. Five of these strains contained the gene in the chromosome (Table 1 and Supplementary Table S1) located together with genes encoding for beta-ketoacyl-ACP synthase, aspartate racemase and transcriptional activator protein LysR. The other two strains carried blaCMY-2 gene plasmid contig corresponding to E coli plasmids #CP034399 and #AP023192 (100% coverage and 99.9%ID). Reconstruction put the gene on IncF conjugal plasmids. In all the seven isolates, blaCMY-2 was flanked by a complete ISEcp1 upstream, whereas the region downstream varied among the strains (Figure 5).
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FIGURE 5. Organization of DNA fragments encoding blaCMY–2. The annotations depicted here are from isolates (A) 31A3, (B) 61C2, and (C) EC335.


The gene blaCMY-42 was detected in a single strain from a farm worker on a 33,046 bp contig with IncI1 plasmid elements including repI1, ardA, and trbA. The blaCMY-42 gene was detected downstream of a partial ISEcp1 and had a hypothetical mobile element downstream (Supplementary Figure S5A). By BLAST at NCBI, this contig showed a perfect match (100% identity and 100% coverage) with E. coli plasmid pCMY-42 (KY463221). The reconstructed plasmid from this strain was also of IncI1 replicon type which confirmed the presence of blaCMY-42 as a plasmid-mediated gene.

The blaDHA-1 gene was detected in one human (EC495) and one pig strain (EC67). The genetic arrangement of annotated ORFs around blaDHA-1 in the two strains showed that it was flanked by a transposase InsE for insertion sequence IS3E (upstream) and an undefined mobile element protein downstream (Supplementary Figure S5B). The human isolate harbored blaDHA-1 on a 145 kb IncFIA plasmid and the pig strain contained the gene on a 170 kb IncF(IB/II) replicon plasmid.



Co-occurrence of ESBL/AmpC Encoding Genes With Metal/Biocide, Colistin, and Other Antimicrobial Resistance Genes on Same Plasmids

The plasmid-mediated colistin resistance gene mcr-1 was detected in three of the 40 (7.5%) strains from 2015, while 21 of the 74 (28.4%) strains isolated in 2018 carried mcr-1 (in combination with mcr-3 in four strains). Moreover, multiple co-occurrences were observed, where a chi-square test show a significant association (p < 0.018) between the presence of metal/biocide resistance genes and β-lactam genes on the same plasmids (Supplementary Table S1).

For instance, blaCTX-M-55 co-occurred with the colistin resistance mcr-1 and mcr-3 genes along with the quinolone gene qnrS1 and other β-lactam genes including blaOXA-10, blaTEM–1B, blaLAP-2 as well as other non-ESBL antibiotic resistance genes (Supplementary Table S1). A number of metal and biocide resistance genes also co-occurred with blaCTX-M-55 on the plasmids including, marR (diphenyl ether), corA (magnesium-cobalt-nickel-manganese), ydeP (hydrochloric acid), ymgB/ariR (hydrochloric acid/hydrogen peroxide), pcoS (copper), silA (silver), merA (mercury), qacEdelta1/qacF/oqxB (quaternary ammonium compounds) (Supplementary Table S1).

The blaCTX-M-27 encoding plasmids mostly harbored additional antimicrobial genes including narrow spectrum β-lactamases such as blaTEM–1B and blaLAP-2 as well as quinolone, aminoglycoside, sulfonamide, and trimethoprim resistance genes (Supplementary Table S1). Moreover, blaCTX-M-27 plasmids co-carried biocide and metal resistance genes such as qacEdelta1, emrE/mvrC, and qacF for quaternary ammonium compounds, zraS and zinT encoding for zinc resistance, hydG encoding for lead resistance, merR for mercury and the cadmium resistance gene yodA (Supplementary Table S1).

Plasmids harboring blaCTX-M-14, contained various other genes such as blaTEM–1B, blaLAP-2, mcr-1, qnrS1, and metal resistance genes like corA (magnesium, cobalt, nickel, manganese), merA (mercury), qacEdelta1/qacF (quaternary ammonium compounds), and dsbB (cadmium, mercury) (Supplementary Table S1). blaCTX-M-15 plasmids harbored blaTEM–1B, qnrS1 and biocide resistance genes such as acrE/envC, qacF and qacEdelta1 (Supplementary Table S1). The blaCMY-2 gene was co-carried with blaCTX-M-27 and the biocide resistance gene qacEdelta1 encoding resistance to quaternary ammonium compounds (Supplementary Table S1). The blaDHA-1 gene co-occurred with other antimicrobial genes including notably blaCTX-M-27, and qnrB4 (Supplementary Table S1) and metal/biocide tolerance genes (qacEdelta1, zinT/yodA) with other antimicrobial resistance genes (Supplementary Table S1).



Diversity and Transferability of Plasmids Harboring the Two Predominant ESBL Genes (blaCTX-M-55 and blaCTX-M-27)

Pan-genome analysis of the plasmids harboring blaCTM–M-27 showed that 48 genes out of 1,532 core genes were shared across 80% of the analyzed plasmids. In contrast, only nine genes out of 1,831 constituted the core-genome of plasmids carrying blaCTM–M-55. In both cases, the main core gene was the bla gene followed by antimicrobial resistance genes and the plasmid replicon proteins common to the analyzed plasmids.

The neighbor-joining phylogeny of the alignments of all reconstructed plasmids carrying blaCTX-M-27 and blaCTX-M-55 confirmed that plasmids carrying blaCTX-M-55, showed wider genetic variations with four main clades and longer branch lengths within clades (Figure 6A) compared to the more homogenous IncF blaCTX-M-27 plasmids that was found in pigs and farmers (Figure 6B). Although some blaCTX-M-55 plasmids from pigs and farmers clustered in the same clades (Figure 6A), these plasmids were not of the same replicon types and therefore did not provide evidence of transmission between hosts, but rather supported that this gene is carried by different plasmids with different transposons.
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FIGURE 6. Phylogenetic analyses of reconstructed plasmids carrying blaCTX–M–55 and blaCTX–M–27. (A,B) Neighbor-joining trees of plasmids harboring blaCTX–M–55 and blaCTX–M–27, respectively. The branch lengths are indicated in blue color and the bootstrap values in red. Although plasmids from pigs and farmers are present in the same clades, in panel A of blaCTX–M–55, the plasmids are not of the same replicon types (Supplementary Table S1).


The plasmids carrying blaCTX-M-27 and blaCTX-M-55 were confirmed as conjugative with transfers frequencies varying from 6.55 × 10-6 to 3.06 × 10-4 with a slight increase when the conjugation time increased (Table 2). Moreover, in the strains with multiple plasmids subjected to the conjugation experiment, only plasmids encoding the blaCTX-M gene were transferred to the transconjugants (Supplementary Figure S6).


TABLE 2. Conjugation transfer frequency of blaCTX–M–27 and blaCTX–M–55 encoding plasmids.

[image: Table 2]


E. coli Diversity

Of the 114 E. coli strains analyzed, 82 different sequence types were detected (Supplementary Table S2, sheet 2) but only three sequence types were shared between human and pig isolates. These include ST10 reported in 10 pig isolates and in 1 human isolate, while ST48 and ST2170 were found in one pig and 1 animal isolate, respectively. None of these few-shared STs was from the same farms. The core genome phylogenetic analysis of the 113 isolates against the reference E. coli K12 confirmed the wide genetic variation among the isolates regardless of host, the farm and years of isolation with up to 39,306 SNPs difference between strains grouped in nine clades (Figure 7). None of the STs was predominantly driving a specific plasmid or ESBL encoding gene. In all of these clades, there were isolates from both pig and farm workers, however the isolates were often of different sequence types with wide SNPs differences (Supplementary Table S2). The strains were predicted to be of commensal types, since their virulence profiles did not correspond to main E. coli pathotypes (Supplementary Table S1, sheet 2).
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FIGURE 7. Phylogenetic diversity of ESBL/AmpC producing E. coli isolated from pig and pig farm workers in Northern Vietnam in 2015 and 2018. Each phylogenetic clade is indicated with a separate color. Although isolates from pigs and farmers are present in the same clades, the SNP values between them show wide genetic variations and they are of different ST types (Supplementary Table S2).




DISCUSSION

It is widely suggested that the livestock sector may be an important source of antimicrobial resistance genes, including ESBL/AmpC encoding genes, found in humans. The transfer mainly happens through horizontal spread of mobile elements (Zaja̧c et al., 2019; Dantas Palmeira and Ferreira, 2020). To elucidate the level of transmission of ESBL/AmpC genes in E. coli from pig and pig farmers in Vietnam, we performed a detailed genetic analysis of E. coli strains, which harbored such genes, and we analyzed the location of genes in the genome. This included annotation of transposons and insertion sequences located around the resistance genes, the phylogenetic relatedness of the plasmid components reconstructed from strains, and genetic relatedness of the strains, all based on whole genome sequences. This approach provides a holistic answer to the transmission of resistance genes between hosts, either by transfer of strains or by spread of mobile genetic elements, and thus it extends the approaches used in most previous studies of spread of resistance genes and mobile genetic element between hosts (Kudirkiene et al., 2018; Zaja̧c et al., 2019; Baniga et al., 2020). Analysis of the plasmids and the genetic contexts along with the strains diversity allow to investigate the diversity, distribution, and transmission dynamics of resistance plasmids in the strains (David et al., 2020). The ESBL/AmpC β-lactamases genes detected in the analyzed strain collection of E. coli were present across pigs and pig farmers suggesting a distribution of the same genes across hosts, however, the most commonly observed gene differed between the two hosts; blaCTX-M-55 was the most commonly observed among the pig isolates and blaCTX-M-27 among human isolates. The genes detected have previously been described from diseased and healthy humans, chickens, pigs, and food products in Vietnam in studies where the human cases were suggested to emanate from animal origins (Nguyen et al., 2016; Hoang et al., 2017; Hinenoya et al., 2018).

The predominant ESBL gene, blaCTX-M-55 was mainly plasmid mediated, and was found to be carried on different types of conjugative plasmids with highly variable genetic contexts around the ESBL genes, just as the insertion transposases downstream of the gene were also mostly different. Previous reports have found blaCTX-M-55 on chromosomal fragments as well as on IncHI2 (Zhang et al., 2019), Incl2 (Lv et al., 2013), and IncF and Incl2 (Lupo et al., 2018) plasmids. The diversity observed in types of plasmids suggested limited transmission blaCTX-M-55 between pigs and farm workers. The phylogenetic analyses of the plasmids carrying blaCTX-M-55 supported that plasmids in strains from pigs and humans were unrelated, e.g., different replicon types were found in the two hosts. Another supporting observation was the fact that the plasmids did not share reference plasmids in NCBI to any large extend. For instance, no more than five contigs with blaCTX-M-55 showed similarity to a common plasmid reference in the database [plasmid accessions MN823991 (5), AP023198 (5), MN158989 (5), CP034747 (4)]. Overall, these findings with regard to plasmids carrying blaCTX-M-55, as well as plasmid carrying blaCTX-M-14, blaCTX-M-15, and blaCMY-2 indicated that horizontal gene transfer in a real-life situation between pigs and pig farm workers happens with so low frequency that it will only be detected by very intensive sampling strategies. However, laboratory-based conjugation experiments shows that transfer of ESBL-encoding plasmids between E. coli strains is more frequent (Liu et al., 2019). Plasmids harboring blaCTX-M-55 were confirmed to be conjugative in our investigation with similar conjugation transfer frequencies as plasmids encoding blaCTX-M-27. Whether transferability of plasmids between strains under field conditions is as efficient as in the laboratory remains to be investigated. The presence of blaCTX-M-55 on diverse plasmid replicon types with different transposons on various E. coli lineages show the heterogeneity of the plasmids carrying this ESBL gene, and suggest multiple introductions of these genes independently in each host (David et al., 2020). Together with the high variation in genetic context around the blaCTX-M-55 gene, these results show that blaCTX-M-55 in farmers is not necessarily horizontally acquired from close contact with animals and further that there is limited transmission of this type of resistant E. coli from pigs to farmers, and vice versa. The sample size is, however, not large enough to rule out that transmission occurs on a low level, given the fact that the plasmids are transferable.

The gene blaCTX-M-27, was the second leading ESBL gene found in pigs and pig farmers. It was located in a relatively conserved genetic context in all isolates with the same flanking transposons in all the strains and all carried by the same conjugal IncF types of plasmid. The strains carrying the gene, on the other hand did not show resemblance. This is evidence of horizontal spread of the IncF plasmids types carrying blaCTX-M-27 in the study area. The same types of conjugative IncF plasmids were found in E. coli strains from pigs and farm workers (Supplementary Table S1), however, the direction of transfer of plasmids cannot be established from the current study. The gene blaCTX-M-27 seems to be generally associated with conjugative plasmids of the IncF replicon type including FIA, FIB, and FII (Fernandes et al., 2020; Matsuo et al., 2020). The phylogenetic analysis of the plasmids revealed that they shared a larger core-genome cluster compared to the plasmids harboring blaCTX-M-55. In contrast to the observation with the plasmids carrying blaCTX-M-55, many of the blaCTX-M-27 plasmids shared reference plasmids in NCBI (plasmid accession CP049168 shared by 11 strains and KX008967 by nine strains), further supporting the low genetic variation for this type of plasmids. We identified a novel plasmid species harboring blaCTX-M-27 in three strains. Its closest reference in NCBI, Salmonella Typhimurium plasmid pB71, is a non-ESBL, multi-drug resistance plasmid, and it is likely that it has experienced an insertion of blaCTX-M-27, however, other ways including intermediate plasmid species, could also have led to the formation of this plasmid. The size of the plasmid was approximately 150 kb (Supplementary Table S1 and Supplementary File 1). It is an IncF replicon type plasmid, and encoded multi drug resistance with mcr-3, aadA1, aac(3)-Iid, aph(3″)-Ib, aph(3′)-Ia, aph(6)-Id, mef(B), cmlA1, floR, sul3, and dfrA12 genes in addition to the ESBL gene. Overall, this novel plasmid is similar to the other blaCTX-M-27 plasmid reported in this study and elsewhere (Fernandes et al., 2020; Matsuo et al., 2020).

Moreover, our comparative analyses of contigs carrying the IncF types of plasmids also revealed another plasmid that showed complete identity with E. coli plasmid pESBL57, Accession MT230319 initially harboring blaCTM–M-97 in NCBI. Our analysis indicates that blaCTX-M-14 has replaced blaCTM–M-97.

Five of the seven strains where blaCMY-2 was detected carried the gene in the chromosome. The other AmpC genes detected, blaCMY-42 and blaDHA-1, were plasmid-mediated with consistent genetic contexts between isolates from pigs and humans, indicating that these genes are transmitted between hosts. In other studies, blaCMY-2 was reported to be chromosomally located (Harada et al., 2010), which suggests that this gene is less likely mobilizable and can only be spread together with the host strains. In many cases, the plasmids containing ESBL/Ampc β-lactamases also carried mcr-1 or mcr-3 genes encoding colistin resistance, as well as the presence of metal/biocide tolerance genes. Co-occurrence of ESBL/AmpC, colistin resistance as well as other antimicrobial resistance genes such as qnrS1, mef(B), mph(A), cmlA1, sul1, sul3, tet(A), dfrA12, aadA1/2, aac(3)-IIa was common in most isolates, and resistance genes were often occurring on the same plasmid (Supplementary Table S1). This corroborate previous resports that the majority of the strains analyses had multidrug resistant status (Dang et al., 2018). The plasmids identified therefore represent an important source of multidrug resistance, and due to their location on conjugative plasmids, they may transfer resistances of significant public health importance, and such plasmids need particular attention to track their global emergence, evolution and spread (Lupo et al., 2018; Zaja̧c et al., 2019). Our findings further corroborate studies showing co-carriage of mcr-genes in many ESBL isolates (Lupo et al., 2018; Zaja̧c et al., 2019) although, in those studies, the mcr-encoding plasmids are not the same as the plasmid carrying the ESBL genes.

In our study, ESBL/AmpC and other antimicrobial resistance genes were frequently co-located with heavy metal resistance genes on the same plasmids. Heavy metal exposure due to usage in livestock feed, e.g., use of zinc oxide in pig feed, can therefore co-select for antimicrobial resistance in bacteria (Ludden et al., 2019; Peng et al., 2020). In support of this, recent studies have reported that antimicrobial resistance is associated with tolerance to heavy metals existing naturally or used in food animal production, including zinc oxide and copper (Rensing et al., 2018; Cheng et al., 2019; García et al., 2020). Studies have also reported occurrence of metal tolerance genes in E. coli from post-weaning diarrhea in piglets with no documented exposure to metals, probably reflecting that over the years, metal resistance genes have been widely spread among E. coli in pigs (García et al., 2020).

The phylogenetic analysis of the isolates revealed wide genetic variation with no evidence of transmission of strains between pigs and farmers, and vice versa. All the isolates were of different MLST types, and none of them was predicted to be of known pathogenic sub-types (Supplementary Table S1). Thus, ESBL and AmpC encoding E. coli in pigs and pig farmers in Vietnam belong to unrelated commensal groups with both related and unrelated plasmids. A recent study has shown that E. coli causing bloodstream infections in the United Kingdom were not acquired from livestock, and that sharing of mobile elements between animals and humans was infrequent (Ludden et al., 2019). Moreover, a large diversity was reported in E. coli clones and plasmid types in France from food animals corroborating our findings (Lupo et al., 2018). Thus, our findings provide further evidence that plasmids carrying ESBL/AmpC β-lactamase encoding genes occur in genetically unrelated commensal E. coli. Strain sharing between the two hosts was infrequent and so was the mobile genetic element except for blaCTX-M-27, and this underlines that one cannot only focus on the resistant strains when analyzing spread patterns of resistance genes.

Despite that the bacterial strains from 2015 (Dang et al., 2018) and 2018 were epidemiologically related, i.e., matching fecal samples from workers and pigs collected from the same pig farms, they showed genetic variations and were predominantly commensals occurring independently in each host. Moreover, commensal E. coli are less studied than pathogenic E. coli with the former usually found genetically distinct (Ahmed et al., 2017). This may hide the occurrence of frequent transfer of mobile elements across strains as suggested by the conjugation experiments. Furthermore, as mobilizable genes, ESBL carriage is dynamic and could affect the consistency of their contexts in cross-sectional studies. However, the fact that sampling at two separate time frames did not show any significant fluctuations in the genetic context of ESBL genes in pigs and farm workers suggests that most of the ESBL genes are less frequently shared between the two hosts. Nevertheless, future longitudinal studies would provide further and improved insights.

A main limitation in this study is that only short-read technologies were used to generate the whole genome and plasmid sequences, Long and short-reads hybrid assemblies do not show significantly different outcomes (David et al., 2020), however, using combinations of the two techniques, closing of circular (plasmid) sequences is possible. To overcome the limitation, we used plasmid profiling to confirm the results of the predicted plasmids and their sizes, and conjugation experiment were further used to confirm the transferability of the plasmids between strains. We suggest that the relatedness of the plasmids encoding the resistances and the consistency of the genetic context around the ESBL/Ampc genes is considered along with the phylogenetic relationship between the strains.
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Supplementary Figure 1 | Organization of the gene fragments encoding blaCTX-M-14. The figure represents the different genetic arrangements of blaCTX-M-14 in the isolates containing the gene with the lengths of the different insertion sequences flanking the bla gene. The isolates displayed here are (A) 38C2, (B) 87C1, and (C) EC172.

Supplementary Figure 2 | Organization of the DNA fragments encoding blaCTX-M-15. The figure represents the different genetic arrangements of blaCTX-M-15 in the isolates harboring the gene with the lengths of the different insertion sequences flanking the bla gene. The isolates displayed here are (A) 17A1, (B) 76C1, and (C) EC472.

Supplementary Figure 3 | Organization of the DNA fragments encoding blaCTX-M-65. The figure represents the different genetic arrangements of blaCTX-M-65 in the isolates harboring the gene with the lengths of the different insertion sequences flanking the bla gene. The isolates displayed here are (A) 7A1, (B) 38A1, and (C) EC93.

Supplementary Figure 4 | Organization of the DNA fragments encoding blaCTX-M-24 and blaCTX-M-3. The annotations depicted here are from isolates (A) EC84 and (B) EC488.

Supplementary Figure 5 | Organization of the DNA fragments encoding blaCMY-42 and blaDHA-1. The annotations depicted here are from isolates (A) 100C2 and (B) EC495.

Supplementary Figure 6 | Plasmid profile of transconjugant strains after conjugation. The samples M1 and M2 are the two reference strains 39R861 and V517, respectively, serving as size markers. R is the recipient strain E. coli J53-1. D1: is the donor EC224, D2: EC297, D3: EC170, D4: EC116. T stands for transconjugants.

Supplementary Table 1 | Overall characterization of the ESBL-producing E. coli genomes.

Supplementary Table 2 | Pairwise SNPs between ESBL-producing E. coli genomes.


FOOTNOTES

1
http://resistancecontrol.info/2017/the-esbl-tricycle-amr-surveillance-project-a-simple-one-health-approach-to-global-surveillance/

2
www.random.org

3
http://www.genomicepidemiology.org/

4
https://www.ebi.ac.uk/Tools/msa/clustalo/


REFERENCES

Ahmed, S., Olsen, J. E., and Herrero-Fresno, A. (2017). The genetic diversity of commensal Escherichia coli strains isolated from non-antimicrobial treated pigs varies according to age group. PLoS One 12:e0178623. doi: 10.1371/journal.pone.0178623

Baniga, Z., Hounmanou, Y. M. G., Kudirkiene, E., Kusiluka, L. J. M., Mdegela, R. H., and Dalsgaard, A. (2020). Genome-based analysis of extended-spectrum β-lactamase-producing Escherichia coli in the aquatic environment and nile perch (Lates niloticus) of Lake Victoria, Tanzania. Front. Microbiol. 11:108. doi: 10.3389/fmicb.2020.00108

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., et al. (2012). SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing. J. Computat. Biol. 19, 455–477. doi: 10.1089/cmb.2012.0021

Bui, T. M. H., Hirai, I., Ueda, S., Bui, T. K. N., Hamamoto, K., Toyosato, T., et al. (2015). Carriage of Escherichia coli producing CTX-M-Type extended-spectrum β-lactamase in healthy vietnamese individuals. Antimicrob. Agents Chemother. 59, 6611–6614. doi: 10.1128/AAC.00776-15

Carver, T., Harris, S. R., Berriman, M., Parkhill, J., and McQuillan, J. A. (2012). Artemis: an integrated platform for visualization and analysis of high-throughput sequence-based experimental data. Bioinformatics 28:464. doi: 10.1093/bioinformatics/btr703

Carver, T. J., Rutherford, K. M., Berriman, M., Rajandream, M.-A., Barrell, B. G., and Parkhill, J. (2005). ACT: the artemis comparison tool. Bioinformatics 21, 3422–3423. doi: 10.1093/bioinformatics/bti553

Cheng, G., Ning, J., Ahmed, S., Huang, J., Ullah, R., An, B., et al. (2019). Selection and dissemination of antimicrobial resistance in Agri-food production. Antimicrob. Resist. Infect. Control 8:158. doi: 10.1186/s13756-019-0623-2

Dang, S. T. T., Bortolaia, V., Tran, N. T., Le, H. Q., and Dalsgaard, A. (2018). Cephalosporin-resistant Escherichia coli isolated from farm workers and pigs in northern Vietnam. Trop. Med. Intern. Health 23, 415–424. doi: 10.1111/tmi.13054

Dantas Palmeira, J., and Ferreira, H. M. N. (2020). Extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae in cattle production - a threat around the world. Heliyon 6:e03206. doi: 10.1016/j.heliyon.2020.e03206

David, S., Cohen, V., Reuter, S., Sheppard, A. E., Giani, T., Parkhill, J., et al. (2020). Integrated chromosomal and plasmid sequence analyses reveal diverse modes of carbapenemase gene spread among Klebsiella pneumoniae. Proc. Natl. Acad. Sci. U.S.A. 117, 25043–25054. doi: 10.1073/pnas.2003407117

Fernandes, M. R., Sellera, F. P., Cunha, M. P. V., Lopes, R., Cerdeira, L., and Lincopan, N. (2020). Emergence of CTX-M-27-producing Escherichia coli of ST131 and clade C1-M27 in an impacted ecosystem with international maritime traffic in South America. J. Antimicrob. Chemother. 75, 1647–1649. doi: 10.1093/jac/dkaa069

García, V., Gambino, M., Pedersen, K., Haugegaard, S., Olsen, J. E., and Herrero-Fresno, A. (2020). Genomic characterization of Enterotoxigenic E. coli F4 and F18 positive strains from post-weaning diarrhea in pigs. Appl. Environ. Microbiol. 86:e001913-20. doi: 10.1128/AEM.01913-20

Harada, S., Ishii, Y., Saga, T., Tateda, K., and Yamaguchi, K. (2010). Chromosomally encoded blaCMY-2 located on a novel SXT/R391-related integrating conjugative element in a Proteus mirabilis clinical isolate. Antimicrob. Agents Chemother. 54, 3545–3550. doi: 10.1128/AAC.00111-10

Hinenoya, A., Tran, S. T. T., Nguyen, N. T., Nguyen, H. C., Nguyen, D. D. L., Hoang, P. H., et al. (2018). Isolation and molecular characterization of extended-spectrum β-lactamase producing Escherichia coli from industrial food animals in Mekong Delta, Vietnam. Jpn. J. Vet. Res. 66, 1–12.

Hoang, T. A. V., Nguyen, T. N. H., Ueda, S., Le, Q. P., Tran, T. T. N., Nguyen, T. N. D., et al. (2017). Common findings of bla CTX-M-55-encoding 104-139 kbp plasmids harbored by extended-spectrum β-lactamase-producing Escherichia coli in pork meat, wholesale market workers, and patients with urinary tract infection in Vietnam. Curr. Microbiol. 74, 203–211. doi: 10.1007/s00284-016-1174-x

Jean, S.-S., and Hsueh, P.-R. (2017). Distribution of ESBLs, AmpC β-lactamases and carbapenemases among Enterobacteriaceae isolates causing intra-abdominal and urinary tract infections in the Asia-Pacific region during 2008-14: results from the Study for Monitoring Antimicrobial Resistance Trends (SMART). J. Antimicrob. Chemother. 72, 166–171. doi: 10.1093/jac/dkw398

Kado, C. I., and Liu, S. T. (1981). Rapid procedure for detection and isolation of large and small plasmids. J. Bacteriol. 145, 1365–1373. doi: 10.1128/JB.145.3.1365-1373.1981

Kudirkiene, E., Andoh, L. A., Ahmed, S., Herrero-Fresno, A., Dalsgaard, A., Obiri-Danso, K., et al. (2018). The use of a combined bioinformatics approach to locate antibiotic resistance genes on plasmids from whole genome sequences of Salmonella enterica Serovars from humans in ghana. Front. Microbiol. 9:1010. doi: 10.3389/fmicb.2018.01010

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096

Letunic, I., and Bork, P. (2016). Interactive tree of life (iTOL) v3: an online tool for the display and annotation of phylogenetic and other trees. Nucleic Acids Res. 44, W242–W245. doi: 10.1093/nar/gkw290

Liu, G., Bogaj, K., Bortolaia, V., Olsen, J. E., and Thomsen, L. E. (2019). Antibiotic-induced, increased conjugative transfer is common to diverse naturally occurring ESBL plasmids in Escherichia coli. Front. Microbiol. 10:2119. doi: 10.3389/fmicb.2019.02119

Ludden, C., Raven, K. E., Jamrozy, D., Gouliouris, T., Blane, B., Coll, F., et al. (2019). One health genomic surveillance of Escherichia coli demonstrates distinct lineages and mobile genetic elements in isolates from humans versus livestock. mBio 10:e02693-18. doi: 10.1128/mBio.02693-18

Lupo, A., Saras, E., Madec, J.-Y., and Haenni, M. (2018). Emergence of blaCTX-M-55 associated with fosA, rmtB and mcr gene variants in Escherichia coli from various animal species in France. J. Antimicrob. Chemother. 73, 867–872. doi: 10.1093/jac/dkx489

Lv, L., Partridge, S. R., He, L., Zeng, Z., He, D., Ye, J., et al. (2013). Genetic Characterization of IncI2 plasmids carrying blaCTX-M-55 spreading in both pets and food animals in China. Antimicrob. Agents Chemother. 57, 2824–2827. doi: 10.1128/AAC.02155-12

Macrina, F. L., Kopecko, D. J., Jones, K. R., Ayers, D. J., and McCowen, S. M. (1978). A multiple plasmid-containing Escherichia coli strain: convenient source of size reference plasmid molecules. Plasmid 1, 417–420. doi: 10.1016/0147-619X(78)90056-2

Madec, J.-Y., Haenni, M., Nordmann, P., and Poirel, L. (2017). Extended-spectrum β-lactamase/AmpC- and carbapenemase-producing Enterobacteriaceae in animals: a threat for humans? Clin. Microbiol. Infect. 23, 826–833. doi: 10.1016/j.cmi.2017.01.013

Matsuo, N., Nonogaki, R., Hayashi, M., Wachino, J., Suzuki, M., Arakawa, Y., et al. (2020). Characterization of blaCTX-M-27/F1:A2:B20 plasmids harbored by Escherichia coli sequence Type 131 sublineage C1/H30R isolates spreading among elderly Japanese in nonacute-care settings. Antimicrob. Agents Chemother. 64:e0202-20. doi: 10.1128/AAC.00202-20

Møller, T. S. B., Liu, G., Boysen, A., Thomsen, L. E., Lüthje, F. L., Mortensen, S., et al. (2017). Treatment with cefotaxime affects expression of conjugation associated proteins and conjugation transfer frequency of an IncI1 plasmid in Escherichia coli. Front. Microbiol. 8:2365. doi: 10.3389/fmicb.2017.02365

Naas, T., Oueslati, S., Bonnin, R. A., Dabos, M. L., Zavala, A., Dortet, L., et al. (2017). Beta-lactamase database (BLDB) - structure and function. J. Enzyme Inhibit. Med. Chem. 32, 917–919. doi: 10.1080/14756366.2017.1344235

Nguyen, D. P., Nguyen, T. A. D., Le, T. H., Tran, N. M. D., Ngo, T. P., Dang, V. C., et al. (2016). Dissemination of extended-spectrum β -Lactamase- and AmpC β -lactamase-producing Escherichia coli within the food distribution system of Ho Chi Minh City, Vietnam. Biomed. Res. Intern. 2016, 1–9. doi: 10.1155/2016/8182096

Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T., et al. (2014). The SEED and the rapid annotation of microbial genomes using subsystems technology (RAST). Nucleic Acids Res. 42, D206–D214. doi: 10.1093/nar/gkt1226

Page, A. J., Cummins, C. A., Hunt, M., Wong, V. K., Reuter, S., Holden, M. T. G., et al. (2015). Roary: rapid large-scale prokaryote pan genome analysis. Bioinformatics 31, 3691–3693. doi: 10.1093/bioinformatics/btv421

Pal, C., Bengtsson-Palme, J., Rensing, C., Kristiansson, E., and Larsson, D. G. J. (2014). BacMet: antibacterial biocide and metal resistance genes database. Nucleic Acids Res. 42, D737–D743. doi: 10.1093/nar/gkt1252

Peng, S., Herrero-Fresno, A., Olsen, J. E., and Dalsgaard, A. (2020). Influence of zinc on CTX-M-1 β-lactamase expression in Escherichia coli. J. Glob. Antimicrob. Resist. 22, 613–619. doi: 10.1016/j.jgar.2020.06.004

Rensing, C., Moodley, A., Cavaco, L. M., and McDevitt, S. F. (2018). Resistance to metals used in agricultural production. Microbiol. Spectr. 6:ARBA-0025-2017. doi: 10.1128/microbiolspec.ARBA-0025-2017

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 30, 2068–2069. doi: 10.1093/bioinformatics/btu153

Siguier, P., Perochon, J., Lestrade, L., Mahillon, J., and Chandler, M. (2006). ISfinder: the reference centre for bacterial insertion sequences. Nucleic Acids Res. 34, D32–D36. doi: 10.1093/nar/gkj014

Threlfall, E. J., Rowe, B., Ferguson, J. L., and Ward, L. R. (1986). Characterization of plasmids conferring resistance to gentamicin and apramycin in strains of Salmonella typhimurium phage type 204c isolated in Britain. J. Hyg. 97, 419–426. doi: 10.1017/s0022172400063609

Zaja̧c, M., Sztromwasser, P., Bortolaia, V., Leekitcharoenphon, P., Cavaco, L. M., Ziȩtek-Barszcz, A., et al. (2019). Occurrence and characterization of mcr-1-positive Escherichia coli isolated from food-producing animals in Poland, 2011-2016. Front. Microbiol. 10:1753. doi: 10.3389/fmicb.2019.01753

Zhang, C.-Z., Ding, X.-M., Lin, X.-L., Sun, R.-Y., Lu, Y.-W., Cai, R.-M., et al. (2019). The emergence of chromosomally located blaCTX-M-55 in Salmonella from foodborne animals in China. Front. Microbiol. 10:1268. doi: 10.3389/fmicb.2019.01268

Zurfluh, K., Nüesch-Inderbinen, M., Morach, M., Zihler Berner, A., Hächler, H., and Stephan, R. (2015). Extended-spectrum-β-Lactamase-producing Enterobacteriaceae isolated from vegetables imported from the Dominican Republic, India, Thailand, and Vietnam. Appl. Environ. Microbiol. 81, 3115–3120. doi: 10.1128/AEM.00258-15


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest

Copyright © 2021 Hounmanou, Bortolaia, Dang, Truong, Olsen and Dalsgaard. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 19 March 2021
doi: 10.3389/fmicb.2021.628133





[image: image]

Indole Inhibits IncP-1 Conjugation System Mainly Through Promoting korA and korB Expression

Rui Xiong1†, Yuyang Liu1†, Jieying Pu2†, Jianping Liu2, Dexiang Zheng2, Jianming Zeng2, Cha Chen2*, Yang Lu2* and Bin Huang2*

1Department of Laboratory Medicine, The First Affiliated Hospital of Sun Yat-sen University, Guangzhou, China

2Department of Laboratory Medicine, The Second Affiliated Hospital of Guangzhou University of Traditional Chinese Medicine, Guangzhou, China

Edited by:
Clay Fuqua, Indiana University Bloomington, United States

Reviewed by:
Christopher Morton Thomas, University of Birmingham, United Kingdom
Xiangmin Lin, Fujian Agriculture and Forestry University, China

*Correspondence: Cha Chen, chencha906@163.com; Yang Lu, hentiangaoz@126.com; Bin Huang, huangb3@mail.sysu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Antimicrobials, Resistance and Chemotherapy, a section of the journal Frontiers in Microbiology

Received: 11 November 2020
Accepted: 12 February 2021
Published: 19 March 2021

Citation: Xiong R, Liu Y, Pu J, Liu J, Zheng D, Zeng J, Chen C, Lu Y and Huang B (2021) Indole Inhibits IncP-1 Conjugation System Mainly Through Promoting korA and korB Expression. Front. Microbiol. 12:628133. doi: 10.3389/fmicb.2021.628133

Indole works as an interspecies signal molecule to regulate multiple physiological activities, like antibiotic resistance, acid resistance, and virulence. However, the effect of indole on conjugation is unknown. Here, with Escherichia coli SM10λπ as a donor strain that carries a chromosomally integrated conjugative RP4 plasmid, we explored the effect of indole on conjugation of a mobilizable pUCP24T plasmid imparting gentamycin resistance. The results showed that exogenous indole treatment inhibited conjugative transfer of pUCP24T from SM10λπ to recipient strains, Pseudomonas aeruginosa PAO1 and E. coli EC600. Furthermore, raising endogenous indole production through overexpression of TnaA, a tryptophanase, in SM10λπ significantly inhibited both SM10λπ-PAO1 and SM10λπ-EC600 conjugation, whereas deficiency of tnaA reversed the phenotype. Subsequent mechanistic studies revealed that exogenous indole significantly inhibited the expression of mating pair formation gene (trbB) and the DNA transfer and replication gene (trfA), mainly due to the promotion of regulatory genes (korA and korB), and the result was confirmed in tnaA knockout and overexpression strains. Additionally, we found that both extracellular indole production and tnaA expression of SM10λπ were downregulated by ciprofloxacin (CIP). Intriguingly, one-eighth minimum inhibitory concentration of CIP treatment clearly facilitated both SM10λπ-PAO1 and SM10λπ-EC600 conjugation, and indole inhibited CIP-induced conjugation frequency. These data suggest that indole may play a negative role in the process of CIP-induced conjugation. This is the first study to reveal the biological function of indole-inhibiting conjugation and its role in CIP-induced conjugation, which may be developed into a new way of controlling the spread of antibiotic resistance.
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INTRODUCTION

Conjugation achieves the transmission of bacterial genetic materials, especially plasmids that carry antibiotic resistance genes, in a unidirectional manner from a donor cell to a recipient cell (Waksman, 2019), mediating the process of horizontal gene transfer (HGT) and inducing the spread of antibiotic resistance. It requires a type IV secretion system (T4SS), which is encoded by Mating pair formation (Mpf) genes to form the conjugative pore, and DNA transfer and replication (Dtr) genes-encoded relaxosome composed of the relaxase, which nicks at the origin of transfer (oriT) and other auxiliary proteins (Schröder and Lanka, 2005; De La Cruz et al., 2010; Koraimann and Wagner, 2014). Conjugative plasmids, such as the well-studied IncP-1α plasmid RP4, generally carry all the structural genetic elements required to perform transfer (an oriT site, Dtr, and Mpf genes) (Pansegrau et al., 1990; Frost et al., 2005; Carballeira et al., 2014). Specifically, expression of plasmid RP4 conjugation genes is regulated by KorA, KorB, and TrbA, which act by binding to conserved nucleotide sequences localized in replication and maintenance regions, as well as transfer-essential Tral and Tra2 regions (Balzer et al., 1992; Zatyka et al., 1994; Jagura-Burdzy and Thomas, 1997). In contrast, mobilizable plasmids carry partial genetic information necessary for transfer (an oriT region and Dtr), and so usually there is a need to leverage the corresponding conjugative apparatus of co-resident self-transmissible plasmids to effect transfer (Francia et al., 2004).

The process of conjugation can be affected and regulated by many factors, summed up from two perspectives: (i) the internal environment involved in the interactions between the different genetic elements and (ii) the external environment including antibiotics, metals, carbon compounds, and quorum sensing (QS) (Banuelos-Vazquez et al., 2017). Specifically, the sub-minimal inhibitory concentration (sub-MIC) of antibiotics, such as gentamicin (Gm), sulfamethoxazole, tetracycline, and ciprofloxacin (CIP), increases the frequency of conjugation (Jutkina et al., 2016, 2018; Shun-Mei et al., 2018). The SOS response was revealed to promote horizontal dissemination of antibiotic resistance genes (Beaber et al., 2004). As for the effects of QS, our previous study has showed that the QS system signal molecules N-acyl homoserine lactones (AHLs) of Pseudomonas aeruginosa inhibit conjugation by activating SdiA in Escherichia coli (Lu et al., 2017b). Because indole is a signal molecule like QS, we were intrigued to explore whether they may play a role in conjugation.

Indole is used as a biochemical identification index of bacteria, whose production is controlled by the tryptophanase operon, including a promoter, a regulatory gene tnaC, and two structural genes tnaA and tnaB encoding tryptophanase and tryptophan permease, respectively (Yanofsky et al., 1991). However, a growing number of studies elucidate the function of indole as a signal molecule: (i) indole is a plateauing signal molecule (Kobayashi et al., 2006) which acts extracellularly to activate genes of metabolic enzymes in a concentration-dependent manner (Wang et al., 2001) and (ii) indole increases drug resistance by inducing intrinsic xenobiotic exporter genes in E. coli (Hirakawa et al., 2005). But there are no reports about indole working as a signal molecule to regulate conjugation.

The biosynthesis of indole is closely related to many environmental factors, such as cell density, carbon source, temperature, pH, and antibiotics. In terms of the latter, E. coli produced a higher level of extracellular indole in the presence of ampicillin and kanamycin (Han et al., 2011). We have previously disclosed the promoting effect of CIP on conjugation (Shun-Mei et al., 2018), but the underlying mechanism, especially whether indole was involved in this process, was not explored. In this study, we aimed to determine if indole affects conjugation, if it further participates in the process of antibiotics-induced conjugation.



RESULTS


Inhibition of Conjugation by Indole

To elucidate the effect of indole on both intraspecies and interspecies plasmid transfer, E. coli SM10λπ-PAO1 and SM10λπ-EC600 conjugational models established in our previous study were taken into application (Lu et al., 2017b). We first determined the appropriate concentration of exogenous indole that might not threaten the growth of SM10λπ, PAO1, and EC600, since it has been reported that bacterial conjugational efficiency is closely related to the growth state of bacteria (Schuurmans et al., 2014). As shown in Supplementary Figure 1, the growth of SM10λπ, PAO1, and EC600 was only trivially affected by indole even at concentration as high as 500 μM. Then the appropriate concentrations (10, 50, 250, and 500 μM) of exogenous indole were used to treat SM10λπ-PAO1 and SM10λπ-EC600 conjugational models. The results showed that 250 μM indole was needed to start inhibiting SM10λπ-PAO1 conjugation, while 50 μM indole was sufficient to inhibit SM10λπ-EC600 conjugation. Both conjugation models were significantly depressed by indole in a dose-dependent manner (Figure 1A), although in the SM10λπ-EC600 conjugation model, the conjugation frequency of 500 μM indole treatment group was higher than that of 250 μM indole treatment group, which may be interpreted as high concentration indole, like antibiotics, increases the frequency of conjugation by promoting the growth of transconjugants (Lopatkin et al., 2016).
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FIGURE 1. Indole inhibited SM10λπ-PAO1 and SM10λπ-EC600 conjugation. (A) Effect of exogenous indole on SM10λπ-PAO1 and SM10λπ-EC600 conjugation. Donor SM10λπ and recipient PAO1 or EC600 cells (1 × 107 CFU/ml each) were mated in the presence of indicated concentrations of indole at 37°C for 6 h. (B) Effect of endogenous indole on SM10λπ-PAO1 and SM10λπ-EC600 conjugation. SM10λπ wild-type strain (SM10λπ-vector), tnaA-deficient strain (ΔtnaA-vector), TnaA overexpression strain in wild-type (SM10λπ-TnaA), and tnaA mutation (ΔtnaA-TnaA) were mated with PAO1 or EC600 cells (1 × 107 CFU/ml each), respectively, at 37°C for 6 h. Values are means ± SEMs from at least three independent experiments; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.


To validate the role of endogenous indole in conjugation, we subsequently constructed tnaA gene knockout and overexpression strains in SM10λπ, as tryptophanase encoded by tnaA hydrolyzes tryptophan to create indole, pyruvate, and ammonia (Newton et al., 1965; Deeley and Yanofsky, 1981). Naturally, we can barely detect indole and tnaA expression in the tnaA-deficient strain (ΔtnaA-vector), while overexpression of TnaA in wild-type (SM10λπ-TnaA) and the tnaA mutation (ΔtnaA-TnaA) strain both delivered much higher levels of indole and tnaA expression (Supplementary Figure 2). We next examined the conjugation frequency by using these constructed strains as donor cells. Compared to the wild-type strain, deficiency of tnaA in SM10λπ significantly enhanced both SM10λπ-PAO1 and SM10λπ-EC600 conjugation, whereas introducing a plasmid of TnaA overexpression reversed the phenotype. In addition, introducing a TnaA overexpression plasmid into the SM10λπ wild-type strain also remarkably inhibited conjugation frequency in both conjugation models (Figure 1B).

Collectively, these data suggest that indole plays a role in inhibiting conjugation.



Effects of Indole on the Expression of Conjugation Genes and Global Regulatory Genes

To further explore the molecular mechanisms underlying the regulatory function of indole on conjugation, we measured the mRNA expression of the major global regulatory genes (korA, korB, and trbA) and conjugation genes, including Mpf gene (trbB), the Dtr gene (trfA), gene which encodes conjugative transfer relaxase (traI), and gene which activates tra gene expression (traJ). The results showed that the mRNA levels of korA and korB were unambiguously increased along with the addition of 250 μM indole (Figure 2A), and the promotion was observed as well in strains of overexpression of TnaA (ΔtnaA-TnaA and SM10λπ-TnaA) (Figure 2B), but no expression change of korA and korB was observed in tnaA-deficient strain. On the other hand, trbA was up-regulated slightly even when indole concentration was up to 500 μM (Figure 2A), and the mRNA expression level of trbA showed no significant difference in both knockout and overexpression strains (Figure 2B).
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FIGURE 2. The mRNA expression level of conjugation-associated genes. (A) Effect of exogenous indole on the expression levels of conjugation genes (trbB, trfA, traI, and traJ) and global regulatory genes (korA, korB, and trbA). SM10λπ (1 × 107 CFU/ml) was treated with different concentrations of indole at 37°C for 3 h, followed by real-time PCR analysis. (B) Effect of endogenous indole on the expression of the aforementioned conjugation-associated genes. The indicated SM10λπ strains were mated (1 × 107 CFU/ml) at 37°C for 3 h, followed by real-time PCR analysis. The rpoD gene of SM10λπ was used as an internal control. Values are means ± SEMs from at least three independent experiments; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ns, not significant.


Consequently, the mRNA expression levels of trbB and trfA decreased significantly with increasing indole concentrations (Figure 2A). Additionally, compared to the wild-type strain, deficiency of tnaA in SM10λπ significantly enhanced both the expression of trbB and trfA, whereas introducing a plasmid of TnaA overexpression reversed it, and introducing a TnaA overexpression plasmid into the SM10λπ wild-type strain also remarkably inhibited the mRNA expression levels of trbB and trfA (Figure 2B). However, the expression of traI and traJ was barely affected by exogenous indole treatment (Figure 2A) and showed no significant difference in knockout and overexpression strains (Figure 2B).

Taken together, these results suggest that indole may inhibit conjugation mainly through regulating the expression of korA and korB, further regulating the expression of trbB and trfA.



Indole Plays a Negative Role in the Process of CIP-Induced Conjugation

We have previously reported that sub-MIC of CIP promoted SM10λπ-PAO1 conjugation, but the underlying mechanism was not explored. Here, we measured extracellular indole production and tnaA expression of SM10λπ after cultivation in the presence of CIP at sub-inhibitory concentrations (1/8 MIC, 1/128 MIC, and 1/1024 MIC) and found that 1/8 MIC CIP significantly repressed indole production (Figure 3A) and tnaA expression (Figure 3B). It seems that indole may play a role in CIP-induced conjugation, which needs further confirmation. We next added the SM10λπ-EC600 conjugation model and further confirmed that treatment with 1/8 MIC of CIP clearly enhanced conjugation frequency in both SM10λπ-PAO1 and SM10λπ-EC600 models (Figure 3C). Exogenous indole was added after conjugation system was treated with CIP, or overexpression of TnaA, when wild-type (SM10λπ-TnaA) was used as donor cell in CIP-treated conjugation models. It turned out that indole inhibited CIP-induced conjugation frequency in both conjugation models (Figure 3D). These data suggested that indole may play a negative role in the process of CIP-induced conjugation.
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FIGURE 3. Indole inhibited CIP-induced conjugation. (A) Effect of CIP on indole production. SM10λπ was treated with different sub-MICs of CIP at 37°C for 5 h, followed by measurement of extracellular indole. (B) Effect of CIP on tnaA expression. SM10λπ was treated with different sub-MICs of CIP at 37°C for 4 h, followed by real-time PCR analysis of tnaA expression. (C) Effect of CIP on SM10λπ-PAO1 and SM10λπ-EC600 conjugation. SM10λπ was treated with different sub-MICs of CIP at 37°C for 8 h and then mated with PAO1 or EC600 cells at 37°C for 6 h. (D) Indole inhibited CIP-induced conjugation frequency. SM10λπ was treated with 1/8 MIC of CIP at 37°C for 8 h and then mated with PAO1 or EC600 cells in the presence of 500 μM of indole at 37°C for 6 h; meanwhile, overexpression of TnaA in wild-type (SM10λπ-TnaA) was treated with 1/8 MIC of CIP at 37°C for 8 h and then mated with PAO1 or EC600 cells at 37°C for 6 h. Values are means ± SEMs from at least three independent experiments; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.




DISCUSSION

The physiological functions of indole, like maintaining plasmid stability, affecting biofilm formation, and antibiotic resistance, have been the subject of active investigation (Chant and Summers, 2007; Nishino et al., 2008; Kuczynska-Wisnik et al., 2010). Here, we explored the role of indole in the regulation of intraspecies and interspecies conjugation. Both exogenous indole treatment and gain- and loss-of-function studies showed the inhibitory effect of indole on SM10λπ-PAO1 and SM10λπ-EC600 conjugation. Compared to most research into the conjugational regulatory mechanism that has focused on self-transmissible elements (Frost et al., 2005), this study and our previous work (Lu et al., 2017b) revealed that chemical signal molecules, namely, indole and AHLs that are produced by donor and recipient cells, respectively, may inhibit conjugation.

Mpf gene, trbB, is responsible for the development of the conjugative pore, and the Dtr gene, trfA, encodes a trans-acting product essential for vegetative plasmid replication (Smith and Thomas, 1984; Zatyka et al., 1997). Global regulatory genes korA and korB both exert roles in repression of trfA expression, and trbA and korB expression severely represses the trbB promoter (Schreiner et al., 1985; Theophilus et al., 1985; Zatyka et al., 2001). We found that exogenous indole treatment significantly up-regulated the mRNA expression levels of korA and korB, which in turn inhibited the expression of trbB and trfA genes, thereby decreasing the conjugation frequency. Additionally, the results of the aforementioned genes’ expression in tnaA knockout and overexpression strains further confirmed the regulatory mechanism of indole on conjugation. However, it is worth noting that although korA and korB expression did not decrease in tnaA-deficient strain, the expression of trbB and trfA increased. It may be that the expression of trbB and trfA may be regulated by indole or other pathways, not only by korA and korB.

Indole production of donor cell SM10λπ was significantly repressed by CIP in sub-inhibitory concentration. This result was inconsistent with previous report that E. coli exhibited greater indole production in the presence of kanamycin which may be isolated from Streptomyces kanamyceticus (Umezawa et al., 1957; Han et al., 2011). The reason behind this phenomenon may be that E. coli may utilize indole to compete against other microorganisms that could produce antibiotics (Han et al., 2011). However, CIP is a member of synthetic quinolone antibiotics, and indole is reported to stimulate the formation of E. coli persisters against quinolone antibiotics (Zarkan et al., 2020). We referred that CIP may in turn play a role through inhibiting indole production.

The selective pressures caused by increases in the use and misuse of antibiotics in medicine and animal feedstuffs account for the spread of antibiotic resistance genes (von Wintersdorff et al., 2016). However, the underlying mechanisms for antibiotic-induced conjugative transfer remain largely unknown. Here, we found that CIP in sub-inhibitory concentration clearly enhanced conjugation frequency in both SM10λπ-PAO1 and SM10λπ-EC600 models. Combining the result that CIP inhibited indole production of donor cell and indole inhibited CIP-induced conjugation frequency, we inferred that indole may play a negative role in CIP-induced conjugation. In our previous work, AHLs secreted from recipient cell PAO1 worked to inhibit Gm-induced conjugation (Lu et al., 2017a). It seems that a different regulatory mechanism involved in the conjugation process is related to different types of antibiotics and bacteria.

In conclusion, we found that indole may function as a conjugation inhibitor and play a negative role in the process of CIP-induced conjugation. To the best of our knowledge, this is the first report to reveal the regulatory role of indole in conjugation. These results not only enrich our understanding of the biological function of indole but also inspire us to explore a new way to restrain conjugation to further control the spread of antibiotic resistance.



MATERIALS AND METHODS


Bacterial Strains, Plasmids, and Growth Conditions

The bacterial strains and plasmids used in this study are listed in Supplementary Table 2. Some of these strains and plasmids have already been described in previous work (Zeng et al., 2016; Lu et al., 2017b). However, the tnaA-deficient strain (ΔtnaA-vector) and overexpression of TnaA in wild-type (SM10λπ-TnaA) and tnaA mutation (ΔtnaA-TnaA) strain were developed in this research. Bacteria were grown in a Luria–Bertani (LB) medium or on LB plates containing 1.5% agar unless otherwise indicated. If required, antibiotics were added to LB plates at the following final concentrations: ampicillin (AMP), 100 μg/ml; Gm, 30 μg/ml; rifampin (Rif), 50 μg/ml; and chloramphenicol (C), 16 μg/ml.



Construction of E. coli SM10λπ tnaA-Deficient Mutants and Overexpressed Plasmid

The phage λ Red recombination system was employed for tnaA deletion in E. coli SM10λπ (Datsenko and Wanner, 2000). To construct TnaA overexpression, the tnaA gene was cloned into the PstI/HindIII sites of the pSTV28 vector. More details are provided in the Supplementary Materials and Methods, and corresponding validation can be found in Supplementary Figure 2.



Growth Curves

The indicated bacterial strains were cultured in LB overnight (8–10 h) at 37°C, then diluted to 1 × 107 CFU/ml (by using the Sysmex UF-1000i automated urine particle analyzer; Tokyo, Japan) with or without treatment, further divided into 12-well plates at a volume of 1 ml per well, and finally grown at 37°C. The samples were collected at the indicated time points from each individual well, and OD600 values were determined.



Conjugation Experiments

Escherichia coli SM10λπ (pUCP24T) worked as donor cells, with the RP4 plasmid integrated in the chromosome, while PAO1 or EC600 worked as recipient cells. The pUCP24T plasmid was constructed by inserting the oriT fragment into pUCP24 (West et al., 1994). To achieve transfer, the mobilizable pUCP24T plasmid that contains a gene cassette (aacC1) conferring Gm resistance needed to leverage the conjugative apparatus of plasmid RP4 which was integrated in E. coli SM10λπ. For mating experiments, equal amounts of donor and recipient cells (1 × 107 CFU/ml, counted by using the Sysmex UF-1000i automated urine particle analyzer; Tokyo, Japan) were mixed in 200 μl LB with or without exogenous indole at 37°C in a 96-well plate. After 6 h of mating, the cultures were vigorously mixed, and 30 μl aliquots of each conjugation mixture were spread on screening agar plates, Gm–ampicillin and Gm–rifampicin plates, since PAO1 is ampicillin resistant and EC600 is rifampicin resistant. The numbers of transconjugant colonies were counted after an overnight incubation at 37°C.



MIC Determinations

MIC values were determined by the broth microdilution method in poly-styrene microtiter plates (no. 3599; Costar) according to CLSI protocol M07-A8 using cation-adjusted Mueller–Hinton broth (CAMHB) (no. 11865; Oxoid). MICs were interpreted visually after incubating at 37°C for 16 h.



Indole Assays

The production of extracellular indole was measured by the modified Kawamura–Sato method (Kawamura-Sato et al., 1999; Han et al., 2011). First, Kovac’s reagent (0.4 ml) was added to cultural supernatant (1 ml), followed by sufficient mixing. Then the mixture (0.1 ml) was diluted into an HCl-amyl alcohol solution (0.9 ml, the ratio of HCl and amyl alcohol was 1:3). Finally, OD540 values were determined using synergy H1 microplate reader (BioTek; Winooski, VT, United States), and indole concentration was calculated according to the standard curve.



Real-Time PCR

Total RNA was extracted using RNAiso Plus reagent (TaKaRa, Dalian, Liaoning, China). Reverse transcription (1 μg of total RNA) was performed with the PrimeScript RT reagent kit (TaKaRa, Dalian, Liaoning, China). The cDNA was subjected to quantitative PCR (qPCR) on a ViiA 7 Dx system (Applied Biosystems, Foster, CA, United States) using SYBR green qPCR master mixes (TaKaRa, Dalian, Liaoning, China). The expression levels of target genes were normalized to that of the internal control gene (rpoD) using the 2–ΔΔCt method. More details about primers are listed in Supplementary Table 3.



Statistical Analysis

Data are expressed as the means ± standard errors of the means (SEMs) from at least three independent experiments. The differences between groups were analyzed using the Student’s t-test when two groups were compared or a one-way analysis of variance (ANOVA) when more than two groups were compared. All analyses were performed using GraphPad Prism, version 5 (GraphPad Software, Inc., San Diego, CA, United States). All statistical tests were two-sided; P-values of <0.05 were considered statistically significant.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

RX, YuL, and JP contributed to the conception and design of the study. JL organized the database. JZ performed the statistical analysis. RX wrote the first draft of the manuscript. YuL, JP, JL, and JZ wrote the sections of the manuscript. CC, YaL, and BH contributed to funding acquisition. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This work was supported by the Natural Science Foundation of Guangdong Province (Grant No. 2019A1515011882), the National Natural Science Foundation of China (Grant Nos. 81772249, 81871703, and 81572058), and the Guangdong Provincial Hospital of Traditional Chinese Medicine (Grant Nos. YN2018QJ01, YN2019QJ03, and YN2019MJ01).



ACKNOWLEDGMENTS

We are very grateful to B. L. Wanner (Department of Biological Sciences, Purdue University, West Lafayette, IN, United States) for generously providing the λ Red recombination system and H. P. Schweizer (Department of Microbiology and Infectious Diseases, University of Calgary Health Sciences Center, Calgary, AB, Canada) for providing the plasmid pUCP24.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.628133/full#supplementary-material



REFERENCES

Balzer, D., Ziegelin, G., Pansegrau, W., Kruft, V., and Lanka, E. (1992). KorB protein of promiscuous plasmid RP4 recognizes inverted sequence repetitions in regions essential for conjugative plasmid transfer. Nucleic Acids Res. 20, 1851–1858. doi: 10.1093/nar/20.8.1851

Banuelos-Vazquez, L. A., Torres Tejerizo, G., and Brom, S. (2017). Regulation of conjugative transfer of plasmids and integrative conjugative elements. Plasmid 91, 82–89. doi: 10.1016/j.plasmid.2017.04.002

Beaber, J. W., Hochhut, B., and Waldor, M. K. (2004). SOS response promotes horizontal dissemination of antibiotic resistance genes. Nature 427, 72–74. doi: 10.1038/nature02241

Carballeira, J. D., González-Pérez, B., Moncalián, G., and de la Cruz, F. (2014). A high security double lock and key mechanism in HUH relaxases controls oriT-processing for plasmid conjugation. Nucleic Acids Res. 42, 10632–10643. doi: 10.1093/nar/gku741

Chant, E. L., and Summers, D. K. (2007). Indole signalling contributes to the stable maintenance of Escherichia coli multicopy plasmids. Mol. Microbiol. 63, 35–43. doi: 10.1111/j.1365-2958.2006.05481.x

Datsenko, K. A., and Wanner, B. L. (2000). One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products. Proc. Natl. Acad. Sci. U S A. 97, 6640–6645. doi: 10.1073/pnas.120163297

De La Cruz, F., Frost, L. S., Meyer, R. J., and Zechner, E. L. (2010). Conjugative DNA metabolism in gram-negative bacteria. FEMS Microbiol. Rev. 34, 18–40. doi: 10.1111/j.1574-6976.2009.00195.x

Deeley, M. C., and Yanofsky, C. (1981). Nucleotide sequence of the structural gene for tryptophanase of Escherichia coli K-12. J. Bacteriol. 147, 787–796. doi: 10.1128/jb.147.3.787-796.1981

Francia, M. V., Varsaki, A., Garcillán-Barcia, M. P., Latorre, A., Drainas, C., and de la Cruz, F. (2004). A classification scheme for mobilization regions of bacterial plasmids. FEMS Microbiol. Rev. 28, 79–100. doi: 10.1016/j.femsre.2003.09.001

Frost, L. S., Leplae, R., Summers, A. O., and Toussaint, A. (2005). Mobile genetic elements: the agents of open source evolution. Nat. Rev. Microbiol. 3, 722–732. doi: 10.1038/nrmicro1235

Han, T. H., Lee, J. H., Cho, M. H., Wood, T. K., and Lee, J. (2011). Environmental factors affecting indole production in Escherichia coli. Res. Microbiol. 162, 108–116. doi: 10.1016/j.resmic.2010.11.005

Hirakawa, H., Inazumi, Y., Masaki, T., Hirata, T., and Yamaguchi, A. (2005). Indole induces the expression of multidrug exporter genes in Escherichia coli. Mol. Microbiol. 55, 1113–1126. doi: 10.1111/j.1365-2958.2004.04449.x

Jagura-Burdzy, G., and Thomas, C. M. (1997). Dissection of the switch between genes for replication and transfer of promiscuous plasmid RK2: basis of the dominance of trfAp over trbAp and specificity for KorA in controlling the switch. J. Mol. Biol. 265, 507–518. doi: 10.1006/jmbi.1996.0747

Jutkina, J., Marathe, N. P., Flach, C. F., and Larsson, D. G. J. (2018). Antibiotics and common antibacterial biocides stimulate horizontal transfer of resistance at low concentrations. Sci. Total Environ. 616-617, 172–178. doi: 10.1016/j.scitotenv.2017.10.312

Jutkina, J., Rutgersson, C., Flach, C. F., and Joakim Larsson, D. G. (2016). An assay for determining minimal concentrations of antibiotics that drive horizontal transfer of resistance. Sci. Total Environ. 548-549, 131–138. doi: 10.1016/j.scitotenv.2016.01.044

Kawamura-Sato, K., Shibayama, K., Horii, T., Iimuma, Y., Arakawa, Y., and Ohta, M. (1999). Role of multiple efflux pumps in Escherichia coli in indole expulsion. FEMS Microbiol. Lett. 179, 345–352. doi: 10.1111/j.1574-6968.1999.tb08748.x

Kobayashi, A., Hirakawa, H., Hirata, T., Nishino, K., and Yamaguchi, A. (2006). Growth phase-dependent expression of drug exporters in Escherichia coli and its contribution to drug tolerance. J. Bacteriol. 188, 5693–5703. doi: 10.1128/jb.00217-06

Koraimann, G., and Wagner, M. A. (2014). Social behavior and decision making in bacterial conjugation. Front. Cell. Infect. Microbiol. 4:54. doi: 10.3389/fcimb.2014.00054

Kuczynska-Wisnik, D., Matuszewska, E., and Laskowska, E. (2010). Escherichia coli heat-shock proteins IbpA and IbpB affect biofilm formation by influencing the level of extracellular indole. Microbiology (Reading) 156(Pt 1), 148–157. doi: 10.1099/mic.0.032334-0

Lopatkin, A. J., Huang, S., Smith, R. P., Srimani, J. K., Sysoeva, T. A., Bewick, S., et al. (2016). Antibiotics as a selective driver for conjugation dynamics. Nat. Microbiol. 1:16044. doi: 10.1038/nmicrobiol.2016.44

Lu, Y., Zeng, J., Wang, L., Lan, K., Shunmei, E., Wang, L., et al. (2017a). Antibiotics promote Escherichia coli-Pseudomonas aeruginosa conjugation through inhibiting quorum sensing. Antimicrob Agents Chemother 61:e01284-17. doi: 10.1128/aac.01284-1217

Lu, Y., Zeng, J., Wu, B., Shunmei, E., Wang, L., Cai, R., et al. (2017b). Quorum sensing N-acyl homoserine Lactones-SdiA suppresses Escherichia coli-Pseudomonas aeruginosa conjugation through inhibiting trai expression. Front. Cell. Infect. Microbiol. 7:7. doi: 10.3389/fcimb.2017.00007

Newton, W. A., Morino, Y., and Snell, E. E. (1965). Properties of crystalline tryptophanase. J. Biol. Chem. 240, 1211–1218. doi: 10.1016/s0021-9258(18)97562-9

Nishino, K., Senda, Y., and Yamaguchi, A. (2008). The AraC-family regulator GadX enhances multidrug resistance in Escherichia coli by activating expression of mdtEF multidrug efflux genes. J. Infect. Chemother 14, 23–29. doi: 10.1007/s10156-007-0575-y

Pansegrau, W., Balzer, D., Kruft, V., Lurz, R., and Lanka, E. (1990). In vitro assembly of relaxosomes at the transfer origin of plasmid RP4. Proc. Natl. Acad. Sci. U S A. 87, 6555–6559. doi: 10.1073/pnas.87.17.6555

Schreiner, H. C., Bechhofer, D. H., Pohlman, R. F., Young, C., Borden, P. A., and Figurski, D. H. (1985). Replication control in promiscuous plasmid RK2: kil and kor functions affect expression of the essential replication gene trfA. J. Bacteriol. 163, 228–237. doi: 10.1128/jb.163.1.228-237.1985

Schröder, G., and Lanka, E. (2005). The mating pair formation system of conjugative plasmids-A versatile secretion machinery for transfer of proteins and DNA. Plasmid 54, 1–25. doi: 10.1016/j.plasmid.2005.02.001

Schuurmans, J. M., van Hijum, S. A. F. T., Piet, J. R., Händel, N., Smelt, J., Brul, S., et al. (2014). Effect of growth rate and selection pressure on rates of transfer of an antibiotic resistance plasmid between E. coli strains. Plasmid 72, 1–8. doi: 10.1016/j.plasmid.2014.01.002

Shun-Mei, E., Zeng, J. M., Yuan, H., Lu, Y., Cai, R. X., and Chen, C. (2018). Sub-inhibitory concentrations of fluoroquinolones increase conjugation frequency. Microb Pathog 114, 57–62. doi: 10.1016/j.micpath.2017.11.036

Smith, C. A., and Thomas, C. M. (1984). Nucleotide sequence of the trfA gene of broad host-range plasmid RK2. J. Mol. Biol. 175, 251–262. doi: 10.1016/0022-2836(84)90347-4

Theophilus, B. D., Cross, M. A., Smith, C. A., and Thomas, C. M. (1985). Regulation of the trfA and trfB promoters of broad host range plasmid RK2: identification of sequences essential for regulation by trfB/korA/korD. Nucleic Acids Res. 13, 8129–8142. doi: 10.1093/nar/13.22.8129

Umezawa, H., Ueda, M., Maeda, K., Yagishita, K., Kondo, S., Okami, Y., et al. (1957). Production and isolation of a new antibiotic: kanamycin. J. Antibiot (Tokyo) 10, 181–188.

von Wintersdorff, C. J. H., Penders, J., van Niekerk, J. M., Mills, N. D., Majumder, S., van Alphen, L. B., et al. (2016). Dissemination of antimicrobial resistance in microbial ecosystems through horizontal gene transfer. Front. Microbiol. 7:173. doi: 10.3389/fmicb.2016.00173

Waksman, G. (2019). From conjugation to T4S systems in Gram-negative bacteria: a mechanistic biology perspective. EMBO Rep. 20:e47012. doi: 10.15252/embr.201847012

Wang, D., Ding, X., and Rather, P. N. (2001). Indole can act as an extracellular signal in Escherichia coli. J. Bacteriol. 183, 4210–4216. doi: 10.1128/jb.183.14.4210-4216.2001

West, S. E., Schweizer, H. P., Dall, C., Sample, A. K., and Runyen-Janecky, L. J. (1994). Construction of improved Escherichia-Pseudomonas shuttle vectors derived from pUC18/19 and sequence of the region required for their replication in Pseudomonas aeruginosa. Gene 148, 81–86. doi: 10.1016/0378-1119(94)90237-2

Yanofsky, C., Horn, V., and Gollnick, P. (1991). Physiological studies of tryptophan transport and tryptophanase operon induction in Escherichia coli. J. Bacteriol. 173, 6009–6017. doi: 10.1128/jb.173.19.6009-6017.1991

Zarkan, A., Matuszewska, M., Trigg, S. B., Zhang, M., Belgami, D., Croft, C., et al. (2020). Inhibition of indole production increases the activity of quinolone antibiotics against E. coli persisters. Sci. Rep. 10:11742. doi: 10.1038/s41598-020-68693-w

Zatyka, M., Bingle, L., Jones, A. C., and Thomas, C. M. (2001). Cooperativity between KorB and TrbA repressors of broad-host-range plasmid RK2. J. Bacteriol. 183, 1022–1031. doi: 10.1128/jb.183.3.1022-1031.2001

Zatyka, M., Jagura-Burdzy, G., and Thomas, C. M. (1994). Regulation of transfer genes of promiscuous IncP alpha plasmid RK2: repression of Tra1 region transcription both by relaxosome proteins and by the Tra2 regulator TrbA. Microbiology (Reading) 140(Pt 11), 2981–2990. doi: 10.1099/13500872-140-11-2981

Zatyka, M., Jagura-Burdzy, G., and Thomas, C. M. (1997). Transcriptional and translational control of the genes for the mating pair formation apparatus of promiscuous IncP plasmids. J. Bacteriol. 179, 7201–7209. doi: 10.1128/jb.179.23.7201-7209.1997

Zeng, J., Zhang, N., Huang, B., Cai, R., Wu, B., Shunmei, E., et al. (2016). Mechanism of azithromycin inhibition of HSL synthesis in Pseudomonas aeruginosa. Sci. Rep. 6:24299. doi: 10.1038/srep24299


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Xiong, Liu, Pu, Liu, Zheng, Zeng, Chen, Lu and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








 


	
	
ORIGINAL RESEARCH
 published: 21 April 2021
 doi: 10.3389/fmicb.2021.606409






[image: image2]

Biosolids as a Source of Antibiotic Resistance Plasmids for Commensal and Pathogenic Bacteria

Aaron Law1, Olubunmi Solano1,2, Celeste J. Brown1,3, Samuel S. Hunter3,4, Matt Fagnan3, Eva M. Top1,3* and Thibault Stalder1,3*


1Department of Biological Sciences, University of Idaho, Moscow, ID, United States

2Department of Biological Sciences, Columbia University, New York, NY, United States

3Institute for Bioinformatics and Evolutionary Studies, University of Idaho, Moscow, ID, United States

4UC-Davis Genome Center, Davis, CA, United States

Edited by:
 John R. Battista, Louisiana State University, United States

Reviewed by:
 Elisabeth Grohmann, Beuth Hochschule für Technik Berlin, Germany
 Masaki Shintani, Shizuoka University, Japan

*Correspondence: Thibault Stalder, tstalder@uidaho.edu 
 Eva M. Top, evatop@uidaho.edu

Specialty section: This article was submitted to Evolutionary and Genomic Microbiology, a section of the journal Frontiers in Microbiology

Received: 14 September 2020
 Accepted: 09 March 2021
 Published: 21 April 2021

Citation: Law A, Solano O, Brown CJ, Hunter SS, Fagnan M, Top EM and Stalder T (2021) Biosolids as a Source of Antibiotic Resistance Plasmids for Commensal and Pathogenic Bacteria. Front. Microbiol. 12:606409. doi: 10.3389/fmicb.2021.606409
 

Antibiotic resistance (AR) is a threat to modern medicine, and plasmids are driving the global spread of AR by horizontal gene transfer across microbiomes and environments. Determining the mobile resistome responsible for this spread of AR among environments is essential in our efforts to attenuate the current crisis. Biosolids are a wastewater treatment plant (WWTP) byproduct used globally as fertilizer in agriculture. Here, we investigated the mobile resistome of biosolids that are used as fertilizer. This was done by capturing resistance plasmids that can transfer to human pathogens and commensal bacteria. We used a higher-throughput version of the exogenous plasmid isolation approach by mixing several ESKAPE pathogens and a commensal Escherichia coli with biosolids and screening for newly acquired resistance to about 10 antibiotics in these strains. Six unique resistance plasmids transferred to Salmonella typhimurium, Klebsiella aerogenes, and E. coli. All the plasmids were self-transferable and carried 3–6 antibiotic resistance genes (ARG) conferring resistance to 2–4 antibiotic classes. These plasmids-borne resistance genes were further embedded in genetic elements promoting intracellular recombination (i.e., transposons or class 1 integrons). The plasmids belonged to the broad-host-range plasmid (BHR) groups IncP-1 or PromA. Several of them were persistent in their new hosts when grown in the absence of antibiotics, suggesting that the newly acquired drug resistance traits would be sustained over time. This study highlights the role of BHRs in the spread of ARG between environmental bacteria and human pathogens and commensals, where they may persist. The work further emphasizes biosolids as potential vehicles of highly mobile plasmid-borne antibiotic resistance genes.

Keywords: antibiotics, antimicrobial resistance, pathogens, biosolids, plasmids


INTRODUCTION

Antibiotic resistance (AR) is a threat for modern medicine across the world (WHO, 2018; Centers for Disease Control and Prevention, 2019). The spread of antibiotic resistance genes (ARG) among bacteria is largely driven by the horizontal transfer of mobile genetic elements such as plasmids (Ochman et al., 2000; Partridge et al., 2018). This pool of ARG able to transfer horizontally is often referred to as the mobile resistome. Plasmids are important vectors of horizontal gene transfer and are capable of transferring multiple ARG simultaneously, providing multidrug resistance to the recipient bacteria in one event (Ochman et al., 2000; Martínez and Baquero, 2014; Mathers et al., 2015). This is particularly true for self-transmissible plasmids that can transfer and replicate in a broad range of bacterial species (Datta and Hedges, 1972; Top et al., 1998; Jain and Srivastava, 2013). Such broad-host-range plasmids (BHR) have been shown to promote the transfer of ARG between bacteria inhabiting different environments, leading to the spread of novel genes between environments (Kruse and Sørum, 1994; Rhodes et al., 2000; da Costa et al., 2013). Plasmid-borne resistance genes are usually embedded in other mobile genetic elements such as transposons and integrons. This creates mosaic structures that facilitate change and diversity of resistance plasmids mediating AR spread (Sheppard et al., 2016). In many non-clinical environments, bacteria are reservoirs of plasmids and other mobile genetic elements that carry ARG. This poses a crucial problem, as they drive the emergence of ARG in human pathogens from unpredictable and unknown sources (Allen et al., 2010; Wright, 2010; He et al., 2020). One such hypothesized pathway is from farmland fertilized with biological products such as manure and biosolids (Figure 1A). Recognizing and understanding the sources of ARG that can be acquired by human pathogenic and commensal bacteria is important to combat the spread of ARG.

[image: Figure 1]

FIGURE 1. Spreading of plasmids within a mobile resistome and a modified plasmid capture method to isolate them. (A) Biosolids from wastewater treatment plants (WWTPs) used as agricultural soil fertilizer contain bacteria (green rectangles) with resistance plasmids (orange circles). These biosolids can spread the resistance plasmids further, and through direct or indirect routes transfer to human pathogen and commensal bacteria (red rectangles with black spikes). (B) To determine the mobile resistome of biosolids that can be acquired by human pathogens and commensal bacteria, we used a modified exogenous plasmid isolation approach. Biosolids were mixed individually with different ESKAPE pathogens or E. coli (the recipient hosts). After overnight incubation, the mixtures were spread on a large selective agar plate and stamped with about 10 antibiotic disks. Recipient hosts that acquired a new resistance plasmid from the biosolids formed colonies in the inhibition zone where the recipient alone was sensitive (“control recipient alone”). Assays with biosolids alone were also run in parallel to control for false positives (“controls biosolids alone”).


Wastewater treatment plants (WWTPs) are well-known reservoirs for AR, where many plasmids and other genetic elements involved in AR spread have been identified, such as integrons carrying ARG (Batt et al., 2007; Schlüter et al., 2007; Munir et al., 2011; Zhang et al., 2011; Brown et al., 2013; Stalder et al., 2014; Kaplan et al., 2015; McCall et al., 2016; Guo et al., 2017). Sewage sludge, a waste product of WWTPs, concentrates large amounts of the ARG from sewage (Mao et al., 2015). This sewage sludge can be treated in several ways to make a byproduct known as biosolids. Treatment involves one or a combination of techniques such as anaerobic or aerobic digestion, alkaline treatment or heat treatment, all of which are intended to reduce microbial and chemical loads in some way. Biosolids are used as fertilizer in many countries; in the United States, 60% of the 5.6 million dry tons of annually produced biosolids are used as fertilizer (National Research Council, 2002). Biosolids are not just used for agriculture, but also for other purposes such as landscaping and land reclamation in forestry (EPA, 1994). Biosolids containing ARGs are applied all over the world in numerous environments, and enrichment of soils with ARGs following the application of biosolids has been reported by several studies (Munir et al., 2011; Ross and Topp, 2015; Yang et al., 2018; Murray et al., 2019). However, there is very limited information about the resistance plasmids carried by biosolids (McCall et al., 2016).

Determining the mobile resistome in biosolids is all the more important as studies have shown that biosolid or manure application increases the relative abundance of ARG and transposable elements in soil and also on crops at harvest (Burch et al., 2014; Rahube et al., 2014a, 2016; Atidégla et al., 2016; Lau et al., 2017; Yang et al., 2018; Murray et al., 2019; Urra et al., 2019). It is thought that plasmids from bacteria in biosolids could transfer to soil bacteria. This hypothesis is reinforced by the fact that laboratory microcosms experiments showed that plasmids can transfer in soil from an introduced plasmid donor to indigenous bacteria, or to a recipient added to the soil (Weinberg and Stotzky, 1972; van Elsas et al., 1989; Hill and Top, 1998). Through direct or indirect contact, for which the routes are still not well defined, plasmid-borne resistance genes reach habitats where they can transfer to human pathogenic or commensal bacteria (Ross and Topp, 2015; Blau et al., 2018; Figure 1A).

In this study, we determined the mobile resistome of biosolids that is transferable to human pathogens and commensal bacteria. We used a modified, higher-throughput version of the exogenous plasmid isolation approach of Smalla et al. (2000), described in Figure 1B. We found that six distinct multidrug resistance plasmids transferred from biosolids to the human pathogens Salmonella typhimurium and Klebsiella aerogenes, and a commensal Escherichia coli. The plasmids were self-transmissible and belonged to the BHR plasmids groups IncP-1 and PromA (Van der Auwera et al., 2009). The plasmid accessory regions harboring the ARG consisted of a mosaic of multiple mobile genetic elements (transposons, IS, and integrons). Once acquired by their new host, the plasmids were able to persist without antibiotics in 20–100% of the population for at least 90 generations, showing their potential to become new reservoirs of transferable ARG. Overall the study suggests biosolids should be considered as potential vectors of ARG spread in agriculture.



MATERIALS AND METHODS


Bacterial Strains, Media, and Biosolids

All strains and growth conditions used in this study are listed in Table 1. Unless specified, all strains were grown in Tryptic Soy agar or broth (TSA, TSB; Becton, Dickinson and Company, Franklin Lakes, NJ, United States). When media was supplemented with antibiotics, the concentrations were 50 μg ml−1 for kanamycin (km), 100 μg ml−1 for rifampicin (rif), 50 μg ml−1 for streptomycin (sm), 50 μg ml−1 for cefoxitin (fox), 10 μg ml−1 for tetracycline (te), 15 μg ml−1 for sulfamethoxazole (sx), 10 μg ml−1 for trimethoprim (tmp), 50 μg ml−1 for amoxicillin (amx), 25 μg ml−1 for chloramphenicol (c), and 50 μg ml−1 for nalidixic acid (nal). The antibiotic disks used contained an antibiotic mass per disk of 5 μg TMP, 10 μg imipenem (IPM), 10 μg meropenem (MEM), 30 μg ceftazidime (CAZ), 10 μg gentamicin (G), 10 μg colistin (CO), 30 μg TE, 20 μg amx with 10 μg clavulanic acid (AMC), 30 μg FOX, 23.75 μg sx with 1.25 μg tmp (SXT), 30 μg C, 5 μg ciprofloxacin (CIP), 15 μg erythromycin (E), and 30 μg vancomycin (V; Becton, Dickinson and Company).



TABLE 1. Bacterial strains used in this study.
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Biosolids were collected in June 2016 from one of the two WWTPs in Boise, Idaho (United States). The WWTP uses secondary treatment with ammonia removal and anaerobic digestion for 30 days at 37°C, producing Class B biosolids. Biosolid samples were kept at 4°C until further processing.



Exogenous Plasmid Isolation

Plasmids were captured from bacteria within the biosolids through a biparental mating protocol (Smalla et al., 2000) that was modified by using multiple antibiotic disks on one large Petri dish. Recipient strains were grown overnight with antibiotic selection (Table 1, see column “Antibiotic Resistance”). About 1 ml of the culture was harvested by centrifugation at 8,000 g for 3 min. The pellets were washed two times through repeated resuspension in 1 ml of phosphate-buffered saline (PBS, pH 7.4) and centrifugation at 8,000 g for 3 min. Biosolids were suspended in sterile water at a concentration of 0.5 g ml−1 and vortexed thoroughly. To each of the washed bacterial samples, 500 μl of the biosolid suspension was added. The mixtures were vortexed, centrifuged as specified above, and the pellet resuspended in 100 μl of TSB that was diluted 10-fold in sterile water (0.1 TSB). Each mixture was then pipetted individually onto sterile 0.45 μm filters placed on 3-fold diluted TSB supplemented with 15 g/L of agar and 100 μg ml−1 cycloheximide and incubated overnight. Bacteria were then resuspended by vortexing the filters in 500 μl of PBS. Using a cotton swab, the cell suspensions were spread uniformly on Mueller Hinton Agar (MHA; Becton Dickinson) in 15-cm diameter Petri dishes supplemented with 100 μg ml−1 cycloheximide and antibiotics to select for the recipient. Subsequently up to 10 antibiotic disks were placed on the agar (Table 1). Cycloheximide was added to limit fungal growth. After overnight incubation, colonies growing inside the zones of inhibition of each antibiotic disk were selected as potential transconjugants, i.e., recipients that have obtained a plasmid conferring resistance to the antibiotic in the respective disk. Each transconjugant was archived in 20% glycerol stocks at −70°C. Acquisition of a plasmid by the recipient was confirmed by comparing the plasmid profiles of the transconjugant with their plasmid-free counterparts on an agarose gel (0.7% w/v) electrophoresis. The plasmid DNA extraction protocol was adapted from (Sambrook and Russell, 2001) with the following modifications: Alkaline Lysis Solution I had 50 mM Tris-Cl (pH 8.0), 2 mg ml−1 of lysozyme, and RNase A. The identity of the transconjugant was confirmed by amplifying the 16S rRNA genes using the universal primers 27f and 1492r (Lane, 1991) and the purified amplicons were sent to Elim Biopharm, Inc. (CA, United States) for Sanger sequencing. Details about the PCR methods can be found in the Supplementary Materials and Methods.



Restriction Digestion to Identify Unique Plasmids

Restriction digests were carried out on plasmid DNA using BamHI and HindIII (New England Biolabs, Ipswich, MA, United States) following the protocols provided. The double digest was carried out with 50 μl DNA added to 5 μl NEBuffer 3.1, along with 45.6 Units of HindIII followed by 45 min of incubation at 37°C. Immediately after, 22.8 Units of BamHI were added and the mixture was incubated for another 15 min at 37°C. Restriction digests were analyzed by an agarose gel electrophoresis [0.7% agarose (w/v)].



Biparental Matings to Determine Plasmid Transferability

Recipient (E. coli MG1655N in Table 1) and donor cells were grown overnight, followed by centrifugation of 1 ml of each culture for 3 min at 7000 g. The cell pellet was washed twice in PBS as in the exogenous plasmid isolation protocol, after which the cells were resuspended in 100 μl of PBS. Around 50 μl of both recipient and donor suspensions were combined, centrifuged, washed once more before resuspension in 100 μl of PBS. The donor, recipient, and mating pair were then placed individually on agar plates and incubated for 24 h before a loop-full of each was taken and resuspended in 500 μl PBS. Each cell suspension was streaked individually on a plate with selection for the recipient, a plate with selection for the presence of the plasmid, and a plate selecting for both. Successful transconjugants should grow on both and were confirmed as in the exogenous plasmid isolation protocol described above.



Persistence Assays

Plasmid carrying strains were inoculated from glycerol stocks and incubated overnight in 5 ml of media with antibiotic selection (Table 1). Then, 4.9 μl of the cultures was transferred to 5 ml of fresh media without antibiotic selection and grown for 24 h, resulting in approximately 10 generations of growth; this procedure was repeated daily for a total of nine serial passages. Starting from the first passage and every following third day, the bacterial cultures were diluted and plated without selection to obtain distinct colonies, and then incubated overnight. The following day, 52 randomly selected colonies from the plate were replica plated onto agar supplemented with antibiotic selecting for the plasmid and onto agar with no supplements. These were incubated overnight, and the fraction of colonies growing on the selective plate to the total number of colonies grown on the non-selective plate was recorded. All assays were run with six replicates; however, for plasmids pALTS31 and pALTS33, the final time points were only represented by three replicates. When the assay indicated that a plasmid was fully persistent, verification of plasmid presence was carried out by plasmid extraction from three randomly selected colonies isolated at the end of the assay followed by an agarose gel electrophoresis as described above.



Genome Sequencing and Assembly

Plasmids were isolated using the Qiagen Plasmid Plus Midi Kit (Qiagen, Hilden, Germany). Quality and quantity of DNA were, respectively, assessed by agarose gel electrophoresis as described above and fluorometry using the Quant-iT™ PicoGreen™ dsDNA Assay Kit (Thermo Fisher Scientific) with the TBS-380 Mini-Fluorometer (Turner BioSystems; Molecular Devices, Sunnyvale, CA, United States). Plasmids were linearized before sequencing using an enzymatic or a mechanical approach. For the enzymatic approach, we digested 15 μl of DNA sample with 135 U of nuclease S1 in the buffer provided by the manufacturer (Promega, Madison, WI, United States), and incubated the mixture at 24°C for 1 h and 60°C for 5 min. Mechanical shearing was performed using a g-tube from Covaris and less than 4 μg was centrifuged at 2,000 g for 60 s (Covaris Inc., Woburn, Massachusetts, United States).

DNA library preparation and sequencing were performed by the IBEST Genomics Resources Core. Short-read libraries were prepared and sequenced using an Illumina MiSeq platform (Illumina, San Diego, CA, United States) with the 300 base pair (bp) Paired-End Sample Preparation Kits (Illumina, San Diego, CA, United States). Prior to analysis, the reads were pre-processed through the read-cleaning pipeline HTStream consisting of the following steps: (1) hts_SuperDeduper to remove duplicate read pairs (possibly resulting from multi-cycle PCR reactions carried out as part of library preparation); (2) hts_SeqScreener to remove reads,1 which are likely to have come from PhiX and to remove sequencing adapters; and (3) hts_QWindowTrim to clean reads from low-quality bases using a sliding window approach that removes low quality ends of the reads. We obtained 93,300–150,103 paired-end reads per plasmids with more than 70% of the base quality score above 20 (Q20).

Long-read sequences were obtained with the Oxford Nanopore Technologies sequencer MinION. Library preparations were carried out using the ligation-based kit (LSK-SQK108) according to the manufacturer’s protocol. Libraries were loaded onto MinION flow cell version 9.4 (FLO-MIN106) with the Flow Cell Priming Kit EXP-LLB001 and sequenced for about ~40 h using the MinION Mk1B. Base calling and demultiplexing was done using albacore 2.0.2, yielding a total of 265,910 reads with a median size of 27,827 (min = 104 bp; max = 61,341 bp) and for which 37.7% of the bases had a quality score (Q) above 20. Demultiplexed reads were error corrected using Canu v1.6, and used in the following analysis. De novo assembly was performed using Unicycler version 0.4.3 by combining the data from both the Illumina short reads (see above) and the error-corrected long reads using options “-l” (Wick et al., 2017).2 Assembly produced a complete circular plasmid sequence for all but the plasmid pALT28. The results presented in the supplemental material suggested that in addition to the pALTS28 sequence we assembled, other structural variants of the plasmid were coexisting in the cells. Nevertheless, we confirmed that the contiguity of some of the assembled segments of pALTS28 was correct by mining the long-read sequences and using a PCR approach (see Supplementary Information).



Annotation

Plasmids sequences were first compared to the nucleotide database of NCBI using BLASTn.3 Each of the plasmid nucleotide sequences showed some degree of similarity with previously sequenced and annotated plasmids from us or collaborators. These previously reported plasmid sequences were used for a first round of annotations by aligning each pair of plasmids and transferring the annotations of the genes that showed at least 98% nucleotide identity and coverage, and an intact open reading frame (ORF). This resulted in the annotation of most of the plasmid backbone genes and some genes in the accessory regions. We compared and completed the annotations of the plasmids by identifying the ORFs using Glimmer and comparing them against a homemade database composed of the RefSeq plasmid proteins using BLASTp, keeping only the annotations with again a 98% identity and coverage. Then remaining predicted ORFs not qualified by either method described above were transferred from the closely related plasmid but listed as hypothetical_proteins. Finally, IS elements were searched using ISFinder,4 ARG were identified and annotated using AMRFinder version 3.1.1b,5 and integrons were annotated by the team of INTEGRALL.6 Any remaining unidentified ORFs were labeled as hypothetical proteins unless the total length was less than 150 bp, in which case the ORF was removed. After removal based on length, for any set of ORFs that overlapped with one another, one of them was removed, keeping the ORF with the highest identity to a listed protein. Sequences were partially processed and analyzed using Geneious Prime (Geneious Prime® 2019.2.1). CLC sequence viewer of CLC Genomics Workbench 11.0 was used to generate plasmid mappings and the Artemis Comparison Tool (Carver et al., 2005) was used in generating plasmid alignments.7

The genome sequences of plasmids pATLS27, pALTS28, pALTS29, pALTS31, and pALTS33 are available in the nucleotide archives under the accession numbers MN366356-MN366361 and the gene list is available in the supplementary information (Supplementary Table S3).



Statistics

To test if the plasmid persistence of the strains were different at the end of the persistence assay, we used a linear mixed-effect model approach using the R package nlme (Pinheiro et al., 2020). Using such a model, we nested the random factor “replicate” to account for replicated measure into the fixed factor “strain” and analyzed the variance tables for the model. We then performed a post hoc analysis on the model using Tukey’s test, using the function glht() of the multcomp R package (Hothorn et al., 2008).




RESULTS


Capture of Antibiotic Resistance Plasmids From Biosolids

To identify the types of resistance plasmids that biosolids can successfully transfer to pathogenic or commensal bacteria, we used an exogenous plasmid isolation approach. In this biparental mating, the biosolids were the putative plasmid donors and the recipients a set of pathogenic bacterial species and a commensal E. coli (Table 1). Each mating mixture of biosolids and recipient was then plated to select for those recipients that acquired one or more new resistance traits using antibiotic disks. As the disks produced inhibition zones, where sensitive bacteria were unable to grow, any colony growing in these zones would indicate a recipient strain that acquired resistance to that antibiotic. Negative controls with either parental cell suspension ensured that the observed colonies were true transconjugants and not indigenous biosolids bacteria or plasmid-free recipients. The new AR phenotypes were confirmed by streaking the resulting colonies on agar plates containing both the antibiotic present in the respective disk, and the antibiotic to which the recipient was intrinsically resistant. The acquisition of a new plasmid was verified by the presence of additional plasmid band(s) on agarose gel electrophoresis when comparing plasmid-DNA extracts between the transconjugants and their respective recipient (Supplementary Figure S1). Finally, the identity of the recipient was confirmed by sequencing the 16S rRNA gene. A total of 16 plasmids were captured in S. typhimurium, K. aerogenes, and a non-pathogenic E. coli, while none were captured in Enterococcus faecalis, Shigella flexneri, Shigella sonnei, or Staphylococcus aureus. Of these 16 plasmids, six had a unique restriction digestion profile suggesting they were distinct (Supplementary Figure S1). One of the plasmids, pALTS27, was acquired by both S. typhimurium and E. coli. All six plasmids were transferred from the new hosts to a non-pathogenic E. coli in biparental matings, confirming the plasmids were self-transmissible.



Genomic Characterization of the Antibiotic Resistance Plasmids

Genomic characterization of the unique plasmids by whole genome sequencing and detailed in Figure 2 showed that five belonged to the IncP-1 group of BHR plasmids, more specifically the subgroups IncP-1β and IncP-1ɛ (Table 2). The sixth plasmid, pALTS28, belonged to the more recently defined family of BHR plasmids, PromA (Van der Auwera et al., 2009), and was the only plasmid captured in K. aerogenes. Plasmids pATLS27 and pALTS32 showed similarity to pMLUA1 (KC964605), pALTS28 to pMOL98 (FJ666348), pALTS29 to pB3 (AJ639924), pALTS31 to pMBUI8 (KC170279), and pALTS33 to pB1 (JX469829). The two IncP-1ɛ plasmids pALTS27 and pALTS32 only differed by one resistance gene, aadA5, present in a class 1 integron (Figures 3, 4). As shown in Table 2, each plasmid harbored 2–5 ARG known to encode resistance to tetracyclines, aminoglycosides, macrolides, sulfonamides, chloramphenicol, trimethoprim, or β-lactams. With five different ARG, conferring resistance to four different antibiotic classes, pALTS27 and pALTS29 carried the most ARG. The sizes of the plasmids ranged from 54 to 70 kb, and the GC content of the five IncP-1 plasmids were similar and lower than that of the PromA plasmid (Table 2). A diversity of multi-drug resistance BHR plasmids present in biosolids used as fertilizer were thus able to transfer to and replicate in human pathogens.
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FIGURE 2. Genomic maps of the pALTS plasmids. Genes are color-coded by functional/regional categorization. All annotations are referenced in Supplementary Table S1. [image: inline1] Replication, [image: inline1] Mating Pair Formation, [image: inline1] DNA Transfer, [image: inline1] Maintenance and Control, [image: inline1] Accessory, and [image: inline1] Unknown.




TABLE 2. Summary of captured plasmids and their antibiotic resistance genes (ARG).
[image: Table2]
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FIGURE 3. Comparative analysis of the pALTS plasmids with close representatives of their respective plasmid incompatibility group. Alignments of plasmids to representative plasmids in their group show high similarities in backbones. Red alignments represent forward alignment whereas blue alignments represent inverted alignment, and the color intensity is proportional to % similarity. Identity cutoff for visual representation was 80%. The plasmids pMLUA1 and pMOL98 are shown as close relatives of pALTS27/pALTS32 and pALTS28, respectively, while R751 and pTL50 (Shintani et al., 2020) are shown as the respective plasmid archetypes of the IncP-1β and IncP-1ɛ groups. [image: inline1] Replication, [image: inline1] Mating Pair Formation, [image: inline1] DNA Transfer, [image: inline1] Maintenance and Control, [image: inline1] Accessory, and [image: inline1] Unknown.
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FIGURE 4. Comparative analysis of the accessory regions of the pALTS plasmids showing key mobile genetic elements in blue, ARGs in red, and other CDSs in yellow. (A) Comparisons of accessory regions of pALTS27, pALST32, and pALTS29. The interrupted class 1 integron integrase gene is shown in green. (B) Comparison of pALTS28 accessory region with its best BLASTn hit (www.ncbi.com), a mobile genetic element of the plasmid pMOS94 (accession: MK671725.1). (C) Comparison of accessory regions of pALTS31 and pALTS33, including details of the duplicated IS6100 in pATS33 showing the inverted conformation of the duplication and the target site duplication (TSD); b’ is the inverted TSD of b. Terminal inverted repeat (TIR) are shown by purple arrows and TSD by a black arrow. Comparative analysis was visualized using Easyfig 2.2.2 (Sullivan et al., 2011) using a predicted protein similarity threshold above 70%. *In1810 carried two putative ARG cassettes dfr40 and ereA4b not identified by AMRfinder. Those two predicted proteins were 100% identical to a trimethoprim-resistant dihydrofolate reductase DfrA and an EreA family erythromycin (E) esterase in the non-redundant protein database from NCBI.




Comparative Analysis of the Plasmids

There was a high degree of similarity across all the plasmids within the IncP-1 subgroups (see Figure 3). The most extreme example was pALTS27 and pALTS32, which were identical except for a single accessory gene on pALTS32 corresponding to the aadA5 integron gene cassette of the class 1 integron array. The plasmid pALTS27 was identical to a previously described plasmid, pMLUA1 except for a single nucleotide deletion and a single nucleotide polymorphism, which could be a result of sequencing error. Plasmid pMLUA1 is an IncP-1ɛ plasmid that was previously isolated from estuarine water in Portugal (Oliveira et al., 2013).

All plasmids carried multiple transposable elements and the five IncP-1 plasmids carried at least one class 1 integron in their accessory region (Figure 4). Class 1 integrons are bacterial genetic elements capable of capturing and expressing genes embedded within cassettes. They play a major role in the global dissemination of AR by transporting and expressing ARG at the global scale (Gillings et al., 2008; Stalder et al., 2012). Here, all the class 1 integrons had the 3'-conserved sequence qacEdelta1-sul1-orf5 (note that orf5 is annotated as n-acetyltransferase of unknown function). The two very similar IncP-1ɛ plasmids pALTS27 and pALTS32 and the IncP-1β plasmid pALTS29 shared the same class 1 integron integrase gene that was disrupted by the insertion of a composite transposon (IS26), which carried two genes conferring MLS resistance (Figure 4A). Other than this, the cassette arrays on these three plasmids were different. Since IS26 does not transpose into specific target sites, the integration of the composite transposon in the integron integrase probably predated the gene cassette rearrangement, and the recombination event would have happened by a trans-acting integrase.

Plasmid pALTS33 was set apart from the others by an atypically large inversion encompassing both an accessory gene region and part of one of the two DNA transfer regions (Figure 3). The inversion was flanked by two identical copies of IS6100 and IS of the IS6/IS26 family present in an inverted orientation (Figure 4C). These duplicated IS6/IS26 family elements shared a target site duplication (TSD) that was also in an inverted orientation (Figure 4C). This conformation indicates that the large inversion was the product of an intramolecular transposition of the IS element. Indeed, when the 3'-OH groups resulting from the cleavage at both terminal inverted repeat (TIR) of the IS attack the target site on the opposite strand of the same molecule, the target site and the DNA bracketed by the original IS and the new copy become inverted (He et al., 2016).

Plasmid pALTS28 was categorized as a PromA-β plasmid. Even though there are only a few other PromA plasmid sequences to compare to, the similarity between its presumed backbone and that of pMOL98 was quite high (Figure 3). Unlike pMOL98, which was a cryptic plasmid without native resistance genes (Van der Auwera et al., 2009), pALTS28 contained the Tn5393 element of 5,470-bp carrying the genes aph(3'')Ib and aph(6)-Id, encoding resistance to sm. Interestingly, these two resistance genes and the left TIR of Tn5393 were duplicated further upstream in the plasmid (Figure 4B). This duplication of the left TIR and the single right TIR bracketed a 18,531-bp fragment that has the potential to transpose and is composed of 12 additional ORFs, including the resistance genes sul2, tet(X), mph(E), and msr(E). A TSD typically frames transposons and is the product of the transposition event. Screening for such a site identified a direct repeat of four bases (TATT) framing this large 18,531-bp version of the transposon, but no direct repeat framing the Tn5393 could be detected. These results suggest that the larger version of the transposon transposed into pALTS28, resulting in the acquisition of multiple ARG. As far as, we know pALTS28 is the first plasmid in the PromA group reported to confer AR.



Plasmid Persistence

To investigate whether the plasmids were able to persist in their new hosts in the absence of antibiotic selection once established, we measured the fraction of bacteria retaining the plasmids when the populations were grown without antibiotics for 9 days (Figure 5). All the plasmids were found to persist in their new hosts to various degrees, and four of the six were still present in over 50% of their population after 9 days (corresponding to about 90 generations). Interestingly, we observed a large variation in persistence, with plasmids pALTS28 and pALTS33 showing 100% persistence and pALTS29 only roughly 20%. Since plasmid presence is inferred by resistance to an antibiotic encoded by one of the plasmid resistance genes, integration of that gene or the entire plasmid into the chromosome cannot be excluded. Therefore, we verified and confirmed the physical presence of both plasmids in the resistant cells at the end of the assay for both K. aerogenes (pALTS28) and S. typhimurium (pALTS33; Supplementary Figure S3). This confirmed that the plasmids were still present, but pALTS28 showed a different plasmid band migration pattern with multiple bands higher in the agarose gel after electrophoresis (Supplementary Figure S3). This suggests that the plasmid conformation was altered, making it impossible to conclude that the wild-type pALTS28 is truly highly persistent and not a derivative of this plasmid. It is noteworthy but not surprising that pALTS27 displayed different persistence in two different hosts after 9 days of growth without selection, with much higher persistence in E. coli than in S. typhimurium (orange triangle and diamond in Figure 5, p < 0.01).

[image: Figure 5]

FIGURE 5. The plasmids were able to persist in their new host over 9 days without selection. Species are coded by shape, and plasmids by color. The proportion of plasmid-carrying cells reported is the median of six replicate cultures. On day 9, the data for E. coli (pALTS31) and S. typhimurium (pALTS33) only represent triplicates. [image: inline1] Klebsiella aerogenes (pALTS28), [image: inline1] E. coli (pALTS27), [image: inline1] E. coli (pALTS31), [image: inline1] E. coli (pALTS32), [image: inline1] S. typhimurium (pALTS27), [image: inline1] S. typhimurium (pALTS29), and [image: inline1] S. typhimurium (pALTS33).





DISCUSSION

The spread of AR is a threat to global health. Horizontal gene transfer facilitates the transit of ARG not only within microbiomes but also between microbiomes of different habitats, to eventually end up in human pathogens and commensals. Defining the mobile pool of ARG, called the mobile resistome, has become critical to understanding these routes of spread of AR on a global scale (Gaze et al., 2013; Blau et al., 2018; Lanza et al., 2018; Stalder et al., 2019).

The exogenous plasmid isolation approach is a valuable tool to capture plasmids that mediate resistance in various environments (Smalla et al., 2015). It was first developed to capture mercury resistance plasmids from the biofilms on river rock (Bale et al., 1987). It removes the need to culture the original plasmid host, many of which may be difficult to grow in the laboratory (Staley and Konopka, 1985). Its main advantage compared to most current metagenomic approaches is that it identifies those plasmids that can actively transfer from indigenous bacteria by conjugation. Indeed, captured AR plasmids represent the mobile ARG that are in viable bacterial populations, in contrast to a metagenomics approach, which may also detect DNA from non-viable or lysed cells, or non-conjugative plasmids. Moreover, having the captured resistance plasmids in a known bacterial strain separated from other putative co-residing plasmids, allows a more detailed plasmid characterization such as the phenotypes they encode and their persistence and transferability. In this study, we used exogenous plasmid isolation to identify those AR genes in biosolids that are readily available to human commensals and pathogens by horizontal gene transfer. Specifically, we used a set of clinically relevant hosts belonging to the ESKAPE pathogens (Rice, 2008) as recipients and adapted the method by using an antibiotic disk assay, which facilitates a higher-throughput screening of multiple AR traits, including resistance to so-called last-resort antibiotics of clinical importance such as carbapenems and colistin. This adapted version of the exogenous plasmid isolation method allowed us to determine the mobile resistome in biosolids.

We focused on biosolids used as agricultural fertilizers as they are an important byproduct of wastewater treatment that could spread AR from human origin to the environment, and eventually back to human settings, for example, via the food chain or water (Pruden, 2014; Murray et al., 2019). We specifically tested class B biosolids. Class A and B biosolids differ by the amount of fecal coliform and pathogens that can be detected after various treatments, with the requirement for class A being more stringent than for class B, resulting in different handling regulations. While these regulations may be sufficient to reduce the hazards linked to direct contact with biosolids, they have not considered the potential impact on AR spread. In that regard, fertilization with class A biosolids was shown to present a lower risk of ARG dissemination from human origin to agricultural soils than class B (Murray et al., 2019). In our study, biosolids were obtained after anaerobic digestion, a process previously found to diminish the amounts of some ARG and class 1 integrons detected in metagenomic DNA extracts (Ghosh et al., 2009; Burch et al., 2014, 2017). Despite this, we showed that some ARG and genetic elements remaining in the biosolids microbiome are on plasmids that can transfer directly to pathogens. Fortunately, we did not capture plasmid-mediated resistance to any of the last-resort antibiotics. Nevertheless, we cannot rule out their presence as they could have been carried on other plasmids that were unable to transfer to or replicate in our recipients under our laboratory conditions. Overall, the presence of a mobile resistome in class B biosolids should be considered when these biosolids are used as fertilizers on agricultural soils.

Plasmids in WWTPs typically represent many different incompatibility groups (Schlüter et al., 2008; Rahube et al., 2014b) including those of the IncP-1 group (Schlüter et al., 2007; Bahl et al., 2009). Here too, five of the six plasmids, we captured from biosolids belonged to the IncP-1 group. The three IncP-1β plasmids showed high similarity to the previously described IncP-1β plasmids pB3, pMBUI8, and pRSB222 (Heuer et al., 2004; Brown et al., 2013; Sen et al., 2013), of which two were isolated from WWTPs, (Heuer et al., 2004; Sen et al., 2013) and one from a creek in Idaho receiving agricultural runoff (Brown et al., 2013). The two other plasmids were IncP-1ɛ plasmids that were almost identical to pMLUA1 isolated from estuarine water in Portugal (Oliveira et al., 2013), a location quite far away from Idaho. Given that mutations are not uncommon in large bacterial populations and that the accessory regions of these plasmids contained multiple transposable elements, we would expect some degree of genetic variation between plasmids isolated in different parts of the world (Yi et al., 2010). Similarly, (Petersen et al., 2019) found 100% identical plasmids among multiple distinct genera of Rhodobacteriaceae isolated around the world. Such a high degree of conservation around the globe among plasmids may not be new but implies some mechanisms of conservation that should be investigated. One possible explanation is the recently defined “segregational drift,” extending the time to fixation for mutations on multi-copy plasmids relative to chromosomal mutations (Ilhan et al., 2019). Our data emphasize that the resistance plasmids remaining in class B biosolids applied on agricultural lands are very similar to the ones found before treatment in the WWTP and downstream environments. Future studies should determine which bacteria are carrying these plasmids and whether plasmids transfer between hosts during the wastewater treatment and sewage sludge treatment process.

Both the IncP-1 and PromA incompatibility groups are BHR groups, but in contrast to IncP-1 plasmids very few PromA plasmids have been identified so far (Ito and Iizuka, 1971; van Elsas et al., 1998; Schneiker et al., 2001; Tauch et al., 2002; Gstalder et al., 2003; Mela et al., 2008; Van der Auwera et al., 2009; Li et al., 2014; Dias et al., 2018; Yanagiya et al., 2018; Werner et al., 2020). PromA plasmids are known for their BHR and their ability to (retro)-mobilize other less or non-transmissible plasmids within the bacterial community (van Elsas et al., 1998). Mobilizing plasmids further increase the flow of plasmid-borne AR in bacterial communities (Heuer and Smalla, 2012). The previously identified PromA plasmids were isolated from various soils, crop-related environments, manure, and wastewater, but none of them carried ARG. Conferring resistance to antibiotics is thus a new feature found on PromA plasmids, which up to now were either cryptic, or involved in metal resistance or herbicide degradation. Our data support the idea that BHR plasmids are important drivers of the mobilization of the resistome in wastewater environments and showed that they can find their way to human pathogens.

The six BHR plasmids that were captured in human commensal or pathogenic bacteria were moderately to very persistent in these hosts in the absence of antibiotics. This is disconcerting as it means these plasmids could persist for long periods of time in pathogens or commensals. The rather high but variable persistence of these plasmids in their new hosts is in line with previous reports on IncP-1 plasmids (Thomas and Helinski, 1989; De Gelder et al., 2007). The lack of any detectable plasmid loss over 90 generations for two of the plasmid-pathogen pairs is also consistent with these previous studies, yet it contrasts with the paradigm that because plasmids are often costly they should be lost from populations without selection (Harrison and Brockhurst, 2012; San Millan and MacLean, 2017). However, some IncP-1 plasmids encode post-segregational killing systems that inhibit growth of plasmid-free segregants (Easter et al., 1997). Moreover, most of the IncP-1 plasmid backbone genes are silent, thus minimizing the plasmid’s cost to the host past the first transcriptional outburst after acquisition (Fernandez-Lopez et al., 2014). Despite showing such “well-adapted behavior,” IncP-1 plasmids do not typically carry the resistances found in clinical settings and are not often found in human pathogens but have been mostly isolated from environmental and farm settings (Popowska and Krawczyk-Balska, 2013). However, they were recently found to be involved in the proliferation of the ARG mcr-1 causing resistance to the last-resort antibiotic colistin (Zhao et al., 2017).

In conclusion, the transfer of the resistome of biosolids to human pathogens and commensals was mediated by BHR plasmids known to cross species barriers. Given the frequent use of these biosolids as fertilizer, their ability to actively transfer resistance genes to pathogens by means of these BHR plasmids is of concern. Since some of these plasmids can also be maintained without selection in human pathogens, their role in the spread of AR from environment to clinic needs to be further investigated.
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Conjugal transfer is a major driving force of genetic exchange in eubacteria, and the system in IncP1-type broad-host-range plasmids transfers DNA even to eukaryotes and archaea in a process known as trans-kingdom conjugation (TKC). Although conjugation factors encoded on plasmids have been extensively analyzed, those on the donor chromosome have not. To identify the potential conjugation factor(s), a genome-wide survey on a comprehensive collection of Escherichia coli gene knockout mutants (Keio collection) as donors to Saccharomyces cerevisiae recipients was performed using a conjugal transfer system mediated by the type IV secretion system (T4SS) of the IncP1α plasmid. Out of 3,884 mutants, three mutants (ΔfrmR, ΔsufA, and ΔiscA) were isolated, which showed an increase by one order of magnitude in both E. coli–E. coli and E. coli–yeast conjugations without an increase in the mRNA accumulation level for the conjugation related genes examined. The double-knockout mutants for these genes (ΔfrmRΔsufA and ΔiscAΔfrmR) did not show synergistic effects on the conjugation efficiency, suggesting that these factors affect a common step in the conjugation machinery. The three mutants demonstrated increased conjugation efficiency in IncP1β-type but not in IncN- and IncW-type broad-host-range plasmid transfers, and the homologous gene knockout mutants against the three genes in Agrobacterium tumefaciens also showed increased TKC efficiency. These results suggest the existence of a specific regulatory system in IncP1 plasmids that enables the control of conjugation efficiency in different hosts, which could be utilized for the development of donor strains as gene introduction tools into bacteria, eukaryotes, and archaea.

Keywords: genome-wide screening, IncP1-type plasmid, trans-kingdom conjugation, type IV secretion system, horizontal gene transfer


INTRODUCTION

The conjugal transfer mechanism is a major driving force of genetic exchange between bacteria. Besides that, this mechanism can also occur from bacteria to either eukaryotes or archaea, known as TKC (Dodsworth et al., 2010; Moriguchi et al., 2013a; Garushyants et al., 2015; Lacroix and Citovsky, 2016). TKC is a type of horizontal gene transfer (HGT), which differs from vertical gene transfer (VGT), and promotes the transfer of genetic materials between non-related species. Within a prokaryotic population, HGT occurs ubiquitously and permits fast dissemination of new genes, which is essential for species adaptation and survival. This mechanism has been acknowledged as a driving force for the evolution of bacterial species (Richard et al., 2017; Ward et al., 2018).

Conjugation is a mechanism which involves the transfer of genetic material from donor to recipient cells due to the expression and regulation of their responsible genes harbored within the conjugative plasmid [e.g., IncP1 (Pansegrau et al., 1994; Haase et al., 1995), IncN (Winans and Walker, 1985; Yeo et al., 2003), and IncW (Fernández-López et al., 2006) plasmids] in the donor cells. In comparison to other incompatibility group plasmids including IncN and IncW plasmids, the IncP1-type plasmid has been suggested to have a broader host range, as it carries genomic signatures, which are predicted to be derived from various host origins (Suzuki et al., 2010). This IncP1-type plasmid has the ability to be transferred and replicated in hosts belonging to at least three proteobacteria subclasses: Alphaproteobacteria (Schmidhauser and Helinski, 1985; Yano et al., 2013), Betaproteobacteria (Kamachi et al., 2006; Suzuki et al., 2010), and Gammaproteobacteria (Schmidhauser and Helinski, 1985; Adamczyk and Jagura-Burdzy, 2003; Suzuki et al., 2010; Norberg et al., 2011). The ability of this IncP1-type plasmid to be adapted to, and replicated in different hosts confer its potential as gene introduction tool.

In a previous study, the IncP1-type conjugation system was reported to give a detectable DNA transfer to yeast, in addition to proteobacteria (Hayman and Bolen, 1993). IncF1 and IncI1 conjugation systems showed undetectable DNA transfer to yeast, although comparable DNA transfer to proteobacteria as IncP1-type system was observed (Bates et al., 1998). This broader transferability of the IncP1-type plasmid, such as to yeast, employed the usage of this plasmid as a gene introduction tool. Generally, to make convenient to use as the tool, a native self-transmissible plasmid (e.g., RP4 plasmid) is separated into two parts, a helper plasmid and a shuttle vector. The helper plasmid provides genes for the biosynthesis of the conjugative pilus and production of stable mating aggregates (IncP1-T4SS) for the transfer, and genes for mobilization. On the other hand, the shuttle vector comprises of origin of transfer (oriT) derived from the IncP1 plasmid and genes for the plasmid maintenance and propagation within the donor and recipient during the conjugation process. Besides the IncP1-type shuttle vectors, an IncQ-type mobilizable plasmid is alternatively used as a backbone of the shuttle vector, as it is also transferred to the recipient cells, facilitated by helper plasmids derived from IncP1α (Moriguchi et al., 2013b) or IncP1β (Willetts and Crowther, 1981; Moriguchi et al., 2016) subfamilies such as RP4 and R751 plasmids, respectively. This shuttle vector-and-helper system has been used by researchers as gene introduction tool from proteobacteria to various recipient organisms, such as, yeast (Moriguchi et al., 2013a,b; Soltysiak et al., 2019), archaea (Dodsworth et al., 2010), diatoms (Karas et al., 2015), and plant (Regnard et al., 2010).

Recently, publications related to the identification of chromosomal gene(s) within the donor cells that is responsible in promoting HGT of the RP4 plasmid upon the abiotic stress exposures (e.g., antibiotics or heavy metals exposures) have been reported. These studies performed genome-wide expression analysis of the chromosomal genes by using transcriptome analysis in relation to the expression of the selected conjugal-transfer genes in RP4 plasmid and/or genes that are probably responsible for the physiological changes of the donor cell, consequently affecting the HGT (e.g., SOS or/and Reactive Oxygen Species-related genes) (Shun-Mei et al., 2018; Zhang et al., 2019). However, in these studies, the screening approach is based on the expression analysis of the various genes within the stress-exposed donor cells which possibly influence the conjugation mechanism, and no functionality test was performed on the isolated candidate gene(s) for further validation. Thus, it is still not clear whether the genes expressed higher or less are correlated directly to the conjugation mechanism or not.

In our study, we identified and characterized the genetic features of the factor(s) within the E. coli genome that may influence the conjugative transfer mediated by IncP1α-type plasmids from an E. coli single-knockout mutant donor library. We focused on the “up”-mutants that have the ability to accelerate conjugative transfer to both prokaryotes and eukaryotes as they could be potent donor strains applicable to gene introduction tools. The isolated mutants were characterized by examining the possible correlation with the expression of the conjugation-related genes in the IncP1α plasmid. In addition, the generality of the improved characteristics by up-mutants was further characterized by assessing the conjugation efficiency of other broad-host-range plasmids, such as IncP1β, IncN, and IncW, as well as homologous gene mutants in another class of proteobacteria, Agrobacterium tumefaciens (Alphaproteobacteria).



MATERIALS AND METHODS


Bacterial Strains, Yeast, and Growth Media

The bacterial strains and yeast used in this study are listed in Table 1. A complete set of E. coli non-essential gene deletion clones (Keio collection) was provided by the National BioResource Project (NBRP) of the Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan. All E. coli strains and A. tumefaciens were commonly cultured in LB Lennox medium at 37 and 28°C, respectively. In addition, S. cerevisiae was cultured in yeast-extract/peptone/dextrose (YPD) medium. Synthetic defined (SD) medium containing appropriate individual amino acids (leucine, 0.03 mg/mL; histidine, 0.02 mg/mL; and lysine, 0.03 mg/mL) was used as the selection media (SC–Ura) for yeast transconjugants at 28°C. Solid LB Lennox medium was prepared by the addition of 1.5% agar, and solid YPD and SC–Ura media were prepared by the addition of 2% agar. All components used in making these media, except polypeptone, were purchased from Becton, Dickinson, and Company (Franklin Lakes, NJ, United States) and supplied by Wako Pure Chemical Ind., Ltd. (Osaka, Japan). Appropriate antibiotics were added to the media at the following concentrations, which corresponded to the selection of bacteria and plasmids: ampicillin (Ap), 50 μg/mL; chloramphenicol (Cm), 30 μg/mL; gentamicin (Gm), 30 μg/mL; kanamycin (Km), 50 μg/mL; rifampicin (Rf), 30 μg/mL; streptomycin (Sm), 50 μg/mL; tetracycline (Tc), 7.5 μg/mL; and meropenem (Me), 10 μg/mL.


TABLE 1. Strains used in this study.
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Construction of TKC E. coli Donor Library From Single-Knockout Keio Collection

The TKC E. coli donor library was constructed by introducing a helper plasmid, pRH220 (Nishikawa and Yoshida, 1998), and a TKC vector, pRS316:oriTP (Moriguchi et al., 2013b), into the E. coli comprehensive gene knockout (KO) mutant collection [Keio collection (Baba et al., 2006)]. Both helper and vector plasmids were introduced into each KO mutant by conjugation as described in our previous report (Moriguchi et al., 2020). The conjugation reaction was performed under liquid conditions, followed by the selection of conjugants by inoculation to fresh selection LB Lennox medium containing Ap, Cm, and Km by 100-fold dilution at a 100 μL culture scale. The KO mutant lines that were successfully introduced with both helper and TKC vector were stored at −70°C as glycerol stocks. For the slow-growth mutant lines, which were anticipated to come from either slow growth, low conjugation efficiency, or antibiotic-susceptible phenotypes, the culture scale was increased up to 300 μL. The cultures were concentrated threefold before being stored as glycerol stocks. For the extremely slow-growth mutant lines, the conjugation reaction mixtures were directly spread onto solid selection plates and were incubated for up to 48 h at either 30°C or 37°C. Several colonies for each mutant were isolated and resuspended into the selection media, and then stored as glycerol stocks. In total, 3,884 mutant donor lines were constructed.



Donor and Recipient Cell Cultures

The details of the genotypes for both donor and recipient cells as well as plasmids used in this study are described in Tables 1, 2, respectively. For the genome-wide screening analysis, donor E. coli Keio mutants and control BW25113 (pBBR122ΔCmR) (IncP1α-pRH220, pRS316:oriTP) were inoculated from 96-well frozen stock plates using a 96-pinner tool and cultured in 100 μL medium supplemented with Ap, Cm, and Km in 96-well flat-bottom plates at 37°C for 15 to 18 h. For double-KO conjugation efficiency assessment, BW25113 single- and double-KO mutants and control (IncP1α-pRH220, pRS316:oriTP) were cultured in media supplemented with Ap and Cm. Details for the construction of E. coli double-knockout mutant strains are described in Supplementary Materials and Methods.


TABLE 2. Plasmids used in this study.

[image: Table 2]Donor E. coli BW25113 ΔsufA, ΔiscA, or ΔfrmR and control (IncW-pSa or IncN-R46) were cultured in media supplemented with Gm or Ap, respectively. Donor E. coli BW25113 ΔsufA, ΔiscA, or ΔfrmR and control (IncP1β-pDPT51, pAY205) were cultured in media supplemented with Ap and Tc.

For the conjugation efficiency assessment in Agrobacterium, donor A. tumefaciens C58C1; ΔATU_RS04380, ΔATU_RS08905, or ΔATU_RS08390 (RP4, pYN402) corresponding to frmR as well as sufA and iscA in E. coli, respectively, were cultured in media supplemented with Gm, Km, and Rf at 28°C for 16 to 18 h. C58C1 was used as a control. Details for the construction of these strains are described in Supplementary Materials and Methods.

The recipient cells of the S. cerevisiae BY4742 strain or the E. coli SY327 strain were cultured in media supplemented without or with Rf, respectively, in 5 mL glass tubes for 18 to 22 h at 28°C or 16 to 18 h at 37°C, respectively, following the inoculation from the pre-cultured plates. Both donor and recipient cultures were pre-cultured with agitation to allow aeration.



Trans-Kingdom Conjugation

Two screening strategies were performed in order to isolate the up-mutant candidates. The first screening was performed using rich medium (Supplementary Figure 1A), followed by the exclusion of antibiotic and nutrient reaction in the second screening (Supplementary Figure 2A) to create stringent conditions for transconjugant selection during the mating reaction. Fifty microliters of each donor overnight culture and 50 μL of yeast recipient suspension containing (2.0 × 106 cfu/50 μL) were mixed in the first screening and was substituted from the cultured medium to TNB (80 mM Tris-HCl [pH 7.5], and 0.05% NaCl) in the second screening. Both donor and recipient were mixed and incubated at 28°C for 1 h, followed by the selection of transconjugants by spotting 15 μL of the conjugation reaction on SC–Ura supplemented with Tc. The culture plate was incubated for 48 to 72 h at 28°C. The TKC conjugation efficiency was calculated as the log2 value (number of transconjugants per median number of transconjugants of the control strain). The turbidity of the donor cells was measured using a microtiter-plate reader MTP-310 (Corona, Ibaraki, JAPAN).

For the standard TKC reaction, the suspension of donor E. coli strains in LB Lennox medium or A. tumefaciens C58C1 and recipient yeast in TNB containing 1.8 × 107 or 5.0 × 107 and 4.0 × 106 cfu/300 μL of donors and recipient, respectively, were mixed. The donor overnight cultures of low living-cell ratio for E. coli double- and single-KO mutants (ΔfrmA and ΔfrmB) were concentrated to four-times their original concentration to adjust the number of living cells to an input cell number that was comparable to that of the wild-type control. The conjugation reaction was performed for up to 6 h for the assessment of IncP1α conjugation by the E. coli up-mutants. The conjugation reactions for the other TKC experiments were performed for 1 h. For the A. tumefaciens with yeast reaction, the scale of the reaction was increased to sevenfold to detect the transconjugant. TKC efficiency was determined based on the recovery of uracil prototrophic transconjugants supplemented with Tc or Me to inhibit the growth of donor E. coli and A. tumefaciens, respectively, calculated as the log10 value (number of transconjugants per recipient cell), and compared with the control.



Bacterial Conjugation

We used a protocol identical to the one used for the TKC, where 300 μL of donor and SY327 recipient suspensions in LB Lennox medium were used during the conjugation reaction of up to 6 h co-cultivation for IncP1α conjugation assessment. The conjugation reaction for the other bacterial conjugation assessments was performed for 1 h. The conjugation reaction containing 1.8 × 107 and 7.14 × 107 cfu/300 μL of donor and recipient, respectively, was mixed. The transconjugants were selected on LB Lennox solid medium supplemented with Rf and the appropriate antibiotics for the selection of the transferred plasmid. Conjugation efficiency was calculated as the log10 value (number of transconjugants per recipient cell).



Formaldehyde Treatment Assay

Prior to treating the donor cultures of ΔfrmR and the control with formaldehyde, the overnight cultures of both donor and E. coli recipient were transferred into fresh LB Lennox medium (1:10 dilution) containing the appropriate antibiotics and then incubated at 37°C for 2 h with agitation. Then, 250 μM of formaldehyde was added to the donor cultures, and the incubation was continued for a further 2 h. For the non-treated controls, nothing was added to the donor cultures. After the incubation, donor (treated or non-treated with formaldehyde) and recipient cultures were subjected to conjugation using the procedure described in the bacterial conjugation methodology section (above).



RNA Isolation and Quantitative RT-PCR

For the preparation of RNA, identical cultural conditions for E. coli donor cells as for the conjugation experiments were used. RNA was isolated using a NucleoSpin® RNA kit, purchased from Macherey-Nagel GmbH & Co. KG (Dueren, Germany). For DNA removal and cDNA conversion, 2 μg of the total RNA was used as a template according to the manufacturer’s instructions using a PrimeScriptTM RT reagent kit with gDNA Eraser purchased from TaKaRa Bio Inc. (Shiga, Japan). The cDNA was subjected to RT-qPCR on a LightCycler® 96 Instrument purchased from Roche Diagnostics Corporation (Indianapolis, IN, United States) using FastStart Essential DNA Green Master (Roche, Indianapolis, IN, United States). The expression levels of the target genes were normalized to the expression of the internal reference genes, cysG and rrsA (Zhou et al., 2011). All primers used in this experiment are listed in Supplementary Table 1.



Statistical Analysis

Data were expressed as the mean ± standard error of the mean (SEM) of at least three independent biological experiments. The differences between groups were analyzed using Student’s t-test when two groups were compared by two-tailed, and one-way ANOVA (Tukey HSD analysis) for multiple group comparison. Analyses were performed using SPSS IBM Software for Windows, Version 17.0 (SPSS Inc., Chicago, IL, United States). Tests were considered statistically significant when p < 0.05, p < 0.01, or p < 0.001.



RESULTS


Identification of High-TKC-Transfer E. coli Mutants by Genome-Wide Screening

In order to identify the mutants with high TKC ability, genome-wide screenings of donor E. coli single-KO gene mutations of Keio collection on plasmid transfer to yeast recipients were performed. Mutants that showed a log2 substituted relative TKC value equal to or greater than three (eightfold compared to parental strain) during the first screening were isolated prior to the second screening step. During this screening, the relative TKC efficiency of the mutant strains was normalized based on two different median value of parental control strains (median value of all control strains used in this screening, and median value of seven control strains in every experiment consisting of approximately 160 mutant strains) (Supplementary Figures 1B,C, respectively). Data of TKC efficiency in mutant strains using both normalizations were then integrated in order to avoid the exclusion of the possible up-mutant strains in every independent experiment. Mutant strains with log2 value equal to or greater than three in both or either of these two normalization methods were selected for the second screening. In total, 233 out of 3,884 mutants were isolated.

After performing the second screening (Supplementary Figure 2B), we selected the top three mutants out of the 233: ΔfrmR, ΔsufA, and ΔiscA, which stably showed high TKC efficiency compared to the parental strain within triplicate experiments (sum log2 value ≥ 2.48). The frmR gene encodes FrmR transcriptional repressor protein on formaldehyde-sensing (frm) operon (Higgins and Giedroc, 2014; Denby et al., 2016), while the sufA and iscA genes encode the proteins within the iron–sulfur cluster assembly machinery (Lu et al., 2008).



The Abilities of Both E. coli–E. coli and E. coli–Yeast Conjugations Were Improved in the Three Up-Mutants

The increases in TKC efficiency by ΔfrmR, ΔsufA, and ΔiscA mutant donors compared to the parental strain were confirmed at different co-cultivation times (Figure 1A). At 1 h reaction, at least 17-fold increases in conjugation efficiency were observed in these mutants compared to the parental strain (Figure 1A). At 6 h reaction, at least ninefold increases in TKC efficiency were observed in these mutants compared to the parental strain.
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FIGURE 1. Effect of frmR, sufA, and iscA mutations in Escherichia coli on IncP1α conjugations. (A) TKC efficiency of IncP1α transfer from E. coli to yeast within four experimental replicates (n = 4). (B) Conjugation efficiency of IncP1α transfer from E. coli to E. coli within seven experimental replicates (n = 7). Both conjugation reactions were performed for 1 h (white bar) and 6 h (black bar). Data are presented as mean ± standard error of the mean (SEM). Different letters indicate significant differences between mutants and wild-type control at p < 0.05 using Tukey HSD multiple comparison analysis. BY4742 and SY327 were used as the recipients. BW25113 parental strain was used as the control.


In order to assess the effect of these mutations on the efficiency of bacterial conjugation, the corresponding conjugation reaction was performed with E. coli SY327 recipient cells. At 1 h co-cultivation, at least ninefold increases in conjugation efficiency were observed in these mutants compared to the parental strain (Figure 1B). At 6 h co-cultivation, at least fourfold increases in conjugation efficiency were observed in these mutants compared to the parental strain (Figure 1B). On the basis of these results, we conclude that these three up-mutants (ΔfrmR, ΔsufA, and ΔiscA) increased E. coli–yeast TKC as well as E. coli–E. coli conjugation. The E. coli–yeast and E. coli–E. coli conjugation efficiencies of IncP1α between the up-mutants and the parental strain consistently showed significant difference at both 1 and 6 h co-cultivation (Figure 1). Thus, we integrated the conjugation reaction at 1 h co-cultivation after these experiments.

To confirm the repressing effect by the frmR, sufA, and iscA on the TKC of IncP1α plasmid, complementation analysis was performed by integrating the wild-type genes into the ΔfrmR, ΔsufA, and ΔiscA donor mutant strains, respectively (Supplementary Figure 3). As a result, the repressing effect on TKC was restored within the complemented donor strains.



Deficiency of frmR, sufA, and iscA Genes Can Affect Independently, but Not Synergistically to Activate IncP1α Plasmid Transfer

In order to assess the correlation between KO gene interaction and conjugation efficiency, double-KO mutant strains were constructed by introducing the second gene mutation, located within the same or different operons.

frmR, within the frm operon of E. coli K-12 derivatives, encodes a transcriptional repressor protein, FrmR (as a negative regulator), that specifically inactivates the expression of this operon in the absence of formaldehyde (Higgins and Giedroc, 2014; Denby et al., 2016; Osman et al., 2016). In the presence of formaldehyde, the expression of this operon is activated when the formaldehyde binds to the FrmR repressor, allowing induction of formaldehyde detoxification machinery catalyzed by FrmA and FrmB proteins, which are encoded by the downstream genes frmA and frmB, respectively (Denby et al., 2016; Osman et al., 2016). In this experiment, we hypothesized that the FrmR protein might be related to the increase in conjugation efficiency, due to its absence or inactivation, as the result of a deletion mutation or the binding of formaldehyde, respectively. In order to determine the effect of formaldehyde-dependent inactivation of FrmR repressor on the conjugation efficiency, both parental and ΔfrmR donor strains were treated or non-treated with formaldehyde prior to the conjugation reaction. The effect on the conjugation efficiency of these treated strains were then compared with the non-treated strains. Based on the results obtained, an effect on conjugation efficiency of the parental strain with native frmR upon the addition of formaldehyde can be observed (about fourfold increase compared to the non-treated parental strain). In addition, no significant difference in conjugation efficiency between treated and non-treated ΔfrmR with formaldehyde, although a significant increase in conjugation efficiency was observed (sevenfold) in comparison to the non-treated parental strain (Figure 2A). The result supported our hypothesis.
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FIGURE 2. Confirmation analysis of the high conjugation efficiency in frmR, sufA, and iscA mutants. (A) Effect of formaldehyde (250 μM) on the conjugation efficiency of IncP1α plasmid transfer by ΔfrmR mutants and wild-type control to E. coli recipient within five experimental replicates (n = 5). (B) TKC efficiency of IncP1α transfer by genes-deficient E. coli donor, belonging to the same operon (frm operon) within five experimental replicates (n = 5). (C) TKC efficiency of IncP1α transfer by genes-deficient E. coli donor, belonging to the different operons. This experiment was performed within 12 experimental replicates (n = 12) for single-KO mutants and wild-type control, while five experimental replicates were performed for double-KO mutants (n = 5). (B,C) BY4742 was used as the recipient. Data are presented as mean ± standard error of the mean (SEM). Asterisks (∗∗∗) indicate statistically significant difference at p < 0.001 (two-tailed t-test) compared to wild-type control. No significant difference is indicated as “n.s.” between treated and non-treated ΔfrmR with formaldehyde. Different letters indicate significant differences between mutants and wild-type control at p < 0.05 using Tukey HSD multiple comparison analysis. BW25113 parental strain was used as the control. All conjugation reactions were performed for 1 h.


The TKC efficiency of the double-KO mutants (ΔfrmAΔfrmR and ΔfrmBΔfrmR) was not significantly different to those of single-KO mutants and not significantly different from each other but was significantly higher (at least sevenfold) compared to the parental strain (Figure 2B). This can possibly be attributed to the accumulation of endogenous ligands, including formaldehyde, which may inactivate the FrmR protein. This result indicates that neither frmA nor frmB alone directly affect the conjugation efficiency of IncP1α plasmids, so the effect is probably solely due to frmR.

The construction of the double-KO mutant, ΔiscAΔsufA, was unsuccessful probably because of its synthetic lethality (Vinella et al., 2009). The KO of either of these genes with ΔfrmR was constructed to discover the genetic interaction. It was observed that the TKC efficiency of the double-KO mutants, ΔiscAΔfrmR and ΔfrmRΔsufA, showed significant higher TKC efficiency compared to the parental strain by at least 11-fold, but showed no significant difference compared to the single-KO ΔfrmR, ΔsufA, and ΔiscA (Figure 2C). These results indicate that the frmR, sufA, and iscA genes probably act on an identical step of the conjugation machinery of the IncP1α plasmid.

In order to validate the correlation of the conjugation efficiency of these up-mutants with tra and trb genes expression, the basal expression levels of the selected tra and trb genes (traI, traJ, traK, and trbL) harbored within the pRH220 helper plasmid in the donor cells were compared between mutant and parental strains. These genes were selected as representatives of the three major operons within the RP4 IncP1α plasmid under the regulation of three major promoters: PtraJ, PtraK, and PtrbB (Pansegrau et al., 1994). As shown in Figure 3A, the expression of traI, traJ, traK, and trbL in the donor mutant strains of ΔfrmR, ΔsufA, and ΔiscA showed no significant increase in comparison with the parental strain.
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FIGURE 3. Expression analysis of conjugation-related and up-mutant genes by qRT-PCR. (A) Expression of traI, traJ, traK, and trbL genes within the helper plasmid, IncP1α-pRH220, harbored in the up-mutants and wild-type control donor strains, within triplicate experiments (n = 3). (B) Expression of frmR, sufA, and iscA genes within the up-mutant and wild-type control donor strains, within six experimental replicates (n = 6). Data are presented as mean ± standard error of the mean (SEM). Asterisk (∗) indicates statistically significant differences at p < 0.05 (two-tailed t-test) compared to wild-type control. BW25113 parental strain was used as the control.


In order to assess the correlation between the basal gene expression of sufA, iscA, and frmR with conjugation efficiency, the expression of these genes within the up-mutant donor strains was evaluated (Figure 3B). Real-time PCR analysis revealed that iscA expression in both ΔsufA and ΔfrmR mutants, as well as frmR expression in ΔsufA and ΔiscA, were not significantly different and comparable to the expression levels of the parental strain. These results indicate that iscA and frmR in the mutants expressed at the same level as in the E. coli parental strain. In addition, sufA gene expression in both ΔiscA and ΔfrmR was significantly high (approximately six- and ninefold, respectively) compared to the parental strain. However, no complementary effect on the repression of conjugation efficiency in these two mutants was observed (Figure 2C). Therefore, no clear transcriptional interaction among the three genes, which links conjugation efficiency, was observed.

On the basis of the results from single- and double-KO mutant analyses, it may be suggested that defects of FrmR, SufA, and IscA can affect independently to terminate their repression of IncP1α plasmid conjugation, but probably act on the identical step(s) of conjugation machinery.



The Enhancement of Conjugation Efficiency by Up-Mutants Specifically Affects IncP1-Type Plasmids Transfer

In order to observe the generality of the effect of these E. coli up-mutant strains on conjugation efficiency of the broad-host-range plasmids, the conjugation efficiency of IncN, IncW, and IncP1β to recipient cells was assessed and compared with that of the parental strain.

On the basis of the results obtained regarding the conjugation efficiency of IncN (R46) and IncW (pSa) to E. coli recipient cells, no significant difference was observed compared to the parental strain (Figures 4A,B). By contrast, an increase in conjugation efficiency was observed in both E. coli – E. coli and E. coli – yeast compared to the parental strain (seven–ninefold and three–fivefold, respectively), by measuring the transfer of an IncQ plasmid derived E. coli–yeast shuttle vector (pAY205) facilitated by IncP1β (pDPT51) (Figures 4C,D). No significant difference were observed among the up-mutant strains (Figures 4C,D). These results suggest that the enhancing effect of these mutants on conjugation efficiency in both prokaryotes and eukaryotes is probably specific to IncP1-type T4SS.
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FIGURE 4. Generality assessment of frmR, sufA, and iscA mutations on the conjugation of broad host range plasmids. (A) Conjugation efficiency of IncN (R46) plasmid transfer to E. coli recipient cells within five experimental replicates (n = 5). (B) Conjugation efficiency of IncW (pSa) plasmid transfer to E. coli recipient cells within seven experimental replicates (n = 7). (C) Conjugation efficiency of IncP1β (pDPT51)-mediated shuttle vector (pAY205) transfer to E. coli and (D) yeast within triplicate experiments (n = 3). BY4742 and SY327 were used as the recipients. All conjugation reactions were performed for 1 h. Data are presented as mean ± standard error of the mean (SEM). Different letters indicate significant differences between mutants and wild-type control at p < 0.05 using Tukey HSD multiple comparison analysis. BW25113 parental strain was used as the control.




ΔATU_RS04380, ΔATU_RS08390, and ΔATU_RS08905 Mutants for Agrobacteria Homologs of the Up-Mutant Genes Promote Trans-Kingdom Conjugation

In order to assess the generality effect of up-mutant genes on IncP1-type T4SS-mediated plasmid transfer in other bacterial species, TKC analysis was performed by combining an IncQ mobilizable plasmid (pYN402) transfer system mediated by an IncP1α-type plasmid (RP4) and mutants of A. tumefaciens.

The homologous E. coli up-mutant genes in A. tumefaciens strain C58 were selected based on BlastP score analysis, phylogenetic trees, and previously reported study (Higgins and Giedroc, 2014; Chen et al., 2016; Heindl et al., 2016). According to the BlastP analysis, the homologous gene of frmR (ATU_RS04380) had the highest similarity (46.03% amino acid identity and 2e–15 e-value). In addition, the shared homologous genes of sufA and iscA: ATU_RS08390 and ATU_RS08905 (sufA:37.14% and 43.69% amino acid identity; 6e–23 and 9e–26 e-value, respectively) as well as (iscA: 37.14% and 39.62% amino acid identity; 3e–23 and 4e–24 e-value, respectively) carry out the same function in E. coli and are representative members of the iron–sulfur cluster assembly.

All examined mutants showed significantly higher TKC efficiency compared to the parental strain (Figure 5). The ΔATU_RS08390 mutant showed a fourfold increase in TKC efficiency compared to the parental strain. In addition, threefold increases in conjugation efficiency were observed in ΔATU_RS04380 and ΔATU_RS08905 mutants (Figure 5). These results suggest that these homologous mutant genes (ATU_RS04380, ATU_RS08390, and ATU_RS08905) have similar characteristics in terms of enhancing the TKC efficiency facilitated by IncP1-type T4SS machinery to the recipient cell.
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FIGURE 5. Effect of up-mutant homologs gene-knockout in A. tumefaciens on IncP1-type conjugation. The conjugation reaction was performed for 1 h. Data are presented as mean ± standard error of the mean (SEM) within six experimental replicates (n = 6). Different letters indicate significant differences between mutants and wild-type control at p < 0.05 using Tukey HSD multiple comparison analysis. BY4742 was used as the recipient. C58C1 parental strain was used as the control.




DISCUSSION

The enhancing effect of the three mutants to both prokaryotes and eukaryotes is probably IncP1-type T4SS-dependent, and it was commonly observed in two donor species belonging to different classes (Figures 1, 4C,D, 5).

FrmR is a formaldehyde-sensing transcriptional repressor of the frm operon (Denby et al., 2016; Osman et al., 2016). On the basis of the experimental result shown in Figure 2A, no additional effect on conjugation efficiency was observed in the ΔfrmR mutant due to the addition of formaldehyde. These results suggested that the absence or inactivation of FrmR from the frm operon either due to a gene deletion mutation or the binding of this protein to the excessive formaldehyde, respectively, resulted in an increase in conjugation efficiency. In the case of TKC efficiency by the gene mutation within the frm operon (Figure 2B), single-KO of both ΔfrmA and ΔfrmB conferred no significant difference compared to ΔfrmR. This was probably due to the accumulation of endogenous ligands, including formaldehyde, caused by the failure of the detoxification mechanism by FrmA and FrmB within the cells, which inactivated FrmR, leading to the increase in conjugation efficiency (Figure 6A). A previous study showing that the deletion of frmA causes increase in basal frmR promoter activity as well as improved sensitivity to formaldehyde supports our expectation (Woolston et al., 2018). In the case of the double-KO mutants, ΔfrmAΔfrmR and ΔfrmBΔfrmR, no additional increase in TKC efficiency was observed between these mutants and single-KO mutants. On the basis of this status, we propose that FrmR represses the expression of other target factor(s) within the E. coli donor which may increase the conjugation efficiency (Figure 6 and Supplementary Figure 5).
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FIGURE 6. Possible model mechanisms of the FrmR, SufA, and IscA protein interactions within E. coli donor in repressing the conjugation of IncP1α plasmid. (A) Feedback regulation of frm operon. FrmR is a transcriptional repressor of the frm operon. The accumulation of ligands (e.g., formaldehyde) causes the inactivation of FrmR repressor activity by binding to the ligands, consequently activates the transcriptional activity of this operon. This transcriptional activation leads to the expression of the downstream genes, frmA and frmB, which encode FrmA and FrmB for formaldehyde detoxification. (B,C) FrmR is also predicted to be a transcriptional repressor on the operon of another target factor (activator) within the E. coli donor which represents as factor Z. IscA and SufA are predict to work in repressing the activators (factors V and U, respectively) either by directly or indirectly (B) or directly activate the repressors (factors S and T, respectively) (C). At the same time, both of these activators may form a complex with the FrmR target factor (Z) in order to activate conjugation (B) or the repressor may form a complex with other factor (factor R) repressed by factor Z either directly or indirectly, resulting to the repression of conjugation (C), either by directly or indirectly. Based on these model mechanisms, the FrmR, SufA, and IscA proteins are possible to repress the conjugation at the identical step(s) of IncP1 conjugation machinery.


A previous study reported that the autoinducers, N-acyl homoserine lactones (AHLs), such as N-(3-oxododecanoyl)-L-homoserine lactone (OdDHL), produced by Pseudomonas aeruginosa PAO1, are capable to repress the conjugation of an IncP1α plasmid (RP4). The repressing mechanism was explained to be caused by a decrease in the expression of the traI conjugation-related gene in the RP4 plasmid, which results from transcriptional repression by AHLs-SdiA in donor E. coli, by binding to the SdiA-box located at the promoter sequence of traI (Lu et al., 2017). However, E. coli does not produce AHLs, and no significant effect was observed on conjugation efficiency even though the OdDHL was exogenously supplied in the conjugation reaction mixture (Supplementary Figure 4). On the basis of this status, at least under our experimental conditions, it can be concluded that the increase in conjugation efficiency by the up-mutants is not related to the autoinducer-mediated mechanism.

FrmR belongs to the CsoR/RcnR metal ion-sensing transcriptional repressor family, and the family phylogenetically consists of three clades, namely, CsoRs, RcnRs, and FrmRs (Chen et al., 2016). In E. coli, frmR and rcnR genes are encoded on its genome, and only the ATU_RS04380 gene, which is in the CsoR clade, has been found in the A. tumefaciens C58 genome. This suggests that, although it is possible that CsoR/RcnR family proteins might affect IncP1 plasmid conjugation, the screening and results shown in Figures 1A, 5 indicate that FrmR has specificity for the regulation of IncP1 plasmid conjugation in E. coli.

In E. coli, the iscA, sufA, and erpA genes are paralogs and coding members of iron–sulfur cluster carrier proteins having overlapping functions (Loiseau et al., 2007; Roche et al., 2013). The KO mutant of erpA is not included in the Keio library because of its essentiality. In addition, double-KO of ΔiscAΔsufA genes result in synthetic lethality under aerobic condition (Vinella et al., 2009). Thus, this double-KO mutant was excluded from this conjugation assessment, and the KO mutation of either of these genes with ΔfrmR was constructed to confirm the gene interaction. The conjugation efficiency of double-KO mutants ΔiscAΔfrmR and ΔfrmRΔsufA did not exhibit any synergistic increase in conjugation efficiency and was comparable with that of ΔiscA, ΔsufA, and ΔfrmR single-KO mutants (Figure 2C). The loss of expression of any of the three up-mutant genes did not lead to attenuated expression of other two genes (Figure 3B). Based on this status, we predicted that FrmR, SufA, and IscA target to different unknown factor(s) (activator or repressor) within the E. coli donor cells and independently affect the conjugation mechanism. At this status, we predict that the defect of FrmR, SufA, and IscA probably target to the activator(s) which may direct or indirectly activate the conjugation mechanism. In addition, SufA and IscA are also predicted to work in activating or repressing the conjugation mechanism indirectly, either by repressing or activating respective unknown target factor(s). This prediction was made since no decreasing effect in conjugation efficiency (or at comparable level to that of parental strain) was observed in ΔsufA and ΔiscA single- as well as ΔiscAΔfrmR and ΔfrmRΔsufA double-KO mutants, regardless in the presence of ΔfrmR. This probably due to the absence of complementation effect between both SufA and IscA. Thus, we predict that both SufA and IscA are probably necessary in activating or repressing the conjugation mechanism indirectly with unknown target factor of FrmR.

These results suggest that the unknown target factors of these three genes form a complex in order to activate or repress the conjugation, either by directly or indirectly at an identical step(s) of IncP1 conjugation machinery although the exact mechanism beyond this phenomenon remains unknown. Since KO mutants for iscA, sufA, and their agrobacterial homologs have been commonly shown to increase conjugation efficiency (Figures 1, 5), iron–sulfur cluster delivery deficiency probably causes a common physiological status, which specifically promotes the IncP1-type conjugation system (Figures 6B,C and Supplementary Figures 5A,B).

On the basis of the results from single- and double-KO conjugation experiment and the relation with basal gene expression, as well as the known functions of FrmR, SufA, and IscA, we propose models for the repression mechanism of the IncP1-type conjugation system (Figure 6). We deduce that SufA and IscA work in repressing other target factors (activators) within the E. coli donor either by directly or indirectly. At the same time, the inactivation of FrmR, which may also be a repressor of other target factor (activator), will derepress the expression of that particular factor. The unknown target factors of FrmR, IscA, and SufA may form a complex to activate the conjugation, either by directly or indirectly at an identical step of IncP1 conjugation machinery (Figure 6B). At present, there are still several models that we deduce how these three gene products interact with other unknown target factors in the process of IncP1α conjugation which fits to our results (Figure 6C and Supplementary Figure 5).

Lastly, IncP1-type T4SS carries high potential for the application of a gene introduction system into various organisms (Dodsworth et al., 2010; Norberg et al., 2011; Moriguchi et al., 2013a). The data regarding the mutants isolated in this study should be an appropriate basis for the breeding of donor strains from various proteobacteria, each of which carries high cytological affinity with target organisms in addition to high conjugation ability. Further characterization in terms of possible gene interaction within the chromosomal mutants based on physiological analysis with the possible regulators within the IncP1 plasmids will lead for better understanding of the isolated genes’ diversity with the TKC mechanism. Additionally, it will be interesting to determine the specificity of T4SS-mediated IncQ conjugal transfer in the isolated mutant strains by using Ti plasmid (VirB/D4-T4SS system) in comparison to IncP1-type system as it has been reported to serve as a delivery system in Agrobacterium (Bohne et al., 1998; Ohmine et al., 2018; Kiyokawa et al., 2020).
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With plasmid-mediated antibiotic resistance thriving and threatening to become a serious public health problem, it is paramount to increase our understanding of the forces that enable the spread and maintenance of drug resistance genes encoded in mobile genetic elements. The relevance of plasmids as vehicles for the dissemination of antibiotic resistance genes, in addition to the extensive use of plasmid-derived vectors for biotechnological and industrial purposes, has promoted the in-depth study of the molecular mechanisms controlling multiple aspects of a plasmids’ life cycle. This body of experimental work has been paralleled by the development of a wealth of mathematical models aimed at understanding the interplay between transmission, replication, and segregation, as well as their consequences in the ecological and evolutionary dynamics of plasmid-bearing bacterial populations. In this review, we discuss theoretical models of plasmid dynamics that span from the molecular mechanisms of plasmid partition and copy-number control occurring at a cellular level, to their consequences in the population dynamics of complex microbial communities. We conclude by discussing future directions for this exciting research topic.
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INTRODUCTION

Plasmids are self-replicating, extra-chromosomal DNA molecules widely distributed across bacteria. In addition to regulating their replication and copy number in the host cell, thus propagating vertically within the bacterial population, some plasmids can spread horizontally between neighboring bacterial cells and transfer accessory genes that help bacteria to adapt to new environments and stressful conditions (Norman et al., 2009). There are different mechanisms available for the horizontal transfer of plasmids, but conjugation–plasmid transfer between a donor and a recipient cell through a conjugative pilus–is arguably the best-studied (Smillie et al., 2010). The repertoire of plasmid-encoded adaptive genes is extremely diverse, ranging from genes allowing bacteria to decontaminate heavy-metal polluted environments to others promoting the establishment of symbiotic relationships between bacteria and plants (Hall et al., 2015; Wang et al., 2018). From a human perspective, plasmids represent a concern for public health, because they can encode important traits for pathogenic bacteria, such as virulence factors or antibiotic resistance determinants (Partridge et al., 2018; Pilla and Tang, 2018). In fact, it is believed that plasmids are the main drivers of the spread of antibiotic resistance genes among clinically relevant bacteria and have played an important part in the current global antimicrobial resistance crisis (San Millan, 2018).

Three main processes determine a plasmid’s lifestyle: (1) replicating until reaching a critical copy-number inside the host cell, (2) partitioning between daughter cells upon division, and, in some cases, (3) transmitting by means of cell-cell contact (see Figure 1A). Therefore, the number of plasmids carried by each cell can be viewed as a time-dependent variable that changes as a function of the molecular interaction between bacterial hosts, plasmids, and the extracellular environment. Hence, it has been argued that replication, partition and transmission of plasmids underlie a complex system that can be studied theoretically using tools developed in the context of dynamical systems and numerical computing.
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FIGURE 1. (A) Plasmid dynamics emerges as a result of the complex interaction between plasmid replication and copy-number control (occurring inside individual cells), plasmid segregation (from mother to daughter cells), and plasmid conjugation (between neighboring cells). (B) Schematic diagram illustrating multiple complexity levels involved in plasmid life cycle. Each complexity level yields important questions that have been addressed using mathematical modeling and computer simulations.


For instance, a series of theoretical models proposed in the 1980s evaluated the probability of plasmid loss based on the replication mechanism and the mean plasmid copy-number (Nordström et al., 1980; Bremer and Lin-Chao, 1986; Ataai and Shulert, 1987; Keasling and Palsson, 1989). Mathematical modeling also provided an abstract framework to study the regulatory efficiency (Paulsson and Ehrenberg, 2001) and robustness (Brendel and Perelson, 1993) of different plasmid copy-number control mechanisms to environmental perturbations and population heterogeneities. Other early models evaluated the role of noise in the dynamics of plasmid replication (Nordström et al., 1984; Müller et al., 1991; Goss and Peccoud, 1998), the consequences of incompatibility in the stability of plasmids (Ishii et al., 1978; Novick and Hoppensteadt, 1978; Condit and Levin, 1990), and the formation of multimers through homologous recombination, a process known as the “dimer catastrophe” (Summers, 1991; Summers et al., 1993). Altogether, these studies greatly improved our understanding of how different molecular copy-number control and partitioning mechanisms determine the probability of segregational loss at the moment of division.

These studies were motivated by developments in molecular biology and bioengineering that used plasmids as vectors for genetic engineering. A problem of using plasmid-derived vectors, however, is that most are unstable in the absence of selection for the traits they encode. That is, there exists a probability higher than zero that a cell inherits no plasmids from its mother. Moreover, if plasmid-free cells have competitive advantage over plasmid-bearing cells, then the subpopulation of cells carrying plasmids will reduce in frequency until driven to extinction. In contrast, if the plasmid encodes for an adaptive gene, then plasmids can be stably maintained in the population through positive selection. Crucially, even when the plasmid carries a beneficial gene, it could be optimal for the host to incorporate this gene into the chromosome, thus rendering the plasmid redundant and susceptible to being lost through purifying selection. This apparent paradox represents an existential problem for plasmids and a fundamental problem for plasmid biology.

From the onset, mathematical modeling played a critical role in addressing the “plasmid paradox” (Harrison and Brockhurst, 2012), by defining the impacts of horizontal transmission, spatial structure, fitness cost compensation, gene carriage and interactions within and between hosts, on plasmid persistence in populations and communities. However, despite continuous progress that has spanned over four decades, modeling plasmid dynamics still represents a difficult and ongoing problem. Of course, this is not unexpected, as plasmid replication, transmission and partition are stochastic processes with consequences that span multiple temporal and spatial scales, and therefore are very difficult to study both analytically and computationally. Figure 1B illustrates the multiple levels of complexity involved in biological aspects driving plasmid dynamics: from genes encoded in plasmids to plasmids replicating inside individual cells, that in turn interact with other cells within bacterial populations by transferring plasmids between members of complex microbial communities.

In this review, we explore the myriad of mathematical models available in the field, with an emphasis on discussing different methodological approaches used to study plasmid dynamics in bacterial populations. We also present different approaches used to model horizontal transmission of plasmids between bacterial cells. Briefly, transmission of plasmids in bacterial populations is generally modeled assuming mass action kinetics, namely that the probability of plasmid transfer occurs randomly at a frequency that is jointly proportional to the densities of donor and recipient cells. This assumption allows the use of ordinary differential equations (ODEs) to model plasmid transfer between different sub-populations in well-mixed environments, or partial differential equations (PDEs) to study plasmid transmission both in space and time. We will also discuss other mathematical and computational frameworks used to relax this assumption and study conjugative dynamics in spatially explicit environments, notably discrete-space continuous-time stochastic models and other types of individual-based models (IBMs).

Finally, plasmid biology has historically been a field in which experiments and theory are often combined in the same study (more than half of the modeling studies discussed in this manuscript calibrate parameters or contrast their theoretical predictions with data acquired using experimental model systems, as illustrated in Supplementary Table 1). We will discuss a series of studies that have combined theory with experimental microbiology to study different aspects of plasmid biology; plasmid host-range, plasmid-mediated socio-biological interactions, and the co-evolutionary dynamics of plasmid-host associations, to mention a few. We conclude by describing recent theoretical and computational approaches used to study horizontal gene transfer (HGT) in polymicrobial communities in complex environments, like the soil or the gut microbiota, as well as other open problems in microbial population dynamics.



MODELING PLASMID DYNAMICS INSIDE BACTERIAL HOSTS

Mathematical models have been used to study different aspects of plasmid biology at a cellular level. Of note, the interaction between DNA replication and cell cycle (Kuo and Keasling, 1996), the interaction between plasmid copy-number and the strength of promoters (Lee and Bailey, 1984), and the influence of temperature in plasmid copy-number control (Leipold et al., 1994). But not only have mathematical models been useful in understanding the mechanisms underlying different processes involved in a plasmid’s life cycle (replication, partition, and transmission), they have also probed the validity of different statistical models and identified biologically realistic parameter values. Furthermore, these studies provided evidence that transitions between plasmid-bearing and plasmid-free cellular states are driven by random processes that can be modeled implicitly at a population-level as transition rates between subpopulations, thus establishing the foundations for population dynamic models.

To model the interaction between plasmid segregation and replication, several studies (Nordström et al., 1984; Seo and Bailey, 1985; Boe and Rasmussen, 1996) assumed that all cells contain n plasmids at division and that plasmids are distributed to daughter cells randomly during cell division, although other models (Nordström and Aagaard-Hansen, 1984) assumed that the probability of replication per unit time is constant throughout the cell cycle and independent of the number of plasmids. In general, theoretical models assume that random segregation of plasmids can be described with a binomial distribution, B(n,p), where n is a variable denoting the plasmid copy-number of the mother cell and p the probability of success (Greenhalf et al., 1989; Summers, 1991). If we assume there is an equal probability for each plasmid to be inherited to each daughter cell we obtain p = 0.5 and, therefore, the probability of producing a plasmid-free cell is 2(1–n).

But plasmid partition is not always symmetric [some plasmids even encode active partition mechanisms that ensure plasmids are segregated symmetrically upon division (Salje, 2010)]. In a recent study (Hsu and Chang, 2019), the authors used fluorescent microscopy to show that plasmids can be localized in spatial clusters inside the cell and therefore segregation of plasmids between daughter cells can be asymmetric (p≠0.5). By comparing their experimental results with an impeded segregation model whereby plasmids are spatially confined in the intracellular environment, the authors found that segregation in high copy-number plasmids can deviate from the standard random segregation model.

Other mechanisms can also result in the asymmetric segregation of plasmids (Million-Weaver and Camps, 2014), notably the formation of dimers effectively reduces the units of inheritable plasmids and thus increase the probability of plasmid loss (Nordstrom and Austin, 1989; Paulsson and Ehrenberg, 1998, 2001; Field and Summers, 2011; Werbowy et al., 2017). More recently, Münch et al. (2019) argued that, while low-copy plasmid bacteria exhibit symmetric segregation, in high copy plasmids, one of the daughter cells can receive more plasmids, resulting in unequal segregation. By maximizing the average fitness of the population, the authors used their model to argue that asymmetric segregation of plasmids is an evolutionary stable strategy. Although there is growing evidence that, under certain conditions, segregation of high copy-number plasmids can be asymmetric, modeling plasmid partition as a Poisson process results in a convenient simplifying assumption that enables population dynamic models to describe the segregational loss in terms of a constant rate that depends on the density of plasmid-bearing cells and the mean plasmid copy number (PCN) in the population (Stewart and Levin, 1977; Cooper et al., 1987; Bergstrom et al., 2000; Paulsson and Ehrenberg, 2001; De Gelder et al., 2004; Ponciano et al., 2007; San Millan et al., 2014).

As the probability of segregational loss increases considerably when the number of plasmids carried by each cell is reduced, low-copy plasmids have evolved molecular mechanisms that ensure plasmids are partitioned symmetrically between daughter cells, therefore enhancing their stability in non-selective conditions (Salje, 2010). Of note, active partition mechanisms, whereby plasmid-specific proteins segregate plasmids symmetrically upon division, and post-segregational killing (PSK) mechanisms based on toxin-antitoxin (TA) systems that prevent the emergence of plasmid-free cells through the production of a long-lasting toxin and a shorter-lived antitoxin, both encoded on the plasmid. If the cell carries the plasmid, an antitoxin is produced and the toxin is neutralized, but if a plasmid-free cell emerges in the population, the antitoxin is degraded rapidly and the toxin kills the cell, thus producing a population composed exclusively of plasmid-bearing cells. The evolution of PSK mechanisms appears to be paradoxical because of the detrimental effect they produce on host-cell populations, although theoretical models have shown that PSK can be advantageous for conjugative plasmids (Mongold, 1992) or in the presence of competing genetic elements in spatially structured environments (Mochizuki et al., 2006).



MODELING POPULATION DYNAMICS OF PLASMID-BEARING POPULATIONS

Plasmid replication is a tightly regulated process that ensures enough plasmids are present in the cell at the moment of division [see del Solar and Espinosa (2000) for a comprehensive review on the biology of plasmid replication]. This implies that, at the moment of division, all cells in the population exhibit, on average, a fixed number of plasmid copies. This allows population dynamic models based on ODEs to describe plasmid loss via segregation as a transition between plasmid-bearing and plasmid-free compartments occurring at a rate determined by the mean plasmid copy-number of the population (Cooper et al., 1987; Stephanopoulos and Lapudis, 1988; Bergstrom et al., 2000; San Millan et al., 2014). This is, of course, a simplification, but a convenient one that is compatible with the resolution of experimental protocols designed to estimate mean plasmid copy-numbers in bacterial populations.

Another important feature of mobile genetic elements (MGEs) is that they can impose a physiological burden on the host in the absence of selection for the traits they encode (San Millan and MacLean, 2017). There are multiple mechanisms that have been shown experimentally to produce a fitness reduction to the host, for instance the energetic cost associated with replicating additional DNA (Glick, 1995) or increasing protein synthesis (Rozkov et al., 2004), as well as the production of plasmid gene products that induce genetic conflicts between plasmids and their hosts (Hall et al., 2021) or that inhibit cell division until sufficient plasmid copies are available (Nordström, 1985).

To model the metabolic cost associated with bearing plasmids at a population-level, most population dynamic models express fitness costs in terms of the relative growth difference between plasmid-free and plasmid-bearing sub-populations. For instance, as a constant rate that multiplies the growth function of the sub-population carrying the plasmid by a factor less than one (Simonsen et al., 1990; Baker et al., 2016) or, if bacterial growth is modeled as a hyperbolic function, by appropriately selecting the parameters of the Monod-type growth function (Levin et al., 1979; Stephanopoulos and Lapudis, 1988; Hsu and Tzeng, 2002; San Millan et al., 2014; Alonso-del Valle and León-Sampedro, 2020). Similarly, it could be assumed that, from one generation to the next, the number of plasmid-carrying cells doubles from the previous generation (minus the fraction lost through segregation), so the growth rate of the plasmid-free sub-population can be modeled as 21+σ where σ denotes the fitness advantage of not carrying the plasmid (De Gelder et al., 2004; Joyce et al., 2005; Ponciano et al., 2007).

Although most population-dynamic models consider plasmid costs to be a fixed value inherent to each plasmid-host association, Ganusov and Brilkov (2002) argued that a constant reduction in growth rate is not realistic when modeling continuous culture devices, as the selection coefficient is a dynamic component of the system. Ponciano et al. (2007) also considered a dynamic plasmid burden by assuming that growth rate of the plasmid-free sub-population is a random variable. This study reported that variability of experimental time-series of plasmid frequencies were captured more accurately by the model with variable fitness-cost than when considering a constant fitness cost throughout the experiment.


Population Dynamics of Unstable Plasmids

In a seminal study, Stewart and Levin posed a simple ODE model to study the population dynamics of two competing sub-populations: plasmid-free and plasmid-bearing (Stewart and Levin, 1977). The main contribution of this work was to identify a broad range of parametric conditions whereby plasmid-bearing sub-populations can be maintained in the population at high frequencies, even in the absence of selection favoring the genes they carry. The authors derived an expression–now referred to in the literature as the Stewart-Levin criterion–that determines the equilibrium frequencies of plasmid-bearing cells in terms of key modeling parameters: population growth, conjugational transfer, and segregation rate. In a follow-up study (Levin and Stewart, 1980), this model was extended to consider non-conjugative plasmids, concluding that the range of conditions that stabilize plasmids are more stringent and that periods of positive selection would be necessary for maintaining costly, non-conjugative plasmids in a population, a result that was later formalized (Macken et al., 1994).

These results were then followed by two theoretical studies based on a system of ODEs that describe changes in the frequency of plasmid-bearing cells from the rate of segregational loss and the selective disadvantage of carrying plasmids. Cooper et al. (1987) showed that the frequency of unstable microbial populations (in this case, plasmid-bearing cells) decreases exponentially in the absence of selection, while Lenski and Bouma (1987) obtained an expression that establishes that the effect of selection is higher when the initial plasmid frequency in the population is low. By comparing their model predictions with an experimentally determined time-series of plasmid frequencies, the authors showed that segregation and selection should be considered simultaneously when addressing the causes of plasmid instability.

Altogether, the contribution of early population dynamics models was to show the existence of important physiological parameters involved in the generation of plasmid-free cells in a population that was composed initially of cells carrying plasmids: (1) the rate at which plasmid-bearers are produced, (2) the rate at which plasmid-free cells are generated through segregational loss, and (3) growth rate differences between both sub-populations. Interestingly, as the burden associated with carrying plasmids depends on the environmental conditions, these studies also showed that it is possible to find selective regimes whereby plasmid-bearing cells grow faster than plasmid-free cells, thus stably maintaining plasmids in the population. However, as mentioned before, there is an apparent paradox associated with frequently beneficial genes: if a plasmid carries genes that confer a benefit for the host, the cell could, in principle, integrate these genes into the chromosome, thus rendering the costly plasmid redundant and unstable in the population.

To study this problem–referred to as the plasmid paradox (Harrison and Brockhurst, 2012)–Bergstrom et al. (2000) postulated a population dynamics model and used it to show that plasmids cannot persist exclusively by carrying genes that are beneficial to their hosts. The main result of this study was to show that plasmids can only persist indefinitely through a series of selective sweeps resulting from transferring to locally adapted populations with higher fitness, a process referred to as the “hitchhiking hypothesis.” However, a detailed analysis of an extension of this model that considers resource limitation by modeling carrying capacity as an explicit parameter, showed that the conditions that enable a parasitic plasmid to persist are less stringent than originally thought, and that plasmids can be maintained indefinitely through oscillations between plasmid-free and plasmid-bearing populations (Lili et al., 2007). These complex dynamics result from considering a variable population size, in contrast to population genetic models that generally assume a finite and constant population size. In this case, plasmids are inevitably driven to extinction (or fixation) in the absence of immigration (Novozhilov et al., 2005; Tazzyman and Bonhoeffer, 2013).



Plasmid Stability in Fluctuating Environments

Most plasmid population dynamics studies discussed so far describe resource limitation implicitly in the model (e.g., by considering growth rate as a logistic function with a limited carrying capacity). In turn, Stephanopoulos and Lapudis (1988) included a term representing substrate concentration in the environment, allowing the authors to demonstrate the existence of a range of substrate concentrations where both sub-populations co-exist in the long-term. But not all environmental conditions maintain plasmids indefinitely. Indeed, as stated by the Stewart and Levin criterion, a necessary condition for plasmid persistence is that the rate of horizontal transmission should compensate for the fitness cost associated with plasmid bearing. An exhaustive analysis of genomic sequences, however, showed that a large fraction of plasmids found in nature is not mobilizable (Smillie et al., 2010), suggesting the existence of other extrinsic and intrinsic factors driving plasmid persistence.

A possibility is that constant selection in favor of plasmid-encoded traits is not a necessary condition for plasmid maintenance, and that sporadic intervals of positive selection would be sufficient to rescue plasmids from extinction. In this respect, mathematical modeling has been used to study plasmid dynamics in response to different selection intensities and intervals between treatments (Svara and Rankin, 2011). Another study analyzed a competition model growing in a chemostat in the presence of an antimicrobial substance deployed in periodic pulses, showing that the dilution rate and the periodicity of drug input are critical for the stable coexistence of both sub-populations (Yuan et al., 2011). More recently, Rodriguez-Beltran et al. (2018) used stochastic simulations to show that a high rate of environmental fluctuations was correlated with an increase of genetic diversity in the population, resulting in an enhanced plasmid stability.



CO-EVOLUTION BETWEEN BACTERIA AND THEIR PLASMIDS

As plasmids encode for genes that control their replication and transmission, it has been argued that they should be viewed as evolving agents subject to natural selection in their own right, with fitness interests that are not necessarily aligned with those of their bacterial host (Harrison and Brockhurst, 2012). As a result, the evolutionary dynamics of plasmid-host associations can be understood as a co-evolutionary process, where both conflict and collaboration between bacteria and plasmids can occur.


Plasmid Copy-Number as an Evolvable Trait

An effective strategy to stabilize plasmids in a population is to reduce the probability of plasmid loss by compensating plasmid costs or by reducing segregational loss (e.g., through plasmid addiction systems or active partition mechanisms). But not all plasmids encode such molecular mechanisms, so an alternative strategy to mitigate segregational loss is to increase the number of plasmid copies carried in each cell. Besides increased stability, there are other potential benefits associated with an increase in copy-number (e.g., increase in gene dosage, or producing genetic redundancy that enables different versions of plasmid-encoded genes to transiently co-exist in the same cell).

However, large numbers of plasmids can also be detrimental as they produce a significant reduction in the growth rate of their bacterial hosts. This trade-off between fitness cost and plasmid stability has been shown, both in vitro and in theory, to result in the existence of an optimal plasmid copy-number susceptible to be tuned by evolution, with strong selection against increasing the number of plasmids carried in each cell (Mei et al., 2019). A modeling study showed that selection against extreme copy-number plasmids can produce ecological cycles between mutants with low, intermediate, and high copy numbers, an eco-evolutionary process that can theoretically increase plasmid stability (Watve et al., 2010). Another important aspect of plasmid evolutionary dynamics is the interaction between plasmid copy-number and evolvability. For instance, in a plasmid-encoded gene, the mutational target size is amplified by the number of copies of the plasmid, therefore producing a positive correlation between plasmid copy-number and the probability of mutation (San Millan et al., 2016; Dimitriu et al., 2020).

The complex interaction between plasmid copy-number and random genetic drift was studied by Ilhan et al. (2019), using a combination of experimental evolution and a population genetics model based on a standard haploid version of the Wright-Fisher model that incorporates plasmid evolution following an approach previously used to study mitochondrial evolution (Peng and Kimmel, 2005). By performing forward-time simulations of the model with constant population size, this study estimated allele frequencies over time in terms of the selection coefficient in favor of mutant alleles, the initial mutant frequency, and random genetic drift. Moreover, by evaluating the stability and evolvability of plasmids with different PCNs, the authors showed that mutations on plasmid-encoded genes are susceptible to be cleared from the population through segregational drift. In consequence, the frequency of mutations occurring in plasmids is reduced compared to mutations encoded in the chromosome, and the time to fixation for high copy-number plasmids increases, results that were confirmed using experimental evolution and genome sequencing.



Fitness Cost Compensation

Besides tuning PCN so that the risk of segregational loss and the cost associated with increasing plasmid content is balanced, theoretical studies have also shown that other evolutionary routes increase plasmid stability in the long term. Notably, compensatory evolution that reduces the cost of plasmid carriage and therefore weakens selection against plasmids has been shown, both theoretically and experimentally, to increase plasmid stability. For instance, Harrison et al. (2016) simulated the evolutionary dynamics of a very costly mega-plasmid with a mercury resistance cassette carried on a transposon using a computational model that explicitly considered the appearance of compensatory mutations and the transposition of resistance genes into the chromosome. Computer simulations of the model showed that plasmid cost compensation enhances plasmid stability and promotes the fixation of accessory traits on the bacterial chromosome. In a follow-up study, the authors extended this model to show that, due to the inherent costs of increasing the rate of horizontal transmission, amelioration of plasmid costs appears to be the most likely long term solution to evolve stable bacteria-plasmid associations (Hall et al., 2017).

This result is consistent with another study evaluating the effect of compensatory mutations in the stability of a costly, non-conjugative plasmid (San Millan et al., 2014). In this study, the authors performed a stability assay in the absence of selection and found that, after an initial period of exponential decay, the plasmid appeared to be stabilized at low frequencies. This result was at odds with a simple population dynamic model that predicted the plasmid-bearing population would be driven to extinction. This apparent discrepancy between theory and data provides an opportunity, both to theorists and experimentalists, to perform further analysis and gain insight into the underlying process. In this case, the authors found that extending the population dynamics model to consider a subpopulation with a reduced fitness cost resulted in stability patterns similar to those observed in vitro. Indeed, whole genome sequencing and competition experiments between the evolved and ancestral strains showed that the increased stability observed in the long term was a consequence of a substantial reduction in fitness cost associated with plasmid-bearing in the evolved strains.

To evaluate the consequences of genome localization of compensatory mutations in the resulting plasmid dynamics, Zwanzig et al. (2019) postulated and analyzed an ODE model to argue that compensatory mutations occurring in plasmids (spreading both vertically and horizontally) can promote plasmid persistence even when the amelioration effect is less compared to the produced by chromosomally encoded compensatory mutations that are only inherited vertically. As with most of the studies discussed so far, the goal of this manuscript is to use mathematical modeling to obtain a qualitative understanding of the behavior of a complex system under a wide range of conditions and parameter values, with model predictions that can then be compared with data obtained experimentally.

An alternative approach is to compute the maximum-likelihood estimates of different parameters of a mathematical model from experimental data, with the aim of making inferences about the underlying biological processes that generated the patterns observed in vitro. This approach was used by De Gelder et al. (2007), to fit plasmid persistence curves under non-selective conditions and parametrize a plasmid population dynamics model published previously (De Gelder et al., 2004; Ponciano et al., 2007). Interestingly, experimental data revealed a great diversity of generation times to plasmid loss and, by considering different replication and segregational loss rates in the model, the authors concluded that this variation could be due to plasmid re-uptake, but most likely from compensatory mutations that result in a variable plasmid cost.

In a follow-up study (De Gelder et al., 2008), the authors isolated the two strains for which the plasmid was less stable and evaluated plasmid adaptation using experimental evolution, either in a single species or when alternating hosts. Parameter estimation of the model suggested that, besides segregational loss and plasmid costs, other strain-specific factors appear to affect the stability dynamics at an evolutionary time-scale, notably compensatory mutations that reduce plasmid cost over time. This approach was also used to evaluate the contribution of different model parameters (fitness costs and segregational loss) in the host range expansion observed experimentally (Loftie-Eaton et al., 2016). Similarly, by jointly estimating different parameters (conjugation rate, segregation rate, and plasmid cost) and analyzing data from competition experiments and plasmid persistence assays, Loftie-Eaton et al. (2017) concluded that plasmid maintenance was improved by the appearance of chromosomal mutations that turned a plasmid cost into a benefit, a theoretical result that was subsequently confirmed by sequencing the evolved strains.



MODELING HORIZONTAL TRANSMISSION OF PLASMIDS

We have discussed a series of theoretical studies showing that intermittent intervals of positive selection result in enhanced stability of plasmids. But selection itself is not sufficient to explain the abundance of plasmids in natural environments. For instance, as an extreme case, cryptic plasmids are ubiquitous in nature, although they carry no beneficial genes and thus are never positively selected for. So, another strategy to increase plasmid stability is to overcome the negative demographic effects of segregation and purifying selection by transmitting horizontally into neighboring plasmid-free hosts (Simonsen, 1991). As HGT enables the dissemination of antibiotic resistance genes, this problem has received considerable attention, both from clinicians (Carattoli, 2013) and from mathematical modelers (Leclerc et al., 2019).

Horizontal transmission of MGEs is mainly mediated either via conjugation, transformation, or transduction (Smillie et al., 2010), and therefore plasmids can be classified as conjugative (when encoding mechanisms for self-transfer) or non-conjugative (if they are incapable of initiating conjugation for self-transmission). As with other forms of HGT, conjugation has been associated with promoting evolutionary and ecological innovation, by conferring new phenotypic traits and access to novel ecological niches (Wiedenbeck and Cohan, 2011), although it can also be detrimental when selfishly replicating MGEs can spread in the population in the absence of selection and does not encode for beneficial genes (Vogan and Higgs, 2011).

A recent study used a Wright-Fisher type model to argue that parasitism (whereby a costly plasmid is maintained exclusively through transmission) is a viable plasmid lifestyle, as it enables plasmids to establish in the population when transmission rates are high and selection levels are low (Lopez et al., 2021). The authors also note that, although parasitic plasmids could, in theory, spread in the population until all cells carry the runaway plasmid, this is not what is observed in vivo. By extending their model to consider plasmid co-infection, the authors demonstrate that the reduction in fitness imposed by the parasitic plasmid results in a higher probability of being out-competed by populations with fewer plasmids.

Crucially, conjugation can occur between taxonomically distinct bacterial lineages (Fernandez-Lopez et al., 2017), so phylogenetic relationships can be confounded and beneficial genes can spread in the population rapidly between members of multi-species microbial communities. The dissemination of plasmids in microbial populations is therefore an important problem that has been extensively studied in theory, mostly using ODEs when evaluating HGT in well-mixed environments or PDEs when considering the spatial component of the system. As PDEs are difficult to analyze mathematically, other approaches have also been used to study plasmid transfer in spatially explicit environments, notably lattice-based computational models. In this section, we will discuss different frameworks used to study the horizontal transmission of plasmids.


Mass Action Assumption

It has been established that the dynamics of horizontal transfer differ between populations on surfaces and in liquids (Molin and Tolker-Nielsen, 2003) but, as most articles studying theoretical population dynamics of plasmids focus on either chemostats or batch culture experiments (i.e., dense cultures in well-mixed environments), considerit is usually considered that conjugative plasmid transfer between donor and recipient subpopulations can be modeled based on mass-action kinetics. In consequence, a simplifying assumption of most population dynamic models is that transitions between donor and recipient compartments are proportional to their respective densities, an assumption that results from considering that conjugation events occur at a rate depending on the conjugative efficacy and permissiveness of both donors and recipient cells (Stewart and Levin, 1977; Freter et al., 1983; Clewlow et al., 1990; Simonsen et al., 1990; Macdonald et al., 1992; Smets et al., 1993; Bergstrom et al., 2000; Imran et al., 2005; Svara and Rankin, 2011; Peña-Miller et al., 2015; Lehtinen et al., 2021).

However, experimental studies have shown that the rate of conjugation is not constant but can depend on resource availability (Philipsen et al., 2010)quorum-sensing signals (Miller and Bassler, 2001; van Gestel et al., 2021) and the presence of antimicrobial substances (Beaber et al., 2004). Indeed, by fitting a mass-action model to experimental data, Levin et al. (1979) observed plasmid transmission accelerated during lag phase, and therefore argued that considering a constant rate of transmission is only appropriate during stationary phase. In another study, Lundquist and Levin (1986) showed that newly formed transconjugants can transiently promote conjugative pili synthesis, resulting in an increased rate of horizontal transfer relative to the original donor cell. In contrast, Simonsen (1991) argued that the initial donor/recipient ratio and the occurrence of a lag phase have no appreciable influence in the estimation of transfer rates, thus arguing that the rate of horizontal transmission remains constant throughout the experiment.

The interaction between the intensity of positive selection with the rate of environmental change and horizontal transmission was studied numerically, concluding that conditions for the maintenance of non-transmissible plasmids in drug-free environments can be very stringent (Peña-Miller et al., 2015). In consequence, the authors argue that, in natural environments, non-transmissible plasmids may still experience rare episodes of horizontal transmission that stabilize parasitic plasmids in bacterial populations. For conjugative plasmids, Lopatkin et al. (2017) showed that plasmids transfer at sufficiently high rates to be maintained in the absence of antibiotics, thus concluding that reducing antibiotic use alone would not reverse resistance from the population.

For conjugation to occur, plasmid-bearing and plasmid-free cells first need to collide, attach, and then successfully conjugate before detachment occurs. The mass-action kinetic assumption of most mathematical models of plasmid transfer combines these processes into a single conjugation rate, implicitly ignoring the physiological state of donor and recipient cells and considering that horizontal transmission of plasmids is an instantaneous process. To overcome these limitations, a model for conjugative plasmids that included time lags was proposed (Massoudieh et al., 2007), with delays resulting from reversible attachment–detachment of bacteria in a one−dimensional porous environment. Similarly, Zhong et al. (2010) postulated an ODE model that explicitly considered attachment and detachment dynamics of neighboring cells, assuming that conjugation can only occur between attached cells. This assumption allowed the authors to explore the differences in the dynamics of plasmid transfer between spatially structured and well-mixed environments, arguing that vigorous shaking negatively affects plasmid transfer and that plasmid transfer in liquid environments is optimized at low to moderate shaking speeds.

Although deterministic models have been very useful to study the spread and persistence of conjugative plasmids in well-mixed environments (e.g., liquid cultures), the implicit limitations resulting from using mean-field approximations limit the study of the stochastic interactions between plasmid-bearing and plasmid-free cells. A stochastic model that assumes mass-action kinetics was postulated (Novozhilov et al., 2005), and used to show that horizontally acquired plasmids can be maintained for long intervals of time in populations when horizontal transmission is comparable to segregational loss, even when the acquired genes are neutral or deleterious. Other stochastic modeling approaches have also been used to study HGT. For instance, Tazzyman and Bonhoeffer (2013) studied the fixation probability of a gene that can be horizontally transferred using two modeling approaches: a branching process and a diffusion approximation. By considering a fixed population size and a low initial frequency of mutants, these models showed the existence of a trade-off between horizontal and vertical transmission that results in deleterious alleles having a non-zero probability of fixation, even in the absence of positive selection.



Plasmid Transmission in Space and Time

As plasmid transfer by conjugation requires physical contact between donor and recipient cells, spatial structure plays an especially important role in the dynamics of HGT [see Slater et al. (2008) for a review on spatial factors modulating plasmid transmission]. However, most studies focus on well-mixed environments and ignore the spatial component of the system. To relax this assumption, Beaudoin et al. (1998) posed a model based on PDEs to study plasmid mobilization in a 1-D biofilm (spatial structure is expressed in terms of the depth of the biofilm). In principle, this PDE approach could be extended to two- or three-dimensional domains, although it would be very difficult to analyze. For this reason, computational models have been used by multiple studies to simulate the conjugative transfer of plasmids in spatially explicit environments.

In short, IBMs assume that each individual is described by a vector of state variables that is updated in response to rules based on its current state, the state of neighboring cells, and local environmental conditions. This framework has been used successfully to study competitive and cooperative microbial interactions in space and time (Hellweger et al., 2016) and has been argued to be a powerful approach to study plasmid transmission, incompatibility, and host range in biofilms and other types of surfaces, as well as to study plasmid-encoded antibiotic resistance (Kreft, 2014). In the context of HGT, Lagido et al. (2003) proposed a simple kinetic model of plasmid transfer within microcolonies growing in solid surfaces, while Zwanzig (2021) incorporated genetic and metabolic information about individual cells and used computer simulations to evaluate population-level behavior. This computer-intensive approach has also been used to study the effect of environmental heterogeneities (e.g., nutrient and antibiotic gradients) in the spatio-temporal dynamics of HGT, for instance by considering a grid-based environment where abiotic substances interact locally with bacterial cells and diffuse between neighboring microenvironments (Gregory et al., 2006, 2008).

Another individual-based approach used to study plasmid transfer and persistence in spatially structured bacterial populations is based on discrete-space continuous-time stochastic models (also known as interacting particle systems). Of note, Krone et al. (2007) used a 2-D square lattice with periodic boundaries, whereby each location of the lattice can contain nutrients and recipient, donor, or transconjugant cells. A similar IBM that considers cells, plasmids, and extracellular polymeric substances was used to study plasmid transmission in biofilms (Merkey et al., 2011) and, by performing sensitivity analysis, showed that timing and distance between neighbors are important drivers of conjugal plasmid transfer in biofilms, while segregational loss rate and growth rate of the receiver sub-population appear to be less relevant.

More recently, Werisch et al. (2017) evaluated the difference between non-transmissible and transmissible plasmids in biofilms modeled using a lattice-based IBM. In this computational model, conjugation occurs randomly between neighboring cells, while segregational loss and incompatibility occur when both types of plasmids are present in the same cell. The main conclusion of this study is that non-transmissible plasmids that provide no advantage to the host can still be maintained in the population in co-occurrence with incompatible conjugative plasmids. In turn, van Dijk et al. (2020) used an IBM to study a population of bacterial cells carrying (or not) a slightly beneficial gene to show that HGT can only evolve if horizontal transmission occurs within spatially localized populations instead of under well-mixed environmental conditions.



MODELING PLASMID-HOST ASSOCIATIONS: WHICH GENES ARE CARRIED ON PLASMIDS?

Interestingly, while certain genes encoding for specific functions (e.g., catabolism, resistance, virulence, and interference competition) are usually present on plasmids rather than chromosomes, others (such as genes involved in transcription or translation) are usually chromosomally encoded. Several hypotheses have been postulated to explain the over-representation of certain characters encoded in plasmids, with their causes and implications analyzed using mathematical models. For instance, the local adaptation hypothesis states that many of the characters that tend to be present on plasmids are adaptations to local variations in environmental conditions that occur only sporadically in time or in space (i.e., genes are only useful in certain environments or at certain times). This theory was proposed by Eberhard (1990) and is based on the observation that sometimes-useful genes linked to horizontally transmissible elements out-compete non-mobile versions of the same genes by associating with bacterial genotypes with increased fitness. More recently, Tazzyman and Bonhoeffer (2014) used a stochastic birth-death model to show that plasmids are not necessarily beneficial locations for resistance genes. In a follow-up study (Tazzyman and Bonhoeffer, 2015), the authors used a population dynamics model that compares degradation rates (loss of function by mutation, deletion, or translocation) for chromosomally encoded and plasmid-encoded genes, concluding that carrying essential genes in plasmids is only beneficial when chromosomal degradation is fast and plasmid cost is low.

A recent study (van Dijk et al., 2020) used an ODE model of a bacterial population undergoing uptake of genes from a shared DNA pool to evaluate the benefit of HGT based on distinct gene classes of slightly beneficial genes: indispensable (where HGT is not required and does not provide a benefit for the host), enrichable (maintained without HGT, although with increased fitness when acquired horizontally), rescuable (cleared from the population without HGT), unrescuable (also maintained only through horizontal transmission, but presenting reduced fitness in the presence of HGT), and selfish elements (only persisting at high rates of HGT and always decreasing growth of the population). Based on this classification, the authors showed that HGT can be an evolutionarily stable strategy for enrichable and rescuable genes, although the absence of gene-carrying donor cells renders HGT evolutionary inaccessible for rescuable genes. Moreover, using an IBM, the authors showed that spatial structure constrains the maintenance of slightly beneficial genes and that, once stable communities have evolved, selfish genetic elements can be stably maintained in the population.

The repertoire of genes carried in plasmids also depends on their degree of dominance, as discussed in a recent manuscript (Rodriguez-Beltran et al., 2020). By combining experiments with stochastic simulations of a fluctuation assay, the authors found a positive correlation between PCN and the frequency of phenotypic mutants for mutations of high dominance, and a negative association for mutations of low dominance. Both the model and the experimental data presented in this study conclude that the repertoire of genes carried in plasmids is determined by the degree of dominance of the genes it carries. Interestingly, the degree of dominance of plasmid-carried alleles has been shown to depend on gene dosage and the environment, with important consequences for the adaptive evolution of bacterial populations carrying non-transmissible multicopy plasmids (Santer and Uecker, 2020). Finally, Ledda and Ferretti (2014) proposed a model for plasmid fitness depending on its length, arguing that the use of antibiotics can increase both the length of plasmids and the number of antibiotic resistance genes carried by each plasmid.


The Role of Plasmids in Social Evolution

Plasmids have been shown to carry a disproportionate number of genes involved in bacterial virulence and cooperation, suggesting a key role for plasmids in bacterial social evolution. This hypothesis was explored by using a within-host mathematical model to argue that mobility is beneficial because it enforces cooperation between neighboring cells (Smith, 2001). As secreted proteins are costly to produce (the authors focus on virulence factors, but this argument could also be applied to nitrogen fixation, micro-environment detoxification, and other proteins secreted to the extracellular environment), then a microbial community would be susceptible to the invasion of cheaters that fail to produce the public good (and therefore avoid the metabolic cost associated with the production), but still, obtain the benefit resulting from other members of the community producing and exporting the public good. As a result, cheaters would increase in frequency and render the cooperative behavior unstable. This observation highlights a fundamental problem in sociobiology: how can cooperation persist? Theoretical studies have suggested that plasmids can stabilize cooperative behavior, either forcing cheaters to produce the public good by horizontally transmitting a plasmid-encoded cooperative gene (Nogueira et al., 2009) or through the evolution of PCN control in non-conjugative plasmids (Kentzoglanakis et al., 2013).

Nogueira et al. (2009) showed that, when the production of public goods is costly, HGT via plasmids increases local relatedness by infecting previously unrelated neighbors, therefore promoting cooperation. The main result of this study is that the invasion of cheaters in a population of cooperators could be prevented if the social trait was encoded in a conjugative plasmid, through the re-acquisition of the cooperative trait. As relatedness increases through horizontal transmission, the authors suggest that, in theory, cooperative traits (e.g., secreted and outer membrane proteins) should be preferably encoded in mobilizable regions of genomes (Rankin et al., 2011). This result was contended in a following manuscript (Giraud and Shykoff, 2011), arguing that local transmission of uninfected cells is enough to maintain the production of public goods, without the need for invoking kin selection.

The interaction between relatedness (measured at the locus of interest) and HGT has been a subject of controversy and extensive research. Indeed, when a plasmid encodes for cooperative genes, there is the potential for conflict between the plasmid and the host chromosome. Mc Ginty and Rankin (2012) showed that this conflict can be resolved either by controlling the expression of plasmid-encoded genes via a chromosomal suppressor or by exhibiting complete resistance to the plasmid. In a follow-up paper, the authors used a population genetics approach to show the existence of a positive feedback between transmission and relatedness; if individuals are less related in a patch, there would be more available cells to infect, resulting in an increase in overall transmission and therefore increasing relatedness (Mc Ginty et al., 2013).

Importantly, while HGT can favor the initial invasion of cooperation, it is not clear if it favors the long-term maintenance of cooperation (Mc Ginty and Rankin, 2012). In a recent study combining bioinformatic analysis with mathematical modeling, it was argued that, as an invasive plasmid spreads in the population, the plasmid-bearing subpopulation increases in frequency, thus the benefits of HGT decrease in time. As a consequence, the population becomes susceptible to being invaded by non-producing plasmids and the cooperative interaction becomes unstable. Moreover, the authors showed that the resulting population dynamics is analogous to the case where the cooperative gene is encoded in the chromosome, thus rejecting the hypothesis that HGT promotes cooperation (Dewar et al., 2021).

Plasmid-mediated antibiotic resistance can also promote collective resistance in the community, as drug-degrading enzymes released to the environment provide cross-protection to susceptible, plasmid-free cells. Yurtsev et al. (2013) postulated a simple population-dynamics model to show that the cooperative nature of antibiotic inactivation enables co-existence between sensitive and resistant cells, even in the absence of spatial structure. More recently, a competition model between resistant and sensitive bacteria (with resistance carried either in a plasmid or in the chromosome) was used to show the existence of positive frequency-dependent selection on gene location (Lehtinen et al., 2021), a property that emerges from considering that having both chromosomal and plasmid-borne copies of the gene provides no additional benefit than carrying a single copy of the gene (i.e., the increase in resistance resulting from bearing a second copy of the gene is less than the cost of carrying it).



MODELING PLASMID DYNAMICS IN NATURAL ENVIRONMENTS

Most of the theoretical studies discussed so far have focused on analyzing plasmid dynamics on novel host–plasmid combinations under controlled laboratory conditions, whereas in nature HGT occurs in much more complex environmental and community contexts, for instance in the soil or the mammalian gut. However, studying MGEs in multi-species microbial communities is a difficult problem that spans multiple levels of complexity and presents intrinsic limitations associated with obtaining data (most microbial species cannot even be grown in laboratory conditions). Another difficulty arises when trying to estimate prokaryotic diversity in natural microbial populations or to infer phylogenetic relationships between species, with plasmids at the core of this complexity by obscuring taxonomic classifications and diffusing boundaries between bacterial species (Doolittle and Zhaxybayeva, 2009).

The difficulties inherent in observing microbial communities in natural settings have hindered the application of ecological theory developed in the context of plants and higher animals to study microorganisms (Prosser et al., 2007). In this section, we will discuss studies that extend simple population dynamic models to study plasmid transmission in complex ecological settings. We will also present other studies that evaluated plasmid transfer in multi-strain communities co-existing in controlled laboratory conditions. Altogether, these studies highlight the importance of population diversity in the dynamics of plasmid transmission, in particular, variability in plasmid fitness effects in different hosts and heterogeneity in inter-species plasmid transfer. Finally, we will also briefly discuss epidemiological models used to describe the spread of plasmid-encoded antibiotic resistance genes between individuals. These models can be combined with high-throughput data to study the horizontal transmission of plasmids and, with the aid of statistical methods, study the dissemination routes of drug-resistance genes in clinical settings.


Plasmid Transfer in the Gut Microbiota

An important issue driving plasmid-mediated dissemination of antibiotic resistance is that commensal bacteria can harbor resistance genes that can potentially be transferred to pathogenic bacteria. A theoretical study focusing on the role of antibiotic resistance in the microbiome was published by Tepekule et al. (2019). This model consists of a system of ODEs that describes the rate of change of different species over time and was used to argue that treatment history has a significant impact on the prevalence of resistance.

A discrete-time mathematical model in the presence (or absence) of a natural gut microbial community was used to evaluate how antibiotic resistance is influenced by the presence of other species (Klümper et al., 2019). In particular, this study evaluated the interaction between Escherichia coli and a pig-gut microbiota and showed that selection against resistance occurs at higher antibiotic concentrations when in the presence of other strains. Similarly, other studies have postulated a dynamical model of plasmid transfer in a mouse intestine (Freter et al., 1983), and studied the effect of different antibiotic regimes and composition of the gut microbiota in the levels of resistance observed in a pig gut (Ahmad et al., 2015).

While most studies focusing on the kinetics of plasmid transfer in the animal gut consider that the intestine can be approximated by a continuous-culture device (ignoring the spatial structure and assuming perfect mixing of donor and recipient cells), either by considering compartmentalization of the intestinal environment (Licht et al., 1999) or by evaluated the environmental dynamics of a gut colonized by two bacterial populations, each carrying a non-conjugative plasmid with a TA system, competing in a spatially extended habitat referred to as a flow reactor (Grover and Wang, 2019). Using numerical simulations of a system of PDEs, the authors explored the conditions that allowed for co-existence between plasmid-bearing and plasmid-free sub-populations, concluding that segregation rate and fitness cost of plasmid carriage must be relatively low for both strains to co-exist.



Plasmid Transmission in the Environment

It is well established the environment can be a source of resistance genes that can be transferred into clinically relevant bacteria (Stotzky and Babich, 1986). In this respect, mathematical modeling has been used to study transmission and maintenance of plasmids in bacterial populations living in the gastrointestinal tract of livestock or their associated farm environment, as well as to perform risk assessments on genetically engineered organisms released into the environment (Weinberg and Stozky, 1972; Graham and Istock, 1978; Landis et al., 2000). Pharmacokinetic–pharmacodynamic models have also been used to study the dissemination of antimicrobial resistance genes at the farm level (Lanzas et al., 2011) and to estimate the length of a drug withdrawal period before slaughter, to reduce resistance levels before meat consumption (Cazer et al., 2018).

Another study used a simple mathematical model to evaluate the spread and selection of antimicrobial-resistant bacteria in a slurry tank of a dairy farm (Baker et al., 2016). This model is based on a previous study by Volkova et al. (2012), and uses ODEs to describe the growth of each subpopulation and the inflow of fresh slurry containing both sensitive and resistant bacteria, as well as gene transfer and selection for plasmid-encoded resistance genes. By performing global sensitivity analysis and numerical simulations, the authors showed that the rate of horizontal transmission and the length of time that slurry is stored in the slurry tank (without outflow and thus considering the tank increases in volume) are the most significant parameters driving plasmid maintenance and therefore good targets for preventing antimicrobial-resistant pathogens entering the human food and water supply chains.



Plasmid Dynamics in Polymicrobial Synthetic Communities

To overcome the complexities associated with studying plasmid ecology and evolution in natural environments, a few studies have used in vitro model systems consisting of synthetic communities composed of multiple species co-existing in controlled environmental conditions. For instance, Gama et al. (2020) extended previous models (Stewart and Levin, 1977; Levin et al., 1979; Simonsen, 1991) to incorporate multiple interacting plasmids, with the aim of evaluating how the interaction between plasmids impacts plasmid persistence in bacterial communities. This study postulates a hierarchy in the processes relevant for plasmid maintenance, and uses mathematical modeling to show that epistatic interactions between plasmids produce a stronger impact than other parameters influencing conjugation and segregational loss.

The co-evolution of host-plasmid pairs in a mixed-species culture of Klebsiella pneumoniae and E. coli was studied theoretically and experimentally by Jordt et al. (2020), showing that pleiotropy enhances plasmid stability in microbial populations when the plasmid had previously co-evolved with one of the members of the community. Similarly, Alonso-Del Valle et al. (2021) studied the distribution of fitness effects of a clinically relevant plasmid in different Klebsiella and E. coli isolates obtained from clinical samples. Using a population-dynamics model, the authors showed that variability in the cost of plasmid-bearing between different hosts can stabilize plasmids in polymicrobial communities and reduce the critical conjugation rate necessary to stabilize plasmids. Moreover, using computer simulations, this study showed that plasmid frequency is a decreasing function of community complexity when plasmid-bearing is associated with a constant fitness cost, but an increasing function of the number strains in the community when the distribution of fitness effects presents a large variance.

A series of recent articles have used theoretical models to study the invasion of multiple plasmids in mixed populations. Of note, Lehtinen et al. (2021) postulated a stochastic model of resistance acquisition and transfer in a bacterial community that considered that a beneficial gene is transferable between n possible bacterial species, either through transformation (horizontal transfer between species of chromosomal resistance) or through conjugation (resistance transfer between species). The main result of this study is that the probability of finding genes on plasmids increases with higher rates of inter-species plasmid transfer and with a higher number of species between which the gene can be shared. The consequence of this frequency dependence is that moderately beneficial genes can be maintained on plasmids, despite segregation loss, if they are present at a higher frequency.

Also recently, Wang and You (2020) proposed a plasmid-centric framework to analyze gene flow in complex communities based on the overall abundances of m plasmids spreading in a community composed of n bacterial strains. This study also proposes a heuristic expression based on growth kinetic parameters of individual strains to estimate the persistence potential of plasmids in multispecies microbial communities. Lopez et al. (2021) used a multiplasmid and multipopulation Wright–Fisher type model to argue that HGT barriers determine the distribution of unique plasmid types across populations.

An aspect that is usually overlooked is the influence of viruses in the ecology and evolution of plasmid-bearing populations. Dionisio (2005) proposed a chemostat model whereby male-specific phages that can only infect donor cells and showed that heterogeneity in the rate of transfer is a critical parameter influencing the stability of conjugative plasmids in bacterial communities when conjugative plasmid–dependent phages are present. Also, by combining experimental observations with mathematical modeling and computer simulations of an IBM, Harrison et al. (2015) studied the interaction between lytic bacteriophages and the persistence of conjugative plasmids and showed that the population is under strong indirect selection pressure from lytic bacteriophages, therefore limiting the ecological conditions where plasmids can persist.



Epidemiology of Plasmids

The epidemiological dynamics of infectious diseases can be described mathematically, either using within-host models to study the evolution of resistance within a treated host or between-hosts models to describe the spread of resistance in a community of hosts (Blanquart, 2019). Between-host epidemiological models of antibiotic resistance are usually based on simple compartmental models whereby individuals can be classified as susceptible, recovered, or colonized by drug-sensitive or drug-resistant bacteria. Transitions between these compartments results from transmission events or as a consequence of drug treatment. Only a few epidemiological studies have explicitly focused on plasmid-borne resistance, although several have studied plasmid dynamics implicitly by including HGT in epidemiological models of drug resistance. For instance, Levin et al. (2014) postulated an epidemiological model to argue that the frequency of resistance is maintained due to the presence of plasmids, although it can also be reduced by decreasing antibiotic use, constraining the development of resistance during treatment, or by restricting invasion of resistant pathogens into the community.

Recent studies have also combined high-throughput data and statistical models to study dissemination routes in hospital settings. Leon-Sampedro et al. (2020) analyzed epidemiological data from 9,000 patients and whole-genome sequencing data from 250 enterobacteria clones to study the spread of a carbapenemase-encoding plasmid (pOXA-48) in a hospital over 2 years. A model selection approach based on a case-specific probabilistic model that implements a Markov chain Monte Carlo algorithm was used to make inferences about the dissemination routes observed in the data. The source of the outbreak was identified using a structured coalescent-based tool for reconstructing bacterial transmission. pOXA-48 also produced a hospital outbreak of carbapenem-resistant Enterobacteriales in the United Kingdom, which was studied by Ledda et al. (2020) with a mathematical model for conjugation (modeled as a homogeneous Markov process between bacterial hosts), allowing the authors to identify the founder strain responsible for the outbreak and to calculate the number of conjugation events that occurred during the outbreak.

Although the aforementioned studies focus on localized outbreaks, more general models have also been proposed to study plasmid-driven spread of antibiotic resistance genes at an epidemiological level. For instance, through a computer-intensive approach that implements a multi-scale individual-based system where individuals are confined within abstract structures referred to as “membranes,” which in turn are organized into tree-like structures. Campos et al. (2019) used this membrane computing approach to study microbial evolution at multiple complexity scales: genes, phenotypes, cells, populations, communities, and ecosystems. Using this methodology, the authors studied the multihierarchical processes involved in antibiotic resistance by introducing a resistance plasmid and a conjugative element (which transfers a resistance gene into the chromosome) into a hospital setting. This study concludes that, in the long term, the dissemination of resistance genes would be more effective when they are encoded in plasmids instead of in the chromosome.



DISCUSSION

The wide range of modeling approaches discussed in this review can be classified according to different criteria, for instance, based on whether the spatial structure is considered, or if the environment is assumed to be homogeneous. The latter enables us to assume mass action kinetics and therefore changes in plasmid frequency can be described using ODEs, while the former is usually studied either using PDEs or IBMs. Another classification is based on how models deal with randomness and uncertainty. In deterministic models, the output of the model is fully determined by the parameter values and the initial conditions and is usually based on differential equations where the state of the system is continuous and therefore is expressed in terms of concentrations and cell densities, instead of molecules and cell numbers. In microbial population biology, this assumption has been shown to hold when considering a dense culture growing in a well-mixed environment. In this case, the state of the system can be represented with a vector containing the densities of different sub-populations and its temporal dynamics described using a system of deterministic differential equations.

But noise is an inherent property of biological systems and particularly so in plasmid biology. Indeed, in this review we have discussed several sources of noise generated by different aspects of plasmid lifestyle: replication occurs in discrete events stochastically distributed in time, multicopy plasmid partition is an inherently noisy process, and random collision and attachment of donor and recipient cells is a necessary condition for plasmid conjugation. Moreover, the environment can also be variable, as well as the fitness costs associated with each plasmid-host association, both resulting in a wide distribution of plasmid fitness effects. To explicitly consider noise, mathematical models can be postulated such that probability distributions of potential outcomes are estimated by allowing for random variation in one or more inputs over time.

In general, stochastic models are more difficult to analyze, mainly because the analytical solution of stochastic equations is usually intractable if a large number of interactions are involved. However, the increase in computational power and the development of numerical algorithms in the past decades provide mathematical modelers the possibility of obtaining trajectory ensembles of stochastic models with statistics that asymptotically converge to the solution of the corresponding deterministic equation. This simulation-based approach, however, also has its intrinsic limitations, resulting from the difficulty of obtaining a mechanistic understanding of the underlying process based on a finite number of realizations, as well as the computational resources necessary to perform a large number of simulations in multi-component systems.

The benefits and limitations of stochastic and deterministic models cannot be determined a priori, as the appropriateness of each approach is constrained by the question under investigation and the assumptions of the model. For instance, from the perspective of an individual cell, fluctuations on PCN may be critical and therefore segregational noise would play an important role and therefore stochastic models would be more appropriate. In contrast, in a large bacterial population, noise in PCN is averaged and a deterministic model would be more convenient to describe the population dynamics of the population. Indeed, despite the intrinsic noise associated with replicating, segregating, and transferring plasmids, deterministic models based on ODEs have provided a conceptual framework that has been very successful describing the population dynamics observed in experimental model systems characterized by dense cultures and well-mixed environments, as well as producing testable predictions that have been used to design new experiments.

A limitation of most studies presented in this manuscript is that models focus on understanding plasmid dynamics occurring in simple experimental microcosms, like batch cultures or chemostats. But recent advances in genomic technologies and bioinformatic algorithms are beginning to shed light on the influence of plasmids and other MGEs in natural environments (Smalla et al., 2015; Li et al., 2020), progress that contrasts with the scarcity of theoretical models aimed at providing a mechanistic understanding of the role of plasmids in polyclonal populations. Therefore a fundamental problem in plasmid biology remains, and for which mathematical modeling could aid in finding a solution: what is the effect of MGEs in the structure and function of complex microbial communities? This is, of course, a very difficult question to address, mainly because it spans multiple levels of complexity (Paulsson, 2002). Indeed, W. Eberhard stated more than 30 years ago: “As already noted by other authors (Hardy, 1975; Broda, 1979; Dawkins, 2016), analyses of plasmid evolution entail simultaneous consideration of selection acting at several different levels of reproduction, including genes, transposons, plasmids, chromosomes, cells, and clones” (Eberhard, 1990). Decades later, many conceptual advances have been made in plasmid biology, including the realization of the importance of another level of selection: plasmids as ecological drivers of mixed bacterial populations and as promoters of community-level evolution (van Vliet and Doebeli, 2019; Doulcier et al., 2020).

Moreover, recent in vivo studies are beginning to track evolution in real-time inside complex communities (Ramiro et al., 2020) and to identify DNA transmission events directly from the microbiota (Munck et al., 2020). This is a very challenging task, although several quantitative methods used to precisely measure rates of HGT across multiple complexity scales have been proposed (Moralez et al., 2021). Then another challenge for the future is to produce data-driven models that incorporate high-throughput data obtained with high temporal and spatial resolution into predictive models of plasmid dynamics. We believe that the mathematical and computational tools necessary to include this information are yet to be developed, but most likely will not result from scaling-up systems of ODEs to consider thousands of equations with millions of parameters. The reason most studies discussed in this review have restricted to study simple model systems is not because of lack of interest or computational power, but because the analysis of simple models allows for fundamental insights that are difficult to obtain using more complex models.

Another problem associated with population dynamic models is the difficulty of estimating parameter values for individual strains embedded in mixed populations, in part because of empirical constraints (bacteria are not culturable, metabolic interactions are complex and distributions of fitness effects are heterogeneous), as well as due to theoretical limitations (interactions are highly non-linear and parameters can have identifiability issues). Despite these difficulties, or perhaps precisely because of these challenges, the future of mathematical modeling to study plasmid dynamics is a promising area of research, as illustrated by the large number of studies published in the past few years that have used mathematical modeling to study the ecological and evolutionary forces driving plasmid dynamics in bacterial populations.

Finally, as discussed previously, the introduction of mobile elements encoding for drug resistance genes into clinical environments can produce plasmid-related outbreaks of antimicrobial-resistant pathogens (Mayer, 1988). In this scenario, it could be argued that the responsibility for the outbreak lies not on a particular bacterial strain but on a plasmid that is shared between different hosts and, therefore, the drug resistant problem could be viewed from a plasmid-centric perspective (Wang and You, 2020; Baquero et al., 2021). We believe that mathematical modeling and computer simulations provide powerful tools to control the spread and evolution of plasmid-encoded drug resistance genes and, in the future, maybe even to propose new therapeutic avenues that control plasmid-driven antibiotic resistance.
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Plasmid Mediated mcr-1.1 Colistin-Resistance in Clinical Extraintestinal Escherichia coli Strains Isolated in Poland
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Objectives: The growing incidence of multidrug-resistant (MDR) bacteria is an inexorable and fatal challenge in modern medicine. Colistin is a cationic polypeptide considered a “last-resort” antimicrobial for treating infections caused by MDR Gram-negative bacterial pathogens. Plasmid-borne mcr colistin resistance emerged recently, and could potentially lead to essentially untreatable infections, particularly in hospital and veterinary (livestock farming) settings. In this study, we sought to establish the molecular basis of colistin-resistance in six extraintestinal Escherichia coli strains.

Methods: Molecular investigation of colistin-resistance was performed in six extraintestinal E. coli strains isolated from patients hospitalized in Medical University Hospital, Bialystok, Poland. Complete structures of bacterial chromosomes and plasmids were recovered with use of both short- and long-read sequencing technologies and Unicycler hybrid assembly. Moreover, an electrotransformation assay was performed in order to confirm IncX4 plasmid influence on colistin-resistance phenotype in clinical E. coli strains.

Results: Here we report on the emergence of six mcr-1.1-producing extraintestinal E. coli isolates with a number of virulence factors. Mobile pEtN transferase-encoding gene, mcr-1.1, has been proved to be encoded within a type IV secretion system (T4SS)-containing 33.3 kbp IncX4 plasmid pMUB-MCR, next to the PAP2-like membrane-associated lipid phosphatase gene.

Conclusion: IncX4 mcr-containing plasmids are reported as increasingly disseminated among E. coli isolates, making it an “epidemic” plasmid, responsible for (i) dissemination of colistin-resistance determinants between different E. coli clones, and (ii) circulation between environmental, industrial, and clinical settings. Great effort needs to be taken to avoid further dissemination of plasmid-mediated colistin resistance among clinically relevant Gram-negative bacterial pathogens.

Keywords: colistin-resistance, IncX4 plasmid, mcr-1.1, extraintestinal E. coli, plasmid


INTRODUCTION

The growing incidence of multidrug-resistant (MDR) bacteria is an unavoidable challenge in modern medicine. Constant selection of MDR bacteria significantly contributes to the reduction of available therapeutic options. Colistin, also referred to as polymyxin E, is a cationic polypeptide considered a “last-resort” antimicrobial for treating infections caused by MDR Gram-negative bacterial pathogens, along with carbapenems and tigecycline (Livermore et al., 2011). Colistin was originally introduced in the 1950s for the treatment of infections caused by Gram-negative bacteria; however, polymyxins fell out of favor in the middle of the 1970s due to high rates of nephro- and neurotoxicity coupled with the advent of less toxic antibacterial agents. Nevertheless, by the mid-1990s (El-Sayed Ahmed et al., 2020), polymyxins were reintroduced into clinical practice due to the emergence of extensively drug-resistant (XDR) Gram-negative bacteria, and currently serve a critical role in the antimicrobial armamentarium (Kaye et al., 2016). Moreover, colistin often stands as the last antimicrobial agent retaining activity against carbapenem-resistant Enterobacteriaceae, Pseudomonas aeruginosa, and Acinetobacter baumannii (Olaitan et al., 2014). Unfortunately, bacterial resistance to polymyxin E emerged rapidly, and could potentially lead to essentially untreatable infections, particularly in the hospital setting where aforementioned XDR microorganisms frequently cause life-threatening infections in the most vulnerable patient populations (Kaye et al., 2016).

Colistin is capable of interacting with lipid A moiety of the lipopolysaccharide (LPS), thereby expelling Ca2+ and Mg2+ ions from phosphate groups and resulting in disruption of the negatively charged outer membrane (OM) of Gram-negative bacteria. Therefore, the ability of bacteria to resist killing by antimicrobial cationic polypeptides often entails modification of the OM (LPS modification resulting in reduced OM net negative charge). Polymyxin resistance has increased gradually within the last few years, and knowledge on a wide variety of possible chromosomal or acquired resistance mechanisms is still expanding (Olaitan et al., 2014). Most mechanisms conferring polymyxin resistance are directed at modifications of the lipid A moiety of the LPS, which is the primary target of colistin. Most genetic alterations, either chromosomal or acquired, entail a common lipid A modification pathway with 4-amino-4-deoxy-L-arabinose (L-Ara4N) and/or phosphoethanolamine (pEtN) addition. The most important target of L-Ara4N is the 4′-phosphate group of lipid A, but it can also be added to the 1-phosphate group or 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) (Baron et al., 2016). Substitution of the phosphate groups by L-Ara4N is followed by significant reduction of net negative charge of lipid A to 0, while pEtN modifications are associated with a net charge decrease from −1,5 to −1 (Nikaido, 2003). Therefore, L-Ara4N modification seems to be the most effective, owing to the nature of the OM charge modification (Olaitan et al., 2014). In Enterobacteriaceae, the aforementioned modifications of lipid A can result from mutation in the two-component systems (TCSs) such as PhoPQ, BasSR (PmrAB), small feedback-inhibition peptide MgrB, as well as from plasmid-mediated determinants (i.e., mcr gene encoding pEtN transferase) (Zeng et al., 2016; Litrup et al., 2017; Roer et al., 2017; Torpdahl et al., 2017; Osei Sekyere, 2019). The first plasmid-mediated polymyxin resistance gene, termed as mcr-1 (currently mcr-1.1) was identified in China in November 2015, and was subsequently reported all over the world, in both retrospective and prospective studies (Liu et al., 2016). The earliest, so far described, mcr-producing strains date back to the end of the previous century, in the 1980s (Shen et al., 2016). The earliest mcr-producing bacterial strain of clinical origin was a Shigella sonnei isolated from a pediatric patient in Vietnam, in 2008 (Pham Thanh et al., 2016). The various mcr variants (mcr-1 to mcr-10) have been so far, identified in various species of Gram-negative pathogens originating from animals, meat, food products, environmental, and human sources (Partridge et al., 2018; Nang et al., 2019). The emergence of plasmid-mediated pEtN transferase-encoding genes is a matter of serious concern due to the potential for rapid dissemination via horizontal gene transfer. Broad distribution of mcr genes in multidrug-resistant hospital strains would be especially dangerous in clinical settings, and could possibly result in wide dissemination of pandrug-resistant bacteria and untreatable infections. Here, we report on the emergence of mcr-1.1-harboring IncX4 plasmid in six extraintestinal Escherichia coli strains of clinical origin isolated in University Hospital of Bialystok, Poland between 2016 and 2018.



MATERIALS AND METHODS


Clinical Isolates Used in the Study

Colistin-resistant E. coli isolates were obtained during microbiological screening of infected patients hospitalized in Medical University Hospital in Bialystok, between 2016 and 2018. Extraintestinal solates originated from postoperative wound swab, bedsore swab, perianal abscess swab, pharyngeal swab, bronchial aspirate, and endotracheal tube secretion. Clinical characteristics of the patients colonized by extraintestinal mcr-1.1-producing E. coli strains are presented in Table 1.


TABLE 1. Clinical characteristics of the patients colonized by extraintestinal mcr-1.1-producing E. coli strains.
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Bacterial Identification and Antimicrobial Susceptibility Testing

Bacterial isolates identification was performed with VITEK-MS (bioMérieux, Marcy l’Etoile, France); with subsequent antimicrobial susceptibility testing (AST) using the VITEK 2 system (bioMérieux, Marcy l’Etoile, France), SensiTest Colistin broth microdilution method (Liofilchem, Roseto degli Abruzzi, Italy), and MIC Test Strips (Liofilchem, Roseto degli Abruzzi, Italy) following manufacturer guidelines. AST results were interpreted in accordance with European Committee on Antimicrobial Susceptibility Testing (EUCAST) criteria.



Whole Bacterial DNA Extraction and Sequencing

Whole bacterial DNA from six clinical extraintestinal E. coli was isolated from Luria Broth overnight cultures with use of silica column-based Genomic Mini AX Bacteria kit (A&A Biotechnology). Purified bacterial DNA was sequenced using both short- and long-read methodologies (Illumina and Oxford Nanopore Technology).

In the first step of molecular analysis, Nextera XT library preparation kit and Nextera XT Indexes (Illumina) were used for previously quantified bacterial DNA, which was simultaneously fragmented and tagged with sequencing adapters in a single-tube enzymatic reaction. Quality and quantity of libraries were assessed by fluorometry (Qubit, Thermo Fisher Scientific) and chip electrophoresis (2100 Bioanalyzer, Agilent). FASTQ reads were generated with the use of MiSeq Reagent Kit v3 (600 cycles) and MiSeq analyzer (Illumina).

In the next step, DNA libraries were prepared with the use of a Ligation Sequencing Kit (SQK-LSK109) with Native Barcoding Expansion (EXP-NBD104). Quality and quantity of libraries were assessed by fluorometry (Qubit, Thermo Fisher Scientific) and chip electrophoresis (2100 Bioanalyzer, Agilent). FASTQ reads were generated with the use of Spot-ON Flow Cell (FLO-MIN106D R9 Version) and MinION Mk1b analyzer (Oxford Nanopore Technology).



Raw Data Quality Assessment and Downstream Bioinformatics

After quality assessment and quality filtering, reads were trimmed (Trimmomatic in case of Illumina reads), and demultiplexed with Porechop in case of long ONT reads (Bolger et al., 2014). Full structures of bacterial chromosomes and plasmids were recovered using Unicycler hybrid assembler which utilizes spades.py, racon, makeblastdb, tblastn, bowtie2, samtools, bcftools, and pilon (Wick et al., 2017). Alignment and mapping of nucleotide sequences were performed using Geneious 10.0.9 software (Biomatters Ltd., Auckland, New Zealand). A RAST (Rapid Annotation using Subsystem Technology)-annotated genomes were subjected to subsequent in silico analyses with use of PlasmidFinder, Resfinder, Virulence Finder (Carattoli et al., 2014; Brettin et al., 2015; Bortolaia et al., 2020).


Strain Phylogenomics

The final assembled genome sequence data were uploaded to the Type (Strain) Genome Server (TYGS), a free bioinformatics platform available under https://tygs.dsmz.de, for a whole genome-based taxonomic analysis (Meier-Kolthoff and Göker, 2019).

For the phylogenomic inference, all pairwise comparisons among the set of genomes were conducted using the Genome BLAST Distance Phylogeny approach (GBDP) and accurate intergenomic distances inferred under the algorithm ‘trimming’ and distance formula d5 (Meier-Kolthoff et al., 2013). Phylogenomic tree inferred with FastME 2.1.6.1 (Lefort et al., 2015) from GBDP distances calculated from genome sequences.



IncX4 Plasmids Phylogenomics

For the purpose of IncX4 plasmid phylogenomic inference, 100 similar sequences from the BLAST database were aligned and analyzed with the use of Clustal Omega (clustalo 1.2.4). Resulting phylogenetic tree was visualized using iTOL v61 (Letunic and Bork, 2021). Structural comparison between colistin-conferring plasmids harbored by studied extraintestinal E. coli isolates and IncX4 plasmid sequences deposited in NCBI was prepared using BLAST Ring Image Generator (BRIG) – default parameters with 90/70 as upper/lower threshold (Alikhan et al., 2011).




Transconjugation Assays

Electrotransformation of the IncX4 plasmid into the recipient E. coli strain was performed in order to confirm its influence on colistin-resistance phenotype in clinical E. coli isolates. To determine whether mcr-1.1 gene was located on pMUB-MCR 33.3 kbp IncX4 plasmid, transconjugation experiments were performed, with plasmid profiles preparation using Plasmid Mini AX kit (A&A Biotechnology), and subsequent electrotransformation into plasmid-free and colistin-sensitive E. coli TOP10 strain. Electrotransformation with subsequent selection of the transformants on the Luria-Bertani medium containing 1 mg/L colistin was conducted for the E. coli TOP10 strain.




RESULTS

Extraintestinal E. coli isolates incorporated into the described study presented a relatively similar antimicrobial resistance pattern (66.66%; 4 of 6). E. coli MIN6 ST-553, MIN10 ST-162, MIN11 ST-10, and MIN12 ST-10 were found to be resistant to amoxicillin/clavulanic acid (MIC > 32 mg/L), ciprofloxacin (MIC ≥ 4 mg/L), trimethoprim/sulfamethoxazole (MIC ≥ 320 mg/L), and colistin (MIC = 4 mg/L, except of strain MIN12 – MIC = 8 mg/L). E. coli MIN9 ST-6856 was found to be resistant to amoxicillin/clavulanic acid (MIC > 32 mg/L), gentamicin (MIC ≥ 16 mg/L), ciprofloxacin (MIC ≥ 4 mg/L), trimethoprim/sulfamethoxazole (MIC ≥ 320 mg/L), and colistin (MIC = 4 mg/L). Furthermore, E. coli MIN14 strain was resistant to amoxicillin/clavulanic acid (MIC > 32 mg/L), and presented the highest colistin MIC = 16 mg/L. Detailed antimicrobial susceptibility testing results of six extraintestinal E. coli strains are presented in Table 2.


TABLE 2. Antimicrobial susceptibility of extraintestinal mcr-1.1-producing E. coli strains.
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Whole-genome sequencing with use of a hybrid assembly approach allowed us to recover full genome and mobilome structures of tested extraintestinal colistin-resistant E. coli strains. Detailed characteristics of the sequenced genomes are presented in Table 3.


TABLE 3. Detailed characteristics of the sequenced E. coli genomes.
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Moreover, all six colistin-resistant extraintestinal E. coli strains were equipped with a relatively rich plasmidic panel (Table 4). Interestingly, all of the tested strains harbored a IncX4 33.3 kbp plasmid pMUB-MCR, with the mobile pEtN transferase-encoding gene, mcr-1.1, which has been proved to be encoded within a type IV secretion system (T4SS), next to the PAP2-like membrane-associated lipid phosphatase gene (Figures 1, 2). The biological consequences of pMUB-MCR IncX4 plasmid possession were evaluated with the use of a transconjugation assay. The E. coli TOP10 electrotransformants carrying the 33.3 kbp IncX4 plasmid showed a MIC of colistin of 2 mg/L, which corresponded to a 16-fold increase as compared to the recipient E. coli TOP10 strain. These data confirmed that 33.3 kbp IncX4 pMUB-MCR conjugative plasmid is responsible for colistin-resistance in six extraintestinal clinical E. coli strains isolated from patients hospitalized in Medical University Hospital in Bialystok, Poland. Moreover, phylogenomics of IncX4 plasmids bearing mobile pEtN transferase-encoding genes is presented in Figure 3.


TABLE 4. Plasmids harbored by six extraintestinal colistin-resistant E. coli strains.
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FIGURE 1. Genetic structure of mcr-1.1 harboring IncX4 plasmid. Figure represents a RAST (Rapid Annotation using Subsystem Technology)-annotated plasmid produced by the E. coli MIN6 strain. Arrows on the diagram represents annotated functional genes present within the structure of 33.3 kb IncX4 plasmid.
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FIGURE 2. BRIG alignment of IncX4 plasmids recovered from different Enterobacterales. Structural comparison between colistin-conferring plasmids harbored by studied extraintestinal E. coli isolates and IncX4 plasmid sequences deposited in NCBI was prepared using BLAST Ring Image Generator (BRIG). The alignment includes the mcr-1.1. sequence (red fragment), and the one IncX4 mcr-1–bearing plasmid harbored by E. coli MIN6 described in our study (green inner circle).



[image: image]

FIGURE 3. Phylogenomics of IncX4 plasmids bearing mobile pEtN transferase-encoding genes. Colored segments represents bacterial genera harboring IncX4 plasmids – black segments – E. coli strains MIN6, MIN9, MIN10, MIN11,MIN12, MIN14; green segments – E. coli; light orange segments – K. pneumoniae; orange segments – Salmonella spp.; red segments – Shigella spp., yellow segments – Citrobacter spp.


In addition to the IncX4 33.3 kbp plasmid pMUB-MCR, the tested E. coli strains were equipped with relatively rich plasmid panels. E. coli MIN6 possessed seven plasmids, two of which constituted a vehicle for antimicrobial resistance determinants, namely pMUB-MIN6-1 (IncFII plasmid), and pMUB-MIN-6-2 (IncX1 plasmid). E. coli MIN9 harbored eight plasmids, four of which constituted a vehicle for antimicrobial resistance determinants, namely pMUB-MIN9-1 (IncHI2A), pMUB-MIN9-2 (p0111), pMUB-MIN9-4, and pMUB-MIN9-7. E. coli MIN10 possessed three plasmids, one of which constituted a vehicle for antimicrobial resistance determinants, namely pMUB-MIN10-1 – IncFIC(FII). Among nine plasmids harbored by E. coli MIN11, two were responsible for antimicrobial resistance determinants carriage, namely pMUB-MIN-11-1 (IncFII), and pMUB-MIN-11-2 [IncFII(pCoo)]. E. coli MIN12 harbored seven plasmids, three of which possessed antimicrobial resistance determinants, namely pMUB-MIN12-1 (IncFII), pMUB-MIN12-2 (IncB/O/K/Z), and pMUB-MIN12-3 [IncFII(pCoo)]. Furthermore, among nine plasmids possessed by E. coli MIN14, two harbored antimicrobial resistance genes, namely pMUB-MIN14-2 [IncFII(pCoo)], and pMUB-MIN14-3 (IncN). Detailed features of plasmids harbored by studied E. coli strains are presented in Table 4.

The MLST approach was utilized in order to evaluate the molecular relatedness of tested extraintestinal colistin-resistant E. coli strains. Among 6 tested clinical strains, two were proven to be clonally related, namely E. coli MIN11 and MIN12, which belonged to ST-10. Those two strains were isolated within an interval of 36 days, in the Department of Neurology (MIN11) and Department of Vascular Surgery and Transplantation (MIN12). However, those two strains were easily distinguished by O:H genotype (MIN11 – O89m:H9 vs., MIN12 – O89m:H10), plasmid content (MIN11 – 10 plasmids vs. MIN12 – 8 plasmids), number of chromosomal mobile genetic elements (MIN11 – 39 vs. MIN12 – 48), virulence factors (MIN-12 was distinguished by the presence of heat-stable toxin EAST-1) and content of chromosomal resistance determinants. The remaining extraintestinal colistin-resistant E. coli strains belonged to ST-533 (E. coli MIN6), ST-6856 (E. coli MIN9), ST-162 (E. coli MIN10), and ST-93 (E. coli MIN14). Moreover, whole-genome sequence-based phylogenomics of colistin-resistant E. coli strains is presented in Figure 4.
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FIGURE 4. Whole-genome sequence-based GBDP tree of mcr-producing E. coli complete genomes available at NCBI. Tree inferred with FastME 2.1.6.1 [6 (Lefort et al., 2015)] from GBDP distances calculated from genome sequences. The branch lengths are scaled in terms of GBDP distance formula d5.



Beta-Lactam Resistance

In the present study, all tested strains presented isolated resistance to amoxicillin-clavulanate. Three strains (MIN6, MIN12, MIN14) were equipped with multiple blaTEM–1 genes carried by various plasmids. E. coli MIN6 and MIN12 strain harbored duplicate blaTEM–1B genes, within two distinct mobile vectors, namely pMUB-MIN6-1 (89 956 bp), and MUB-MIN6-2 (56 897 bp) in E. coli MIN6, and pMUB-MIN12-1 (163 427 bp), and pMUB-MIN12-2 (95 526 bp) in E. coli MIN12. E. coli MIN14 possessed two TEM variants, namely blaTEM–1D and blaTEM–1B harbored by pMUB-MIN-14-2 (67 974 bp), and pMUB-MIN-14-3 (45 893 bp), respectively. Moreover, E. coli MIN9 possessed a single blaTEM–1a gene within the pMUB-MIN9-1 plasmid (283 245 bp). Interestingly, in case of E. coli MIN11, blaTEM–1B gene was present within the bacterial chromosome structure.



Fluoroquinolone Resistance

All tested E. coli strains, except MIN14, were ciprofloxacin-resistant due to multiple mutations of gyrA (p.S83L – 5/5 strains; p.D87N – 5/5 strains), parC (p.S80I – 3/5 strains; p.E84G – 1/5 strain; p.S80R – 1/5 strain), and parE (p.E460D – 1/5 strain; p.S458A – 1/5 strain) genes, coupled with additional acquired fluoroquinolone resistance gene, qnrB19, in case of MIN9 strain (pMUB-MIN9-7). The only ciprofloxacin-susceptible strain MIN14, possessed a plasmid-borne qnrS1 gene, which could be associated with low ciprofloxacin MICs.



Aminoglycoside Resistance

All tested E. coli strains were amikacin-susceptible, while E. coli MIN9 was the only tested strain that presented phenotypic resistance against gentamicin (MIC ≥ 16 mg/L), due to presence of aac(3″)-IIa (gene conferring resistance to gentamicin, apramycin, tobramycin, dibekacin, netilmicin, sisomicin) within pMUB-MIN9-1 (InCHI2A). Furthermore, all tested strains except MIN14, produced various aminoglycoside-resistance factors conferring resistance to spectinomycin, streptomycin [aadA1; aadA2b; aph(6)-Id; aph(3″)-Ib]; neomycin, kanamycin, lividomycin, paromomycin, ribostamycin (aph(3′)-Ia).



Folate Pathway Antagonist Resistance

All tested E. coli strains, except MIN14, presented trimethoprim/sulfamethoxazole-resistance, in accordance with WGS data screening for antimicrobial resistance determinants. E. coli MIN11 possesses the chromosomal trimethoprim-resistance gene, dfrA1, coupled with plasmidic sulfamethoxazole-resistance gene sul3. Moreover, remaining strains harbor plasmidic resistance genes, such as, dfrA1, dfrA14, dfrA15, sul1, sul2, and sul3.



Phenicol Resistance

Escherichia coli MIN9, MIN11, and MIN12 were also equipped with acquired genes conferring resistance to phenicols, namely chloramphenicol acetyltransferase gene catA1 (pMUB-MIN9-1), and MFS transporters cmlA1 (pMUB-MIN9-1; pMUB-MIN11-1; pMUB-MIN12-1) and floR (pMUB-MIN12-2).

Extraintestinal E. coli strains also possess a number of virulence factors, such as long polar fimbriae, heat-stable toxin EAST-1 or enterobactin siderophore. All genes encoding virulence factors are listed in Table 5.


TABLE 5. Virulence factors in six extraintestinal colistin-resistant E. coli strains.
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DISCUSSION

In this paper we sought to investigate the mechanism of colistin-resistance in six extraintestinal E. coli strains isolated from patients hospitalized in Medical University Hospital, Bialystok, Poland. Full structures of bacterial chromosomes and plasmids were recovered with use of both short- and long-read sequencing technologies and Unicycler hybrid assembly. Results of antimicrobial resistance testing were in accordance with genomic and mobilome screening for antimicrobial resistance determinants. All tested extraintestinal E. coli strains harbored an IncX4 33.3 kbp plasmid pMUB-MCR, with the mobile pEtN transferase-encoding gene, mcr-1.1. Moreover, its influence on colistin-resistance phenotype was confirmed by transconjugation assays.

In the present study, we report the first detailed description of mcr-containing IncX4 plasmid harbored by clinical E. coli strains in Poland. In six extraintestinal E. coli strains, mcr-1.1 was found within a type IV secretion system (T4SS) contained within a 33.3 kbp IncX4 plasmid that is known to be involved in the disseminating of multiple mcr variants. It is widely accepted that some type IV secretion systems (T4SSs) in pathogenic Gram-negative bacteria are utilized in order to translocate virulence factors into the host cell, mediate downregulation of the hosts innate immune response genes and an increase bacterial uptake and survival within macrophages and epithelial cells (Gokulan et al., 2013). Moreover, T4SSs could be also responsible for horizontal gene transfer (Juhas et al., 2008), thus contributing to genome plasticity and the evolution of pathogens through dissemination of antibiotic resistance and virulence genes (Juhas et al., 2008). Conjugative T4SSs are often encoded on self-transmissible plasmids coupled with genes that provide selective advantages for the cell such as antibiotic resistance, virulence factors or other metabolic functions that enhance survival (Wallden et al., 2010). The 33 kbp IncX4 plasmid was proven to be highly transmissible, showing 102–105-fold higher transfer frequencies relative to epidemic IncFII plasmid (Lo et al., 2014; Xavier et al., 2016). Moreover, Lo and colleagues proved that 33 kbp IncX4 plasmid carriage is associated with relatively low fitness cost, which makes it a highly effective vehicle for drug resistance determinants (Wu et al., 2018). Interestingly, it has been also recently reported that IncX4 plasmid can be relatively easily and stably maintained in host bacteria (Beyrouthy et al., 2017). In fact, IncX4 plasmids have been recently shown to harbor multiple mcr variants, CTX-M extended spectrum β-lactamase, as well as the 33.3 kbp IncX4 vehicles without any drug-resistance determinants (Lo et al., 2014; Chen et al., 2019). Similar IncX4 mcr-containing plasmids are reported as increasingly disseminated mainly among E. coli isolates (Table 6), suggesting that it is becoming an “epidemic” plasmid, responsible for (i) disseminating colistin-resistance determinants between different E. coli clones, and (ii) circulating between environmental, industrial, and clinical settings. The phylogenomics of IncX4 plasmids bearing mobile pEtN transferase-encoding genes is presented in Figure 3.


TABLE 6. Global dissemination of mcr-harboring 33.3 kbp IncX4 plasmid.
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The first European environmental mcr-producing E. coli strain was obtained from Italian diarrhoeic veal calves in 2005 (Haenni et al., 2016), whereas the first European strain of clinical origin harboring plasmid-mediated colistin-resistance gene, was described in Denmark in a Salmonella Typhimurium ST34 strain with an mcr-3 variant (Litrup et al., 2017).

Here, we describe mobile pEtN transferase, mcr-1.1, encoded within a T4SS-containing 33.3 kbp IncX4 plasmid, pMUB-MCR. Similar IncX4 plasmids harboring different mcr variants were recently reported all over the world, with particular reference to animal breeding farms and environmental settings. Global dissemination of similar mcr-harboring IncX4 plasmids in Enterobacterales is presented in Table 6. So far, IncX4 mcr-harboring strains have been reported mainly in animal breeding farms, meat industry, and natural environments. Incidence of IncX4 mcr-harboring strains originating from clinical sources has been recently reported, in Switzerland (E. coli ST-5, ST-48), Portugal (K. pneumoniae ST-45, ST-1112, Salmonella spp.), Italy (E. coli ST-354; K. pneumoniae ST-512), France (E. coli ST-1288), Germany (E. coli ST-155; E. coli ST-69), Finland (E. coli ST-93), China (i. a. E. coli ST-2448; E. coli ST-167; E. coli ST-10), Brazil (E. coli ST-101; K. pneumoniae ST-437), United States of America (E. coli O157:H48), Thailand (K. pneumoniae ST-16; K. pneumoniae ST-45), Japan (K. pneumoniae ST-1296; E. coli ST-782), and United Kingdom (S. Typhimurium ST-34). Moreover, according to the current state of knowledge, E. coli is the major IncX4 clinical producer present in natural environments, animal breeding farms, as well as, in hospital settings. Recent research study performed by Zaja̧c et al. (2019) highlighted the importance of poultry farming, with particular emphasis on turkey, providing important reservoirs of mcr-1.1-carrying E. coli strains in Poland. The authors showed a wide diversity of IncX4 harboring strains, including 32 distinct sequence types (Table 6; Zaja̧c et al., 2019). Furthermore, the first clinical occurrence of a mcr-producing pathogen in Poland was reported by Izdebski et al. (2016). Clinical E. coli ST-617 strain, a member of ST-10 complex, possesses ∼250 kbp plasmid carrying mcr-1.1 and blaCMY–2-containing IncA/C2 plasmids (∼160 kbp).

In this study, we described the following strains – two ST-10, ST-93, ST-162, ST-553, and ST-6856. Interestingly, ST-553 and ST-162 strains have been recently described as mcr-producers in turkeys from animal breeding farms in Poland and Germany, while ST-93 have been already reported in clinical settings in Finland. Moreover, colistin-resistant IncX4-producing E. coli ST-10 seems to be widely distributed globally, and were already reported in Belgium (swine), Italy (river), Germany (barn dog feces), Poland (turkeys), Spain (swine), Czech Republic (raw turkey products), Brazil (wild birds; natural environment), Thailand (Chrysoma spp. flies), China (hospital setting; public transport), Uruguay (clinical source), and Japan (retail meat; municipal wastewater). This is in accordance with a recent report published by Matamoros et al. (2017), suggesting that E. coli ST-10 lineage, a sequence type known for its ubiquity in human fecal samples and in food samples, may function as an important reservoir of the mcr-1.1 gene (Matamoros et al., 2017).

The enormous genome plasticity of Gram-negative bacteria enables the accumulation of many different mechanisms of resistance to various antimicrobial agents. As a result, the increased emergence of MDR or XDR pathogens considerably reduces the opportunities for effective treatments against these bacteria (Livermore et al., 2011; Ojdana et al., 2015). A number of recent reports highlights the importance of mcr dissemination in clinical MDR bacteria, especially among subpopulations of pathogens persisting in hospital environments. Co-occurrence of mcr and ESBLs (CTX-M-15), different carbapenemases (KPC-type, OXA-181), and other antimicrobial resistance determinants may possibly lead to formation of pandrug-resistant bacterial lineages (Brauer et al., 2016; Di Pilato et al., 2016; Haenni et al., 2016; Caltagirone et al., 2017; Pulss et al., 2017; Tacão et al., 2017; Dalmolin et al., 2018; Mendes et al., 2018; Manageiro et al., 2019). In this study mcr coexisted with determinants of resistance to aminoglycosides [aph(3″)-Ib; aph(3″)-Ia; aph(6)-Id; aadA1; aac(3″)-IIa; aadA2b], chloramphenicol (catA1, cmlA1), β-lactams (blaTEM–1A; blaTEM–1B; blaTEM–1D), quinolones (qnrB19, qnrS1), sulfonamides (sul1, sul2, sul3), and trimethoprim (dfrA1, dfrA14, dfrA15). Interestingly, in case of E. coli MIN11, blaTEM–1B gene was present within the bacterial chromosome structure. Di Conza et al. (2014) proved that amoxicillin-clavulanate resistance with retained second-and third-generation cephalosporins susceptibility may be linked with blaTEM–1 overproduction (Di Conza et al., 2014). Furthermore, Salverda et al. (2010) have recently proved that several amino acid substitutions were also identified as factors involved in increased resistance to β-lactam-clavulanate. Interestingly, in the case of tested extraintestinal E. coli subpopulation, the only ciprofloxacin-susceptible strain MIN14, possessed a plasmid-borne qnrS1 gene, which could be associated with low ciprofloxacin MICs. Allou et al. (2009) showed that qnrS1-possesing E. coli transconjugants showed low-level resistance to fluoroquinolones, with ciprofloxacin MIC ranging from 0.25 to 0.5 mg/L (Allou et al., 2009). In our study, qnrS1-producing E. coli MIN14 strain was classified as ciprofloxacin susceptible, with MIC ≤ 0.25 mg/L.

In conclusion, the increasing prevalence of plasmids responsible for colistin-resistance, often carrying other determinants of drug resistance, may possibly lead to formation of pandrug-resistant bacterial lineages. Great effort needs to be taken to avoid further dissemination of plasmid-mediated colistin resistance among clinically relevant Gram-negative pathogens.



DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the GenBank repository under BioProject number PRJNA700422 and accession numbers SAMN17831481 (E. coli MIN6—CP069692.1 for chromosome and CP069693.1–CP069700.1 for plasmids); SAMN17831482 (E. coli MIN9—CP069682.1 for chromosome and CP069683.1–CP069691.1 for plasmids); SAMN17831483 (E. coli MIN10—CP069677.1 for chromosome and CP069678.1–CP069681.1 for plasmids); SAMN17831484 (E. coli MIN11—CP069666.1 for chromosome and CP069667.1–CP069676.1 for plasmids); SAMN17831485 (E. coli MIN12—CP069657.1 for chromosome and CP069658.1–CP069665.1 for plasmids); and SAMN17831486 (E. coli MIN14—CP069646.1 for chromosome and CP069647.1–CP069656.1 for plasmids).



ETHICS STATEMENT

This molecular investigation uses strains obtained from collection of strains deposited in Department of Microbiological Diagnostics and Infectious Immunology, Medical University of Bialystok, Poland. The Bioethics Commission of the Medical University in Bialystok did not require the study to be reviewed or approved by an ethics committee because apart from the strains from the Department’s collection, no data enabling patient identification was used in the study.



AUTHOR CONTRIBUTIONS

PiM, DS, JN, and ET substantially contributed to the conception of the submitted research manuscript, designing and validation of the experiments, and data acquisition and interpretation (antimicrobial susceptibility testing, short-read sequencing, long-read sequencing, and preparation of the figures and tables). PaM, AG, AS, and DS wrote the main manuscript. PiM was responsible for library preparation, WGS, and bioinformatics. PaM, DG, DI, PS, AZ, PR, PW, THa, IS, KM, RC, and JD contributed to the validation of the designed experiments and data acquisition and interpretation. THr, BK, JK, JG, SC, and PR were responsible for the medical care of the patient. All authors reviewed the manuscript.



FUNDING

This work was financed by the MINIATURA research project (2017/01/X/NZ6/01852 - National Science Center, Poland), and supported by the Medical University of Bialystok statutory subsidy (SUB/1/DN/19/005/2222).



ACKNOWLEDGMENTS

We thank Steven J. Snodgrass for editorial assistance.


FOOTNOTES

1https://itol.embl.de/


REFERENCES

Alikhan, N.-F., Petty, N. K., Ben Zakour, N. L., and Beatson, S. A. (2011). BLAST ring image generator (BRIG): simple prokaryote genome comparisons. BMC Genomics 12:402. doi: 10.1186/1471-2164-12-402

Allou, N., Cambau, E., Massias, L., Chau, F., and Fantin, B. (2009). Impact of low-level resistance to fluoroquinolones due to qnrA1 and qnrS1 genes or a gyrA mutation on ciprofloxacin bactericidal activity in a murine model of Escherichia coli urinary tract infection. Antimicrob. Agents Chemother. 53, 4292–4297. doi: 10.1128/AAC.01664-08

Bai, F., Li, X., Niu, B., Zhang, Z., Malakar, P. K., Liu, H., et al. (2018). A mcr-1-carrying conjugative IncX4 plasmid in colistin-resistant Escherichia coli ST278 strain isolated from dairy cow feces in Shanghai, China. Front. Microbiol. 9:2833. doi: 10.3389/fmicb.2018.02833

Baron, S., Hadjadj, L., Rolain, J.-M., and Olaitan, A. O. (2016). Molecular mechanisms of polymyxin resistance: knowns and unknowns. Int. J. Antimicrob. Agents 48, 583–591. doi: 10.1016/j.ijantimicag.2016.06.023

Beyrouthy, R., Robin, F., Lessene, A., Lacombat, I., Dortet, L., Naas, T., et al. (2017). MCR-1 and OXA-48 In Vivo acquisition in KPC-producing Escherichia coli after colistin treatment. Antimicrob. Agents Chemother. 61:e02540-16. doi: 10.1128/AAC.02540-16

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170

Bortolaia, V., Kaas, R. S., Ruppe, E., Roberts, M. C., Schwarz, S., Cattoir, V., et al. (2020). ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob. Chemother. 75, 3491–3500. doi: 10.1093/jac/dkaa345

Brauer, A., Telling, K., Laht, M., Kalmus, P., Lutsar, I., Remm, M., et al. (2016). Plasmid with colistin resistance gene mcr-1 in extended-spectrum-β-lactamase-producing Escherichia coli strains isolated from pig slurry in Estonia. Antimicrob. Agents Chemother. 60, 6933–6936. doi: 10.1128/AAC.00443-16

Brettin, T., Davis, J. J., Disz, T., Edwards, R. A., Gerdes, S., Olsen, G. J., et al. (2015). RASTtk: a modular and extensible implementation of the RAST algorithm for building custom annotation pipelines and annotating batches of genomes. Sci. Rep. 5:8365. doi: 10.1038/srep08365

Caltagirone, M., Nucleo, E., Spalla, M., Zara, F., Novazzi, F., Marchetti, V. M., et al. (2017). Occurrence of extended spectrum β-lactamases, KPC-Type, and MCR-1.2-producing Enterobacteriaceae from wells, River water, and wastewater treatment plants in Oltrepò Pavese Area, Northern Italy. Front. Microbiol. 8:2232. doi: 10.3389/fmicb.2017.02232

Campos, J., Cristino, L., Peixe, L., and Antunes, P. (2016). MCR-1 in multidrug-resistant and copper-tolerant clinically relevant Salmonella 1,4,[5],12:i:- and S. Rissen clones in Portugal, 2011 to 2015. Euro Surveill. 21:30270. doi: 10.2807/1560-7917.ES.2016.21.26.30270

Carattoli, A., Zankari, E., García-Fernández, A., Voldby Larsen, M., Lund, O., Villa, L., et al. (2014). In silico detection and typing of plasmids using PlasmidFinder and plasmid multilocus sequence typing. Antimicrob. Agents Chemother. 58, 3895–3903. doi: 10.1128/AAC.02412-14

Carfora, V., Alba, P., Leekitcharoenphon, P., Ballarò, D., Cordaro, G., Di Matteo, P., et al. (2018). Colistin resistance mediated by mcr-1 in ESBL-producing, multidrug Resistant Salmonella infantis in broiler chicken industry, Italy (2016-2017). Front. Microbiol. 9:1880. doi: 10.3389/fmicb.2018.01880

Chan, W.-S., Au, C.-H., Ho, D. N., Chan, T.-L., Ma, E. S.-K., and Tang, B. S.-F. (2018). Prospective study on human fecal carriage of Enterobacteriaceae possessing mcr-1 and mcr-2 genes in a regional hospital in Hong Kong. BMC Infect. Dis. 18:81. doi: 10.1186/s12879-018-2987-y

Chen, F., Zhang, W., Schwarz, S., Zhu, Y., Li, R., Hua, X., et al. (2019). Genetic characterization of an MDR/virulence genomic element carrying two T6SS gene clusters in a clinical Klebsiella pneumoniae isolate of swine origin. J. Antimicrob. Chemother. 74, 1539–1544. doi: 10.1093/jac/dkz093

Cui, M., Zhang, J., Gu, Z., Li, R., Chan, E. W.-C., Yan, M., et al. (2017). Prevalence and molecular characterization of mcr-1-positive Salmonella strains recovered from clinical specimens in China. Antimicrob. Agents Chemother. 61:e02471-16. doi: 10.1128/AAC.02471-16

Dalmolin, T. V., Martins, A. F., Zavascki, A. P., de Lima-Morales, D., and Barth, A. L. (2018). Acquisition of the mcr-1 gene by a high-risk clone of KPC-2-producing Klebsiella pneumoniae ST437/CC258, Brazil. Diagn. Microbiol. Infect. Dis. 90, 132–133. doi: 10.1016/j.diagmicrobio.2017.09.016

Di Conza, J. A., Badaracco, A., Ayala, J., Rodríguez, C., Famiglietti, A., and Gutkind, G. O. (2014). β-lactamases produced by amoxicillin-clavulanate-resistant enterobacteria isolated in Buenos Aires, Argentina: a new blaTEM gene. Rev. Argent. Microbiol. 46, 210–217. doi: 10.1016/S0325-7541(14)70075-6

Di Pilato, V., Arena, F., Tascini, C., Cannatelli, A., Henrici De Angelis, L., Fortunato, S., et al. (2016). mcr-1.2, a new mcr variant carried on a transferable plasmid from a colistin-Resistant KPC Carbapenemase-producing Klebsiella pneumoniae strain of sequence Type 512. Antimicrob. Agents Chemother. 60, 5612–5615. doi: 10.1128/AAC.01075-16

Donà, V., Bernasconi, O. J., Pires, J., Collaud, A., Overesch, G., Ramette, A., et al. (2017). Heterogeneous genetic location of mcr-1 in colistin-resistant Escherichia coli isolates from humans and retail chicken meat in Switzerland: emergence of mcr-1-carrying IncK2 plasmids. Antimicrob. Agents Chemother. 61:e01245-17. doi: 10.1128/AAC.01245-17

Doumith, M., Godbole, G., Ashton, P., Larkin, L., Dallman, T., Day, M., et al. (2016). Detection of the plasmid-mediated mcr-1 gene conferring colistin resistance in human and food isolates of Salmonella enterica and Escherichia coli in England and Wales. J. Antimicrob. Chemother. 71, 2300–2305. doi: 10.1093/jac/dkw093

Du, C., Feng, Y., Wang, G., Zhang, Z., Hu, H., Yu, Y., et al. (2020). Co-occurrence of the mcr-1.1 and mcr-3.7 Genes in a multidrug-resistant Escherichia coli Isolate from China. Infect. Drug Resist. 13, 3649–3655. doi: 10.2147/IDR.S268787

El-Sayed Ahmed, M. A. E.-G., Zhong, L.-L., Shen, C., Yang, Y., Doi, Y., and Tian, G.-B. (2020). Colistin and its role in the Era of antibiotic resistance: an extended review (2000-2019). Emerg. Microbes Infect. 9, 868–885. doi: 10.1080/22221751.2020.1754133

Feng, S., Shen, C., Chen, H., Zheng, X., Xia, Y., Zhong, L.-L., et al. (2018). Co-production of MCR-1 and NDM-5 in Escherichia coli isolated from a colonization case of inpatient. Infect. Drug Resist. 11, 1157–1161. doi: 10.2147/IDR.S171164

Fernandes, M. R., McCulloch, J. A., Vianello, M. A., Moura, Q., Pérez-Chaparro, P. J., Esposito, F., et al. (2016). First report of the globally disseminated IncX4 plasmid carrying the mcr-1 gene in a colistin-resistant Escherichia coli sequence Type 101 isolate from a human infection in Brazil. Antimicrob. Agents Chemother. 60, 6415–6417. doi: 10.1128/AAC.01325-16

Fernandes, M. R., Sellera, F. P., Esposito, F., Sabino, C. P., Cerdeira, L., and Lincopan, N. (2017). Colistin-Resistant mcr-1-Positive Escherichia coli on public beaches, an infectious threat emerging in recreational waters. Antimicrob. Agents Chemother. 61:e00234-17. doi: 10.1128/AAC.00234-17

Garcia-Graells, C., De Keersmaecker, S. C. J., Vanneste, K., Pochet, B., Vermeersch, K., Roosens, N., et al. (2018). Detection of plasmid-mediated colistin resistance, mcr-1 and mcr-2 genes, in Salmonella spp. Isolated from food at retail in Belgium from 2012 to 2015. Foodborne Pathog. Dis. 15, 114–117. doi: 10.1089/fpd.2017.2329

García-Meniño, I., Díaz-Jiménez, D., García, V., de Toro, M., Flament-Simon, S. C., Blanco, J., et al. (2019). Genomic characterization of prevalent mcr-1, mcr-4, and mcr-5 Escherichia coli within swine enteric Colibacillosis in Spain. Front. Microbiol. 10:2469. doi: 10.3389/fmicb.2019.02469

Gelbíčová, T., Baráková, A., Florianová, M., Jamborová, I., Zelendová, M., Pospíšilová, L., et al. (2019). Dissemination and comparison of genetic determinants of mcr-mediated Colistin resistance in Enterobacteriaceae via retailed raw meat products. Front. Microbiol. 10:2824. doi: 10.3389/fmicb.2019.02824

Gokulan, K., Khare, S., Rooney, A. W., Han, J., Lynne, A. M., and Foley, S. L. (2013). Impact of plasmids, including those encodingVirB4/D4 type IV secretion systems, on Salmonella enterica serovar Heidelberg virulence in macrophages and epithelial cells. PLoS One 8:e77866. doi: 10.1371/journal.pone.0077866

Gröndahl-Yli-Hannuksela, K., Lönnqvist, E., Kallonen, T., Lindholm, L., Jalava, J., Rantakokko-Jalava, K., et al. (2018). The first human report of mobile colistin resistance gene, mcr-1, in Finland. APMIS 126, 413–417. doi: 10.1111/apm.12834

Guenther, S., Falgenhauer, L., Semmler, T., Imirzalioglu, C., Chakraborty, T., Roesler, U., et al. (2017). Environmental emission of multiresistant Escherichia coli carrying the colistin resistance gene mcr-1 from German swine farms. J. Antimicrob. Chemother. 72, 1289–1292. doi: 10.1093/jac/dkw585

Haenni, M., Poirel, L., Kieffer, N., Châtre, P., Saras, E., Métayer, V., et al. (2016). Co-occurrence of extended spectrum β lactamase and MCR-1 encoding genes on plasmids. Lancet Infect. Dis. 16, 281–282. doi: 10.1016/S1473-3099(16)00007-4

Hasman, H., Hammerum, A. M., Hansen, F., Hendriksen, R. S., Olesen, B., Agersø, Y., et al. (2015). Detection of mcr-1 encoding plasmid-mediated colistin-resistant Escherichia coli isolates from human bloodstream infection and imported chicken meat, Denmark 2015. Euro Surveill. 20:30085. doi: 10.2807/1560-7917.ES.2015.20.49.30085

Hassan, J., Eddine, R. Z., Mann, D., Li, S., Deng, X., Saoud, I. P., et al. (2020). The mobile colistin resistance gene, mcr-1.1, is carried on IncX4 plasmids in multidrug resistant E. coli isolated from rainbow trout aquaculture. Microorganisms 8:1636. doi: 10.3390/microorganisms8111636

Hayashi, W., Tanaka, H., Taniguchi, Y., Iimura, M., Soga, E., Kubo, R., et al. (2019). Acquisition of mcr-1 and cocarriage of virulence genes in avian pathogenic Escherichia coli isolates from municipal wastewater influents in Japan. Appl. Environ. Microbiol. 85:e001661-19. doi: 10.1128/AEM.01661-19

Izdebski, R., Baraniak, A., Bojarska, K., Urbanowicz, P., Fiett, J., Pomorska-Wesołowska, M., et al. (2016). Mobile MCR-1-associated resistance to colistin in Poland. J. Antimicrob. Chemother. 71, 2331–2333. doi: 10.1093/jac/dkw261

Juhas, M., Crook, D. W., and Hood, D. W. (2008). Type IV secretion systems: tools of bacterial horizontal gene transfer and virulence. Cell. Microbiol. 10, 2377–2386. doi: 10.1111/j.1462-5822.2008.01187.x

Kassem, I. I., Mann, D., Li, S., and Deng, X. (2021). Draft genome sequences and resistome analysis of multidrug-resistant mcr-1-harbouring Escherichia coli isolated from pre-harvest poultry in Lebanon. J. Glob. Antimicrob. Resist. 25, 114–116. doi: 10.1016/j.jgar.2021.03.001

Kaye, K. S., Pogue, J. M., Tran, T. B., Nation, R. L., and Li, J. (2016). Agents of last resort: polymyxin resistance. Infect. Dis. Clin. North Am. 30, 391–414. doi: 10.1016/j.idc.2016.02.005

Kim, S., Kim, H., Kang, H.-S., Kim, Y., Kim, M., Kwak, H., et al. (2020). Prevalence and genetic characterization of mcr-1-positive Escherichia coli isolated from retail meats in South Korea. J. Microbiol. Biotechnol. 30, 1862–1869. doi: 10.4014/jmb.2007.07008

Kong, L.-H., Lei, C.-W., Ma, S.-Z., Jiang, W., Liu, B.-H., Wang, Y.-X., et al. (2017). Various sequence types of Escherichia coli isolates coharboring blaNDM-5 and mcr-1 genes from a commercial swine farm in China. Antimicrob. Agents Chemother. 61:e02167-16. doi: 10.1128/AAC.02167-16

Lefort, V., Desper, R., and Gascuel, O. (2015). FastME 2.0: a comprehensive, accurate, and fast distance-based phylogeny inference program. Mol. Biol. Evol. 32, 2798–2800. doi: 10.1093/molbev/msv150

Lei, T., Zhang, J., Jiang, F., He, M., Zeng, H., Chen, M., et al. (2019). First detection of the plasmid-mediated colistin resistance gene mcr-1 in virulent Vibrio parahaemolyticus. Int. J. Food Microbiol. 308:108290. doi: 10.1016/j.ijfoodmicro.2019.108290

Letunic, I., and Bork, P. (2021). Interactive tree of Life (iTOL) v5: an online tool for phylogenetic tree display and annotation. Nucleic Acids Res. 49, W293–W296. doi: 10.1093/nar/gkab301

Li, A., Yang, Y., Miao, M., Chavda, K. D., Mediavilla, J. R., Xie, X., et al. (2016). Complete sequences of mcr-1-harboring plasmids from extended-spectrum-β-lactamase- and carbapenemase-producing Enterobacteriaceae. Antimicrob. Agents Chemother. 60, 4351–4354. doi: 10.1128/AAC.00550-16

Lindsey, R. L., Batra, D., Rowe, L., Loparev, V. N., Stripling, D., Garcia-Toledo, L., et al. (2017). High-quality genome sequence of an Escherichia coli O157 strain carrying an mcr-1 resistance gene isolated from a patient in the United States. Genome Announc. 5:e01725-16. doi: 10.1128/genomeA.01725-16

Litrup, E., Kiil, K., Hammerum, A. M., Roer, L., Nielsen, E. M., and Torpdahl, M. (2017). Plasmid-borne colistin resistance gene mcr-3 in Salmonella isolates from human infections, Denmark, 2009-17. Euro Surveill. 22:30587. doi: 10.2807/1560-7917.ES.2017.22.31.30587

Liu, B.-T., and Song, F.-J. (2019). Emergence of two Escherichia coli strains co-harboring mcr-1 and blaNDM in fresh vegetables from China. Infect. Drug Resist. 12, 2627–2635. doi: 10.2147/IDR.S211746

Liu, Y.-Y., Wang, Y., Walsh, T. R., Yi, L.-X., Zhang, R., Spencer, J., et al. (2016). Emergence of plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in China: a microbiological and molecular biological study. Lancet Infect. Dis. 16, 161–168. doi: 10.1016/S1473-3099(15)00424-7

Livermore, D. M., Warner, M., Mushtaq, S., Doumith, M., Zhang, J., and Woodford, N. (2011). What remains against carbapenem-resistant Enterobacteriaceae? Evaluation of chloramphenicol, ciprofloxacin, colistin, fosfomycin, minocycline, nitrofurantoin, temocillin and tigecycline. Int. J. Antimicrob. Agents 37, 415–419. doi: 10.1016/j.ijantimicag.2011.01.012

Lo, W.-U., Chow, K.-H., Law, P. Y., Ng, K.-Y., Cheung, Y.-Y., Lai, E. L., et al. (2014). Highly conjugative IncX4 plasmids carrying blaCTX-M in Escherichia coli from humans and food animals. J. Med. Microbiol. 63, 835–840. doi: 10.1099/jmm.0.074021-0

Lu, J., Dong, N., Liu, C., Zeng, Y., Sun, Q., Zhou, H., et al. (2020). Prevalence and molecular epidemiology of mcr-1-positive Klebsiella pneumoniae in healthy adults from China. J. Antimicrob. Chemother. 75, 2485–2494. doi: 10.1093/jac/dkaa210

Luo, J., Yao, X., Lv, L., Doi, Y., Huang, X., Huang, S., et al. (2017). Emergence of mcr-1 in Raoultella ornithinolytica and Escherichia coli isolates from retail vegetables in China. Antimicrob. Agents Chemother. 61:e01139-17. doi: 10.1128/AAC.01139-17

Luo, Q., Yu, W., Zhou, K., Guo, L., Shen, P., Lu, H., et al. (2017). Molecular epidemiology and colistin resistant mechanism of mcr-positive and mcr-negative clinical isolated Escherichia coli. Front. Microbiol. 8:2262. doi: 10.3389/fmicb.2017.02262

Manageiro, V., Clemente, L., Romão, R., Silva, C., Vieira, L., Ferreira, E., et al. (2019). IncX4 plasmid carrying the new mcr-1.9 gene variant in a CTX-M-8-producing Escherichia coli isolate recovered from swine. Front. Microbiol. 10:367. doi: 10.3389/fmicb.2019.00367

Matamoros, S., van Hattem, J. M., Arcilla, M. S., Willemse, N., Melles, D. C., Penders, J., et al. (2017). Global phylogenetic analysis of Escherichia coli and plasmids carrying the mcr-1 gene indicates bacterial diversity but plasmid restriction. Sci. Rep. 7:15364. doi: 10.1038/s41598-017-15539-7

Meier-Kolthoff, J. P., and Göker, M. (2019). TYGS is an automated high-throughput platform for state-of-the-art genome-based taxonomy. Nat. Commun. 10:2182. doi: 10.1038/s41467-019-10210-3

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H.-P., and Göker, M. (2013). Genome sequence-based species delimitation with confidence intervals and improved distance functions. BMC Bioinformatics 14:60. doi: 10.1186/1471-2105-14-60

Mendes, A. C., Novais, Â, Campos, J., Rodrigues, C., Santos, C., Antunes, P., et al. (2018). mcr-1 in carbapenemase-producing Klebsiella pneumoniae with hospitalized patients, Portugal, 2016-2017. Emerging Infect. Dis. 24, 762–766. doi: 10.3201/eid2404.171787

Migura-Garcia, L., González-López, J. J., Martinez-Urtaza, J., Aguirre Sánchez, J. R., Moreno-Mingorance, A., Perez de Rozas, A., et al. (2019). mcr-Colistin resistance genes mobilized by IncX4, IncHI2, and IncI2 plasmids in Escherichia coli of pigs and white stork in Spain. Front. Microbiol. 10:3072. doi: 10.3389/fmicb.2019.03072

Monte, D. F., Fernandes, M. R., Cerdeira, L., de Souza, T. A., Mem, A., Franco, B. D. G. M., et al. (2017a). Draft genome sequences of colistin-resistant MCR-1-producing Escherichia coli ST1850 and ST74 strains isolated from commercial chicken meat. Genome Announc. 5:e00329-17. doi: 10.1128/genomeA.00329-17

Monte, D. F., Mem, A., Fernandes, M. R., Cerdeira, L., Esposito, F., Galvão, J. A., et al. (2017b). Chicken meat as a reservoir of colistin-Resistant Escherichia coli strains carrying mcr-1 genes in South America. Antimicrob. Agents Chemother. 61:e02718-16. doi: 10.1128/AAC.02718-16

Moser, A. I., Kuenzli, E., Campos-Madueno, E. I., Büdel, T., Rattanavong, S., Vongsouvath, M., et al. (2021). Antimicrobial-resistant Escherichia coli strains and their plasmids in people, poultry, and chicken meat in laos. Front. Microbiol. 12:708182. doi: 10.3389/fmicb.2021.708182

Nang, S. C., Li, J., and Velkov, T. (2019). The rise and spread of mcr plasmid-mediated polymyxin resistance. Crit. Rev. Microbiol. 45, 131–161. doi: 10.1080/1040841X.2018.1492902

Neumann, B., Rackwitz, W., Hunfeld, K.-P., Fuchs, S., Werner, G., and Pfeifer, Y. (2020). Genome sequences of two clinical Escherichia coli isolates harboring the novel colistin-resistance gene variants mcr-1.26 and mcr-1.27. Gut Pathog. 12:40. doi: 10.1186/s13099-020-00375-4

Nikaido, H. (2003). Molecular basis of bacterial outer membrane permeability revisited. Microbiol. Mol. Biol. Rev. 67, 593–656. doi: 10.1128/mmbr.67.4.593-656.2003

Nishino, Y., Shimojima, Y., Suzuki, Y., Ida, M., Fukui, R., Kuroda, S., et al. (2017). Detection of the mcr-1 gene in colistin-resistant Escherichia coli from retail meat in Japan. Microbiol. Immunol. 61, 554–557. doi: 10.1111/1348-0421.12549

Ojdana, D., Sacha, P., Olszańska, D., Majewski, P., Wieczorek, P., Jaworowska, J., et al. (2015). First report of Klebsiella pneumoniae-carbapenemase-3-producing Escherichia coli ST479 in Poland. Biomed Res. Int. 2015:256028. doi: 10.1155/2015/256028

Olaitan, A. O., Morand, S., and Rolain, J.-M. (2014). Mechanisms of polymyxin resistance: acquired and intrinsic resistance in bacteria. Front. Microbiol. 5:643. doi: 10.3389/fmicb.2014.00643

Osei Sekyere, J. (2019). Mcr colistin resistance gene: a systematic review of current diagnostics and detection methods. Microbiologyopen 8:e00682. doi: 10.1002/mbo3.682

Palmeira, J. D., Ferreira, H., Madec, J.-Y., and Haenni, M. (2018). Draft genome of a ST443 mcr-1- and blaCTX-M-2-carrying Escherichia coli from cattle in Brazil. J. Glob. Antimicrob. Resist. 13, 269–270. doi: 10.1016/j.jgar.2018.05.010

Papa-Ezdra, R., Grill Diaz, F., Vieytes, M., García-Fulgueiras, V., Caiata, L., Ávila, P., et al. (2020). First three Escherichia coli isolates harbouring mcr-1 in Uruguay. J. Glob. Antimicrob. Resist. 20, 187–190. doi: 10.1016/j.jgar.2019.07.016

Partridge, S. R., Di Pilato, V., Doi, Y., Feldgarden, M., Haft, D. H., Klimke, W., et al. (2018). Proposal for assignment of allele numbers for mobile colistin resistance (mcr) genes. J. Antimicrob. Chemother. 73, 2625–2630. doi: 10.1093/jac/dky262

Peng, Z., Li, X., Hu, Z., Li, Z., Lv, Y., Lei, M., et al. (2019). Characteristics of carbapenem-resistant and colistin-resistant Escherichia coli Co-producing NDM-1 and MCR-1 from pig farms in China. Microorganisms 7:482. doi: 10.3390/microorganisms7110482

Perdigão Neto, L. V., Corscadden, L., Martins, R. C. R., Nagano, D. S., Cunha, M. P. V., Neves, P. R., et al. (2019). Simultaneous colonization by Escherichia coli and Klebsiella pneumoniae harboring mcr-1 in Brazil. Infection 47, 661–664. doi: 10.1007/s15010-019-01309-2

Pham Thanh, D., Thanh Tuyen, H., Nguyen Thi Nguyen, T., Chung The, H., Wick, R. R., Thwaites, G. E., et al. (2016). Inducible colistin resistance via a disrupted plasmid-borne mcr-1 gene in a 2008 Vietnamese Shigella sonnei isolate. J. Antimicrob. Chemother. 71, 2314–2317. doi: 10.1093/jac/dkw173

Pulss, S., Semmler, T., Prenger-Berninghoff, E., Bauerfeind, R., and Ewers, C. (2017). First report of an Escherichia coli strain from swine carrying an OXA-181 carbapenemase and the colistin resistance determinant MCR-1. Int. J. Antimicrob. Agents 50, 232–236. doi: 10.1016/j.ijantimicag.2017.03.014

Quan, J., Li, X., Chen, Y., Jiang, Y., Zhou, Z., Zhang, H., et al. (2017). Prevalence of mcr-1 in Escherichia coli and Klebsiella pneumoniae recovered from bloodstream infections in China: a multicentre longitudinal study. Lancet Infect. Dis. 17, 400–410. doi: 10.1016/S1473-3099(16)30528-X

Rau, R. B., de Lima-Morales, D., Wink, P. L., Ribeiro, A. R., and Barth, A. L. (2020). Salmonella enterica mcr-1 positive from food in Brazil: detection and characterization. Foodborne Pathog. Dis. 17, 202–208. doi: 10.1089/fpd.2019.2700

Roer, L., Hansen, F., Stegger, M., Sönksen, U. W., Hasman, H., and Hammerum, A. M. (2017). Novel mcr-3 variant, encoding mobile colistin resistance, in an ST131 Escherichia coli isolate from bloodstream infection, Denmark, 2014. Euro Surveill. 22:30584.

Sadek, M., Ortiz de la Rosa, J. M., Abdelfattah Maky, M., Korashe Dandrawy, M., Nordmann, P., and Poirel, L. (2021). Genomic features of MCR-1 and extended-spectrum β-lactamase-producing Enterobacterales from retail raw chicken in Egypt. Microorganisms 9:195. doi: 10.3390/microorganisms9010195

Salverda, M. L. M., De Visser, J. A. G. M., and Barlow, M. (2010). Natural evolution of TEM-1 β-lactamase: experimental reconstruction and clinical relevance. FEMS Microbiol. Rev. 34, 1015–1036. doi: 10.1111/j.1574-6976.2010.00222.x

Sellera, F. P., Fernandes, M. R., Sartori, L., Carvalho, M. P. N., Esposito, F., Nascimento, C. L., et al. (2017). Escherichia coli carrying IncX4 plasmid-mediated mcr-1 and blaCTX-M genes in infected migratory Magellanic penguins (Spheniscus magellanicus). J. Antimicrob. Chemother. 72, 1255–1256. doi: 10.1093/jac/dkw543

Shen, C., Feng, S., Chen, H., Dai, M., Paterson, D. L., Zheng, X., et al. (2018). Transmission of mcr-1-producing multidrug-resistant Enterobacteriaceae in Public transportation in Guangzhou, China. Clin. Infect. Dis. 67, S217–S224. doi: 10.1093/cid/ciy661

Shen, Z., Wang, Y., Shen, Y., Shen, J., and Wu, C. (2016). Early emergence of mcr-1 in Escherichia coli from food-producing animals. Lancet Infect. Dis. 16:293. doi: 10.1016/S1473-3099(16)00061-X

Simoni, S., Morroni, G., Brenciani, A., Vincenzi, C., Cirioni, O., Castelletti, S., et al. (2018). Spread of colistin resistance gene mcr-1 in Italy: characterization of the mcr-1.2 allelic variant in a colistin-resistant blood isolate of Escherichia coli. Diagn. Microbiol. Infect. Dis. 91, 66–68. doi: 10.1016/j.diagmicrobio.2017.12.015

Srijan, A., Margulieux, K. R., Ruekit, S., Snesrud, E., Maybank, R., Serichantalergs, O., et al. (2018). Genomic characterization of nonclonal mcr-1-positive multidrug-resistant Klebsiella pneumoniae from clinical samples in Thailand. Microb. Drug Resist. 24, 403–410. doi: 10.1089/mdr.2017.0400

Tacão, M., Tavares, R. D. S., Teixeira, P., Roxo, I., Ramalheira, E., Ferreira, S., et al. (2017). mcr-1 and blaKPC-3 in Escherichia coli sequence Type 744 after Meropenem and Colistin therapy. Portugal. Emerging Infect. Dis. 23, 1419–1421. doi: 10.3201/eid2308.170162

Tada, T., Uechi, K., Nakasone, I., Nakamatsu, M., Satou, K., Hirano, T., et al. (2018). Emergence of IncX4 plasmids encoding mcr-1 in a clinical isolate of Klebsiella pneumoniae in Japan. Int. J. Infect. Dis. 75, 98–100. doi: 10.1016/j.ijid.2018.08.011

Timmermans, M., Wattiau, P., Denis, O., and Boland, C. (2021). Colistin resistance genes mcr-1 to mcr-5, including a case of triple occurrence (mcr-1, -3 and -5), in Escherichia coli isolates from faeces of healthy pigs, cattle and poultry in Belgium, 2012-2016. Int. J. Antimicrob. Agents 57:106350. doi: 10.1016/j.ijantimicag.2021.106350

Torpdahl, M., Hasman, H., Litrup, E., Skov, R. L., Nielsen, E. M., and Hammerum, A. M. (2017). Detection of mcr-1-encoding plasmid-mediated colistin-resistant Salmonella isolates from human infection in Denmark. Int. J. Antimicrob. Agents 49, 261–262. doi: 10.1016/j.ijantimicag.2016.11.010

Wallden, K., Rivera-Calzada, A., and Waksman, G. (2010). Type IV secretion systems: versatility and diversity in function. Cell. Microbiol. 12, 1203–1212. doi: 10.1111/j.1462-5822.2010.01499.x

Wick, R. R., Judd, L. M., Gorrie, C. L., and Holt, K. E. (2017). Unicycler: resolving bacterial genome assemblies from short and long sequencing reads. PLoS Comput. Biol. 13:e1005595. doi: 10.1371/journal.pcbi.1005595

Wu, R., Yi, L.-X., Yu, L.-F., Wang, J., Liu, Y., Chen, X., et al. (2018). Fitness advantage of mcr-1-bearing IncI2 and IncX4 plasmids in Vitro. Front. Microbiol. 9:331. doi: 10.3389/fmicb.2018.00331

Xavier, B. B., Lammens, C., Ruhal, R., Kumar-Singh, S., Butaye, P., Goossens, H., et al. (2016). Identification of a novel plasmid-mediated colistin-resistance gene, mcr-2, in Escherichia coli, Belgium, June 2016. Euro Surveill. 21:30280. doi: 10.2807/1560-7917.ES.2016.21.27.30280

Yang, Q. E., Tansawai, U., Andrey, D. O., Wang, S., Wang, Y., Sands, K., et al. (2019). Environmental dissemination of mcr-1 positive Enterobacteriaceae by Chrysomya spp. (common blowfly): an increasing public health risk. Environ. Int. 122, 281–290. doi: 10.1016/j.envint.2018.11.021

Zaja̧c, M., Sztromwasser, P., Bortolaia, V., Leekitcharoenphon, P., Cavaco, L. M., Ziȩtek-Barszcz, A., et al. (2019). Corrigendum: occurrence and characterization of mcr-1-positive Escherichia coli isolated from food-producing animals in Poland, 2011-2016. Front. Microbiol. 10:2816. doi: 10.3389/fmicb.2019.02816

Zamparette, C. P., Schorner, M., Campos, E., Moura, Q., Cerdeira, L., Tartari, D. C., et al. (2020). IncX4 plasmid-mediated mcr-1.1 in polymyxin-resistant Escherichia coli from outpatients in Santa Catarina, Southern Brazil. Microb. Drug Resist. 26, 1326–1333. doi: 10.1089/mdr.2019.0203

Zelendova, M., Papagiannitsis, C. C., Valcek, A., Medvecky, M., Bitar, I., Hrabak, J., et al. (2020). Characterization of the complete nucleotide sequences of mcr-1-encoding plasmids from Enterobacterales isolates in retailed raw meat products from the Czech Republic. Front. Microbiol. 11:604067. doi: 10.3389/fmicb.2020.604067

Zeng, K.-J., Doi, Y., Patil, S., Huang, X., and Tian, G.-B. (2016). Emergence of the plasmid-mediated mcr-1 gene in colistin-resistant Enterobacter aerogenes and Enterobacter cloacae. Antimicrob. Agents Chemother. 60, 3862–3863. doi: 10.1128/AAC.00345-16

Zhao, F., Feng, Y., Lü, X., McNally, A., and Zong, Z. (2017). Remarkable diversity of Escherichia coli carrying mcr-1 from hospital sewage with the identification of Two New mcr-1 variants. Front. Microbiol. 8:2094. doi: 10.3389/fmicb.2017.02094

Zhong, L.-L., Phan, H. T. T., Shen, C., Vihta, K.-D., Sheppard, A. E., Huang, X., et al. (2018). High rates of human fecal carriage of mcr-1-positive multidrug-resistant Enterobacteriaceae emerge in China in association with successful plasmid families. Clin. Infect. Dis. 66, 676–685. doi: 10.1093/cid/cix885

Zurfluh, K., Nüesch-Inderbinen, M., Klumpp, J., Poirel, L., Nordmann, P., and Stephan, R. (2017). Key features of mcr-1-bearing plasmids from Escherichia coli isolated from humans and food. Antimicrob. Resist. Infect. Control 6:91. doi: 10.1186/s13756-017-0250-8


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Majewski, Gutowska, Smith, Hauschild, Majewska, Hryszko, Gizycka, Kedra, Kochanowicz, Glowiński, Drewnowska, Swiecicka, Sacha, Wieczorek, Iwaniuk, Sulewska, Charkiewicz, Makarewicz, Zebrowska, Czaban, Radziwon, Niklinski and Tryniszewska. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




[image: image]


OPS/images/fmicb-11-01125/fmicb-11-01125-g003.jpg
kiIcA trad

A B

0.25 0.006
<020 S 0.005
0 0
9 $ 0.004
2015 2
2 a
6 5 0.003
[ c
£0.10 i
g £ 0.002
s . i ]
i s & 0.001

. 1 I
0 - 0 :

Recipient: Riff Riff RifS RifS - - Recipient: Riff Riff RifS RifS - -

Donor: RifR Riff RifR Riff Riff RIfS Donor: RIiffR Riff RIiff Riff Riff RIifS





OPS/images/fmicb-11-01125/fmicb-11-01125-g004.jpg
&
<

nicl
O, 0.4 0]

~~
~..
~~.
~.
~ o

am="
------
-, ~

~~.
~s
~ee
~en
~~

nic Direction of transfer ~ "T*--..
TradJ binding site v -
5’ -ATAAGGGACA C CTATCCTGceccggcetgacgecgttggatacaccaagga-
WVVVVVWVJ
3’ -TATTCCCTG G GATAGGACGGGCCGACTGCGGCAACCTATGTGGTTCCT-
+1
TrbA binding site TrbA binding site

+1

-aagtctacacgaaccctttggcaaaatcetgtatatcgtgcgaaaaaggatiggatataccgnaaaaatcgctataatgaccccgaage-3’
-10 tradp -35 -35 trakp -10 e
CTACCTATATGGC

-TTCAGATGTGCTTGGGAAACCGTTTTAGGACATATAGCACGCTTTTTC TTTTTTAGCGATATTACTGGGGCTTCG-5






OPS/images/fmicb-11-01125/fmicb-11-01125-g005.jpg
A Donor Recipient B Donor Recipient






OPS/images/fmicb-11-01125/fmicb-11-01125-t001.jpg
Gene

trak
tral
traM
KiC
KiB
KirA
korG
korF
korB
incC
KorA
KaC
KaB
KaA
KeF
KeE
KeD
KeC
KieB
KleA
korC
bla
tpR
tnpA
KA
tetR
tetA
upf16.5
A
ssb
bA
B
bC
tbD
tbE
wbF
G
tbH
trbl
tbJ
bK
bl
M
tbN
]
P
upf31.7
wA
upf32.8
parA
parB

parC
parD
parE
jstA
istB
aphA
traA
traB
traC1
traC2
traD
traE
traF
traG
tral
trak
traJ

Function

Relaxosome auxillry protein

Plasmid maintenance
Plasmid maintenance
Autoregulator protein
Histone-like protein
Histone-like protein

Global transcription repressor
Plasmid partitioning protein
Global transcription repressor
Plasmid maintenance
Plasmid maintenance
Plasmid maintenance
Plasmid maintenance
Plasmid maintenance
Plasmid maintenance
Plasmid maintenance
Plasmid maintenance
Plasmid maintenance

Global transcription repressor
Beta-lactamase

Tn1 resolvase

TnT transposase
Antirestriction enzyme

tetA repressor

Tetracycline exporter

Replication initiator protein
ssDNA binding protein

Global transcription repressor
T4SS protein

P-type propiin

Plus assembly

T4SS ATPase

Plus assembly

T4SS protein

T4SS protein

T4SS protein

T4SS protein

Entry exclusion protein
Mating pair formation protein
Mating pair formation protein
Mating pair formation protein

Putative pilus acetylase

Fertility inhibition of IncW plasmids

Site-specific recombinase
Nuclease

Antitoxin protein
Toxin protein
1821 transposase

Aminoglycoside 3'-phosphotransferase

DNA primase
DNA primase

Putative helicase

P-type propilin processing
Coupling protein

Relaxase

Relaxosome auxliary protein
Relaxosome auxliary protein

Direction?

E I N T T N 20 2 2 R 20 Z N T AN T J0E 2 2 R N N N N N N NN ZNN N AN R A N N N N N N N S A S N N N 2 2 2

trrtrrr et bbbt

Rif® donor

Rif® reci

30
32
22
30
73
165
1.2
148
158
185
19.0
145
205
359
224
36.2
369
50.5
50.6
381
08
1.3
28
21
2237
16
7.0
74
74
9.4
1.7
50
30
26
21
16
13
1.0
09
08
0.6
07
08
07
07
0.6
0.7
0.6
12
105
47

106
68
67
37
3.1
11
09
1.0
1.0
08
1.1
18
27
42

221

211

151

RifS donor

Rif® recipient

14
1.4
1.4
24
54
57
11.0
145
14.9
143
133
95
15.9
345
155
233
16.4
278
260
222
1.2
13
20
13
121.0
1.6
a7
70
75
9.7
1.4
6.9
49
30
30
23
1.7
1.5
11
1.2
1.0
1.2
1.0
1.2
1.0
14
1.0
14
1.4
25
29

26
35
47
24
17
1.1
08
11
1.0
1.1
1.1
15
2.0
28
6.5
6.3
2.6

Rif® donor

RifS recipient

33
19
18
1.6
1.9
49
1.0
0.9
1.1
1.3
15
0.9
11
1.0
1.1
0.9
11
0.9
0.7
0.8
07
1.2
1.7
11
0.9
1.1
1.0
13
1.4
13
1.0
15
18
15
1.4
15
1.0
0.8
0.9
1.0
11
0.7
1.0
0.9
0.9
0.7
0.8
08
0.8
1.1
1.6

1.3
29
33
23
1.7
0.9
0.6
0.9
13
13
1.6
14
26
26
146
15.4
6.0

Rif® donor

RifS recipient

1.4
12
1.0
12
11
13
12
12
11
1.1
1.0
13
12
13
12
12
1.4
15
17
15
16
14
1.4
11
13
1.1
16
1.0
1.1
12
13
13
13
13
14
16
1.4
15
13
1.4
1.0
13
13
13
13
16
14
12
12
12
09

16
13
12
11
12
12
12
14
15
14
12
15
13
1.4
15
12
11

The RP4 gene name and direction of transcription relative to the direction of transfer are indicated on the left columns. Combinations of donor and recipient strains are
indicated in the upper rows. @The direction of transcription corresponds to that shown in Figure 2. <, mRNA is transcribed from the transfer strand as template; —,

mRNA is transcribed from the complementary strand as template. Fold changes > 4.0 are shown in bold.





OPS/images/fmicb-11-01254/fmicb-11-01254-g007.jpg
A abs

jbs

B wit

mA,,, min" OD600"
o
o

IPTG -

1400
1200
1000
800
600
400
200

mA,,, min" OD600

1400
1200
1000
800
600
400
200

mA,,, min" OD600"

*k%k

m7

Il II |I ‘I
Ve JR1

m42a

ll |I| |I\ |l|
vC JR1

TETTAAGTAAATETTAAATAAGGCGCGCCAATTTTGGCGTGTT
TETTAAGTAAATBATARATAAGGCGCGCCAATTTITGGCGTG
TETTAAGTAAATGTTARATAAGGCGCGCCAATTTTGGCGTG
TETTAAGTAAATBRATARAA TAAGGCGCGCCAATTTTGGCGTGTT

B .. S . CHA 1ol

600

500

400

300

2
LonlRan

JSH2

JF

TTCGTCGGTTTCT R1
TTCGTCGGTTTCT m6
TTCGTCGGTTTCT m7
TTCGTCGGTTTCT m61
TTCGTCGGTTTCT m42a
ITTTCGTCGGTTTCT m42a6

mo6

*k%k

*k*k

-ﬁi-m-D'
vc JR1 JF JSHZ

mo61

|I| II II IN
Ve JR1

m42a6

|Ii| |I |l|
vVC JR1

JF





OPS/images/fmicb-11-01125/cross.jpg
3,

i





OPS/images/fmicb-11-01125/fmicb-11-01125-g001.jpg
>

Donor Recipient

Donor Recipient

RifS . OK—L\‘S Rif

Donor Recipient

RifR ym : Ri

Donor Recipient

[

Rif® @

)
)
)
"]

Donor

Rif®

or/T

Donor

Rif®

ori_ T

Donor

Rif?

oriT

Donor

Rif®

oriT

Transconjugant

oriT RifR

Transconjugant
oriT RifR

Recipient

oriT  Rifs

N

Recipient

oriT  Rifs

(






OPS/images/fmicb-11-01125/fmicb-11-01125-g002.jpg
5 kb

oriT oriV
Tn1
5!
KkfrA  korA klaA kleA  tnpR kIcA tetR ssb
KorC o0 °®
32 1
KorA ) e o o0 ° ®
2 1 7 65 4 3
KorB o0 e o o ')
3 2 1 12 11 109
TrbA e ')
trak tnpA tetA trbA
3

1821
3!
parC traG trad
@ @ ® @ [}
8 T 6 5 4
o o
parD  aphA
5

Tn1 oriV

IS21






OPS/images/fmicb-11-01254/fmicb-11-01254-g005.jpg
DNase | top J DNase | bottom J
o + A B J + A
ACGTnp —mmmmll A sl Np ACGTn ——mmmll A sl Nnp
[ — — o -
- —_

A

|

LT IE
|

|

I

|

|

I

I

A+4 _— —_——_-- G-127 - —_— — — — —
— | P — —
— - f—— - =
— — — [ ]
— — S m— — — — e —
C-14- -, - = o
= - - — - - — |
— — - == —_— =———7-_——
. = !_= G-90 ™ __ -
e - — s B
T-37 - __—_————-—_ - NN, -
-- — o
A-T4 s == -
A-57 -— — —— — — _— — —
| - - — — -————E R
— T-57 - — -___! —
: - :.f —-— o —
T-74 - . W E— —— — = e I-
B e — — — —_ — — — B
— -'— — — A-37-_:
- - = o - =
C-90 - —__ I — =;- : — — — — —
— i - m™- . = .
o —_-=-— _'_-C-14-_—-—_———— = )
I— — e — — — — —
— _——— — — — S— —
e - W -
_— - _l o T+4 - e, W—— — — s — _—
— — i — — -_-__= o
C12 e Colmmmeme——mamy = et
C
abs N Jjbs
A (@) o
5 TGTTAAGTAAATGTTAAATAAGGCGCGCCAATTTTGGCGTGTTTTTTTTCGTCGGTTTCTGTGCAATCAT -3
3 /§CAAZTCATTTACA§TTTA;TCCGCGCGGTTAAAZSCCGCACAAAAAAAAGCAGCCAAAGACACGTTAGTA—5 ’

1
74 57 .37 14

lw)

C -90
~T-74
— A-57
— T-37
— A+

WWMW TraJ [2 pM]
W‘“‘MNM Trad [5 pM]
WMM TraJ [2 uM] + ArcA-P [0.27 pM]
MMMAMW ArcA-P [0.55 pM]

DNAse | top





OPS/images/fmicb-11-01254/fmicb-11-01254-g006.jpg
A

abs

mA,,, min" OD600"

100

IPTG

wt

*kk

Jjbs

—35

TGTTAAGTAAATGTTAAATAAGGCGCGCCAATTTTGGCGTGTITTTT
TETTAAGTAAATCTTARA TAAGGCGEBBACAATTTTGGCGTGTT

TETTAAGTAAATCTTARA TAAGGCGHEEBCAATTTTGGHE TR
TETTAAGTAAATGTTARA TAAGGCCHEREAE T TTTGGEE TATTTITITTCGTCGGTTTCT m41
TETTAAGTAAATCTTARATAA i CCREREABTTTTGGEETHT!
TGTTAAGTAAATGTTAAATAL JNATATACAETTTTGGEET

CEITAATAAGGTGTTAATAAA . . ATATAGACTTTCCGTCTATTTACCTTTTCTGATTATT F

iii'mimi

JSHZ

o
o O
Q O

N
o
o

mA,,, min" OD600"
w (@)]
o o
o o

T =N
4 o O
O O O

N
o
o

mA,,, min" OD600"

3
~

F

TTTCGTCGGTTTCT R1
[TTTCGTCGGTTTCT m1
'TTTTCGTCGGTTTCT m4

ITTTCGTCGGTTTCT m42
[TTTCGTCGGTTTCT m43

m1

ﬁi-imiﬂl

+
vC JF JSMZ

m41

JR1

18 18 16

m43

i!-im.
VC JR1 JF






OPS/images/fmicb-12-606629/fmicb-12-606629-t002.jpg
Plasmid

pCOR48

pCOR49

pEM110

pLA31
pLA32
pSU711

Relevant properties?

pEM110- based, shuttle vector
E. coli —Lactobacillus, Ap’* Em”;
R388 oriT

pEM110-borned, shuttle vector
E. coli —Lactobacillus, Ap”* Em”F;
RP4 oriT

P8014-2 oriV (L. plantarum),
pBR322 oriV (E. coli), Emf

pSU36:RP4 oriT
pSU36:R388 oriT
Km?; R388 AoriT

Reference or source

This work

This work

Martin et al., 2004

Agundez et al., 2012

Demarre et al., 2004

aApR, ampicillin resistance; CmR, chloramphenicol resistance; EmR, erythromicyn
resistance; KmR, kanamycin resistance.
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Bacteria Relevant properties?

Escherichia coli DH5a.  NxP; F- endA1 hsdR17
supE44 thi-1 recA1 gyrA96

relA1 A(argF-lacZYA) U
169080dlacAM15

E. coliD1210 Sm"; recA hspR hsdM rps!
lacl?

E. coli $17.1 Sm?; (F-)RP4-2-Te:Mu
aph:Tn7 recA

Furfurilactobacillus Isolated from bread dough

rossiae D87

Lacticaseibacillus Laboratory strain

casei 393

L. casei 12003 Isolated from wheat
dough—white bread

L. casei 12032 Isolated from wheat
dough—Pasta

L. casei 12042 Isolated from wheat
dough—white bread

L. casei 13b Dairy-derived —zamorano

L. casei 41b Dairy-derived —zamorano

L. casei 5b Dairy-derived —zamorano

L. casei 61b Dairy-derived —cabrales

L. casei E2 Dairy-derived —emmental

Lacticaseibacillus Isolated from cheese

paracasei 1D-CCC76

Lactiplantibacillus Isolated from bread dough

plantarum IPLA88

Lactobacillus crispatus Isolated from human feces
HFS47

Lactobacillus gasseri  Isolated from human feces
HFS29

Latilactobacillus Isolated from cheese
curvatus 1b-VPZ3

Lentilactobacillus Isolated from cheese
buchneri 1D-VPC30

Lentilactobacillus Dairy-derived —emmental

parabuchneri 11122

Levilactobacillus brevis Isolated from cheese
1D-VCC39

Ligilactobacillus Isolated from human feces
ruminis HFS44

Limosilactobacillus Isolated from cheese
reuteri IPLA11078

Limosilactobacillus Isolated from cheese
vaginalis IPLA11050

Loigolactobacillus Isolated from cheese
coryniformis MZ25

Staphylococcus Human

epidermidis skin—spontaneous isolate

Reference or source

Grant et al., 1990

Sadler et al., 1980

Simon et al., 1983

Del Rio et al., 2018

Hansen and Lessel, 1971

Alvarez-Sieiro et al., 2016

Alvarez-Sieiro et al., 2016

Alvarez-Sieiro et al., 2016

Herrero-Fresno et al., 2012
Herrero-Fresno et al., 2012
Herrero-Fresno et al., 2012
Herrero-Fresno et al., 2012
Herrero-Fresno et al., 2012
IPLA collection

Laredo et al., 2013

IPLA collection

IPLA collection

IPLA collection

IPLA collection

Diaz et al., 2016

IPLA collection

IPLA collection

IPLA collection

Diaz et al., 2015a

IPLA collection

This work

aNxR, nalidixic acid resistance; SmR, streptomycin resistance.
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Strains or Abbreviation Relevant characteristics? Source
plasmids
Bacterial strains
Escherichia coli - deoR, supE44, hsdR17( rk-, mk+), phoA, recAl, Toyobo
DH5a endA1, gyrA96, thi-1, relA1, D(lacZYA-argF)U169, f80d/acZDM15, F~, I~
E. coli HB101(RP4) - E. coli HB101 harboring RP4 This study
Pseudomonas - Ap', Cm", Sm’, Tc" Nelson
putida KT2440 et al. (2002)
P, putida = P, putida KT2440 harboring RP4 This study
KT2440(RP4)
P, putida - Rif", Gm" Shintani
KT2440RG etal
(2005a)
P, putida 1-L1 1-L1 Derivatives of P putida KT2440(RP4) randomly isolated from culture after This study
144-h of competition assay
P, putida 1-L.2 1-L2 Derivatives of P putida KT2440(RP4) randomly isolated from culture after This study
144-h of competition assay
P, putida 1-L3 1-L3 Derivatives of P putida KT2440(RP4) randomly isolated from culture after This study
144-h of competition assay
P, putida 2-11 2-11 Derivatives of P putida KT2440(RP4) randomly isolated from culture after This study
144-h of competition assay
P, putida 2-1.2 2-L2 Derivatives of P putida KT2440(RP4) randomly isolated from culture after This study
144-h of competition assay
P, putida 2-L.3 2-L3 Derivatives of P putida KT2440(RP4) randomly isolated from culture after This study
144-h of competition assay
P, putida KT(vc) P, putida KT2440 harboring pBBR1MCS-5 This study
KT2440(pBBR1MCS-
5)
P, putida KTRP4(vc) P, putida KT2440 harboring RP4 and pBBR1MCS-5 This study
KT2440(RP4)(pBBR1MCS-
5)
P, putida KT(100) P putida KT2440 harboring pBBR100 This study
KT2440(pBBR100)
P, putida KT(200) P, putida KT2440 harboring pBBR200 This study
KT2440(pBBR200)
P, putida KT(300) P, putida KT2440 harboring pBBR300 This study
KT2440(pBBR300)
P, putida KT(400) P, putida KT2440 harboring pBBR400 This study
KT2440(pBBR400)
Plasmids
RP4 - Carrying Ap", Km", and Tc" genes, IncP-1 group Pansegrau
et al. (1994)
pT7Blue T-vector - Ap', lacZ Novagen
pBBR1MCS-5 - Gm’, Piezq promoter Kovach
et al. (1995)
pBBR-ox - pBBR1MCS-5, containing 6,157,772-6,159,017 region of P, putida KT2440 This study
pBBR100 - pBBR1MCS-5, containing 6,158,582-6,158,681 region of P, putida KT2440 This study
pBBR200 - pBBR1MCS-5, containing 6,158,482-6,158,681 region of P, putida KT2440 This study
pBBR300 = pBBR1MCS-5, containing 6,158,382-6,158,681 region of P, putida KT2440 This study
pBBR400 - pBBR1MCS-5, containing 6,158,282-6,158,681 region of P, putida KT2440 This study
pTR8599 - pT7Blue T-vector, containing 5'-RACE-PCR product amplified by UPM and This study

8599-RACE-GSP

aAo’, Cm', Gm', S, Tc', Rif, Km'" indiicate resistance to ampicillin, chloramphenicol, gentamicin, streptomycin, tetracycline, rifampicin, and kanamycin, respectively.
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Primer name

For colony hybridization
RP4_trfA2-F

RP4_trfA2-R

For qRT-PCR

univ16S-F

univ16S-R

PP_5401.2-F
PP_5401.2-R

For preparation of overexpression vector
7772-F-Spel

9017-R-Sall

8582-F-EcoRl
8482-F-EcoRl
8382-F-EcoRl
8282-F-EcoRl
8681-R-Sall

For 5'-RACE analysis
8599-RACE-GSP
R-20mer

For competition assay detected by PCR
PP3700FNdel
PP3700RXbal
pBBR1MCS-ins-F
pBBR1MCS-ins-R

Sequence (5 to 3')2

GAAACACACGAAGCAGCAGA
AAACAGCACGACGATTTCCT

ACACGGTCCAGACTCCTACG
TACTGCCCTTCCTCCCAACT
TGGTTCCTTTGTGTGAAGCCTG
TGAGAAACGTGCCGGTAATGAAG

TTTACTAGTAGCAGAACCCTCTCAAGCTGTG
TTTGTCGACCGACGGTACCGATACGAATC
CCCGAATTCTTTCAGTACGCCAGGATGTC
CCCGAATTCGCATAAGCTTCCAGCTCATT
TCTGAATTCTATGGGTCGAGGCGATCAAG
TCTGAATTCGCTTTCGGGTTCTCAAGGTG
TTTGTCGACGAACGTAGCAACCACCTGTC

GTCTATGATCCCCTTCATTACCGGCACG
AGCTATGACCATGATTACGC

CATATGTCCCCATTAGCCGCTGC
TCTAGACTATAGACGCAGATCAAC
ACTCATCGCAGTCGGCCTAT
ATGCTTCCGGCTCGTATGTT

References

This study
This study

Miyakoshi et al. (2007)
Miyakoshi et al. (2007)
This study
This study

This study
This study
This study
This study
This study
This study
This study

This study
This study

Miyakoshi et al. (2007)
Miyakoshi et al. (2007)
This study
This study

aUnderlined nucleotides represent artificial restriction sites.
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8599-RACE-GSP primer
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Antibiotic

Amoxicillin-
clavulanic
acid
Ampicillin
Cefotaxime
Ceftazidime
Cefepime
Imipenem
Amikacin
Gentamicin
Streptomycin
Sulfisoxazole

Trimethoprim-
sulfamethoxazole

Polymyxin B
Chloramphenicol
Tetracycline
Nalidixic acid
Ciprofloxacin
Ofloxacin

Percentage of drug resistance: n (%)

R | s

n (%) n (%) n (%)

6 (15.79%) 31 (81.58%) 1 (2.63%)
38 (100.00%) 0 (0.00%) 0 (0.00%)
38 (100.00%) 0 (0.00%) 0 (0.00%)
38 (100.00%) 0 (0.00%) 0 (0.00%)
38 (100.00%) 0 (0.00%) 0 (0.00%)

0 (0.00%) 38 (100.00%) 0 (0.00%)

1 (2.63%) 37 (97.37%) 0 (0.00%)

5 (13.16%) 32 (84.21%) 1 (2.63%)
24 (63.16%) 12 (31.58%) 2 (5.26%)
29 (76.32%) 9 (23.68%) 0 (0.00%)
20 (52.63%) 18 (47.37%) 0 (0.00%)

0 (0.00%) 38 (100.00%) 0 (0.00%)
11 (28.95%) 21 (55.26%) 6 (15.79%)
17 (44.74%) 21 (55.26%) 0 (0.00%)
37 (97.37%) 1 (2.63%) 0 (0.00%)

0 (0.00%) 38 (100.00%) 0 (0.00%)

0 (0.00%) 38 (100.00%) 0 (0.00%)
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Isolates Beta-lactamase gene No. of Size of plasmids harboring Replicon type Upstreamof ~ Downstream MIC (1 g/mL)
plasmids the blagry. gene blacrx.m of blagrem

c1x caz FEP
E. coli 600 <0125 <0125 <0125
SH11G3%4 blagrynss. TEM, SHY 1 76.8Kk0 256 3 32
SH11G394-C*  blacmcmss 1 76.8kb " 1sEcp1 ORF-477 16 2 2
SH11G405 blagrwss, TEM 1 76.8Kk0 256 %2 32
SH11GA05C*  blacrwarss 1 768K " 1SEcp1 ORF-477 o 4 8
SH11G1338 blacrss, TEM, SHYV 1 76.8K0 256 32 32
SHITG1BB.C'  blacrcuss 1 76.8k0 1" 1SEcp? ORF-477 64 4 8
SH11G1355 blacryanss. TEM, SHY 1 76.8K0 256 3 32
SHIIGIEEC'  blacncmss 1 76.8k> i 1SEcp1 ORF-477 128 4 8
SH11G1371 blacrxmss, TEM 1 76.8kb 256 32 32
SH11G1371- blagrawss 1 768K> " ISEcp1 ORF-477 64 8 8
SH12G565 blacrnss, TEM 1 76.8K0 256 32 a2
SH12G565C'  blacrcmss 1 768K 1" 1SEcp1 ORF-477 32 8 4
SH12G706 blacrcmss. TEM 1 768kb 256 3 32
SH12G706C'  blacncamss 1 76.8Kk0 " IsEcp1 ORF-477 32 a 4
SH13G961 blagrxwmss 1 76.8kb 256 32 32
SH13GY61-C' blacness 1 768K0 " ISEcp ORF-477 128 a 8
SH126460 blagryaw.ss. TEM, SHV 2 54.7Kb, 768K >512 64 32
SHI2G460C"  blacnass 1 768K> FIA, FIB, FrepB. ORF-477 32 4 4
SH126514 Blacrcmss 1 1045K0 256 32
SH12G514.C'  blacrcass 1 104.5Kkb FrepB. ORF-477 256 a 8
SH12G729 blagrx s, TEM, SHY, 1 76.8kb 256 32 a2

PSE, ACC
SH12G720C'  blacrcmss 1 76.8Kk0 FrepB. ORF-477 32 a 2
SH12G1079 blagrss. SHV 1 104.5kb 256 32 32
SH12G1079-C'  blagreanss, SHV 1 1045kb FIIA, FrepB ORF-477 16 a 2
SH12G1166 blagrxawss, TEM, SHV 2 104.5Kb, > 1389 Kb 128 16 32
SH12G1166- blacrxmss 1 >138.9Kb N, FIlB, FrepB ORF-477 128 4 8
SH13G474 blacrxss, TEM, SHY 2 547 kb, 76.8Kb 256 32 32
SH13GA74-C'  blacreass 1 76.8K0 FIA, FI, FrepB. ORF-477 o 4 4
136990 blacrss. SHV 2 547 kb, 104.5 Kb 256 32 32
SH13G990.C'  blacreass 1 1045kb FIA, FIB, Frep8. ORF-477 128 4 4
SH13G1032 blagryawss, SHV 1 6.8k 256 %2 32
SH13G1082:C'  blacrcmss 1 76.8K0 FIA, FIB, Frep8 ORF-477 64 4 4
SH13G1838 blacreass, SHV 1 1389kb 256 32 32
SH13G1838-C'  blacrxass 1 138.9K0 N, FrepB ORF-477 128 4 4
SH13G1868 blagrywss, SHV 1 76.8Kb 256 32 32
SH13G1868-C'  blacnwmss 1 76.8Kb FrepB. ORF-477 16 05 2
SH13G1882 blagrxss 1 76.8K0 256 32 16
SH13G1882- Dlacness 1 76.8Kb FrepB ORF-477 64 4 4
$H13G1958 blacrxmss, SHY, ACC 2 54710, 1389 kb 256 % 32
SH13G1958-C'  blacmass 1 138.9Kb FIIA, FIB, FrepB ORF-477 o 4 4
SH14G065 blagrywss, SHV, ACC 1 76.8Kb 256 32 32
SH14G065-C'  blacniwss 1 76.8kb FrepB. ORF-477 128 4 4
SH14G169 blagrxss, SHV, ACC 2 54.7 kb, 104.5 Kb 256 32 32
SHI4GI69.C'  blacrxwss 1 1045Kkb FIA, FIB, FrepB ORF-477 128 4 4
SH14G548 blacrxmss, SHY, ACC 2 54.7K0, 768 Kb 256 % 32
SH14G548C'  blacrass 1 768Kkb FIIA, FIB, FrepB ORF-477 128 4 8
SH14G1579 blacreanss 2 547 kb, 1045 Kb 256 % 32
SH14G1579- Dlagrxwss 1 104.5ko FIIA, FIIB, FrepB ORF-477 64 4 4
SH13sF278 blagrxauss, SHV 2 54.7 kb, 138.9Kb 256 %2 32
SHIBSFT8-C'  blacrxass 1 1389kb FrepB 1sEcp1 ORF-477 128 8 8
SH14SF008 blagrxwss: SHV 2 54.7Kb, 1045 Ko ~ 1389 kb 256 22 16
SHI4SFO0B-C'  blacmwmss 2 54.7 kb, 1045 kb ~ 138.9 Kb FIIA, FIB, FrepB. ORF-477 128 4 2
SH12G402 blacrias, TEM, SHY, 1 768kb 128 8 32
PSE

SHI26402:C' blacrians, TEM 1 768k um IsEcp1 ORF-477 a2 1 8
SH14G1019 Blagrxss. TEM, SHV. 2 547 kb, 1045 Kb >512 512 128
SH14G1019-C"  blacrewmss 1 1045k FIA, FIB, FrepB 1SEcp! ORF-477 128 4 8
SH14G1041 blagrxawss, TEM, SHV. 1 768kb >512 512 64
SH14G1041-C"  blacneamss 1 768Kb FrepB 1SEcp1 ORF-477 a2 2 2
SH12G477 Blacrxmrs. TEM 1 104.5Kkb 256 %2 32
SHIZGATT-C' blacrcais 1 1045K0 " IsEcp? ORF-477 64 4 8
SH12G1178 Blagrxm.123, TEM 1 1045 Kb ~ 138.9Kb. 512 64 3
SH12G1178C'  blacremizs 1 104.5kb ~ 138.9 Kb " 1SEcp? ORF-477 128 8 8
SH12G465 blagrxawes, SHV 1 76.8Kkb >512 E3 32
SH12G465C'  blacncmes 1 768K0 - [E=29] ORF-477 6 8 8
SH12G1019 Blacrxwes. TEM, SHV. 1 76.8kb >512 %2 32
SH12G1019-C'  blacnmss 1 76.8K0 ¥ ORF-477 64 [ 4
§H106391 Blacrxantzs, TEM 1 1045~ 138.9K0 512 o 32
SH10G391-C'  blacremizs 1 1045~ 138.9Kb " 1sEcp1 ORF-477 128 8 8
SH12G1276 blacrxnss 1 138.9Kb 128 2 32
SH12G1276- blacrxass 1 138.9Kb - 1SEcp1 15903 16 05 4

“Isolates labeled with the ending *-C" are transconjugants of the respective donor strains.
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Isolate ID

P10748

EF-3015
EF-7013
EF-8194
EF-9289
EF-3139
EF-5136
EF-2084
EF-0132
EF-4003
EF-8042
EF-0074
EF-6165
EF-7094
EF-1127
EF-8137
EF-8282
EF-4245
EF-1080
EF-2216
EF-6166
EF-5015
EF-2021
EF-8014
EF-3186
EF-1090

Plasmid size (kb)

~80
~55, ~3509
~30, ~2009
~65
~80
~40, ~3509

Rep-family?

9
6,9
9
9
Vgl

7,9

1,9
Vgl
6,9
9
9
1,9
NA
NA
NA
NT
NT
NT

Prototype?

pCF10

pS86, pCF10
pCF10

pCF10
plP501, pUSA02, pAD1
plP501, pCF10
pCF10
plP501, pCF10
plP501, pCF10
pUSA02
plP501, pCF10
pUSA02,pAD1
pIP501

pCF10
plP501, pCF10
plP501, pUSA02, pCF10
pS86, pCF10
pCF10

pCF10
plP501,pCF10
NA

NA

NA

NT

NT

NT

Transferred resistance gene?

optrA, tetL,ermB, InuB, fexA
OptrA, tetl, ermB, InuB fexA
OptrA, tetl, ermB, InuB,fexA
optrA, tetl ermB, InuB fexA
OptrA, tetl, ermB, fexA

optrA, tetL,tetM, ermB, InuB fexA
optrA, tetL,tetM, ermB, InuB fexA
optrA, tetl,tetM, ermB, InuB, fexA
optrA, tetL ermB, InuB, fexA
optrA, tetl,tetM, ermB, fexA
optrA, tetl, ermB, fexA

optrA, tetl,ermB, InuB, fexA
OptrA, tetL,tetM, ermB, InuB, fexA
OptrA, tetL,tetM, ermB, InuB, fexA
optrA, tetl,tetM, ermB, InuB, fexA
OptrA, tetL,tetM, ermB, InuB, fexA
optrA, tetL,ermB, InuB

optrA, tetL,ermB, InuB, fexA
optrA, tetl,tetM, ermB, InuB, fexA
optrA, tetl,tetM, ermB, InuB, fexA
optrA, tetl, ermB, InuB, fexA
optrA, tetl,tetM, ermB, InuB, fexA
optrA, tetl,ermB, InuB fexA

NT

NT

NT

MICs of linezolid (mg/L)®

® ™ 55 ® ® ® ®© ©

N
© O ® O ®® 5 o

- -
© 5 ® © ® G

i
o

@ o

MLST®

ST480
ST828
ST16
ST16
ST826
ST386
ST16
ST480
ST585
ST16
ST69
ST826
ST823
ST632
ST824
ST116
ST330
ST823
ST69
ST376
ST16
ST480
ST714
ST632
ST69
ST585

aThese results are consistent between transconjugants and original clinical isolates. PAll clinical isolates considered low-level resistance to linezolid (Hua et al., 2019). MIC
values for other drugs are listed in Supplementary Table S1. ¢Multi-locus sequence types determined for original isolates in our previous study (Hua et al., 2019). 9Two

plasmids with different sizes. NA, not available in plasmid typing with 19 known rep families. NT, not tested due to negative results in conjugation experiment.
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Pheromone-response

genes? Clumping assay®
rep9 prgA prgB prgC cCF10 cAD1 JH2-2 filtrate
P10748  +/+ +/+  +/+ +/+ 8 2 2
EF-3015 +/+ —/+ +/+ —/— 2 16 2
EF-7013  +/+ —/+ +/+ +/+ 32 32 8
EF-8194  +/+ +/+ +/+ +/+ 64 32 4
EF-9289 +/+ +/+ +/+ —/= 8 16 4
EF-3139  +/+ +/+ +/+ +/+ = 2 2
EF-5136 +/+ +/+ +/+ —/+ — = 2
EF-2084  +/+ —/+ +/+ —/= - - 2
EF-0132  +/+ +/+ +/+ +/+ 2 - 4
EF-4003 —/— +/+ +/+ —/— - = -
EF-8042 +/+ +/+ +/+ +/+ - - 2
EF-0074 +/+ +/+ +/+ +/+ 32 64 4
EF-6165 —/— +/+ +/+ +/+ - - -
EF-7094  +/+ —/+ +/+ +/+ — — 2
EF-1127  +/+ —/— +/+ —/— - - 2
EF-8137 +/+ +/+ +/+ —/+ 2 2 4
EF-8282 +/+ +/+ +/+ —/+ 2 - 2
EF-4245 +/+ —/— +/+ —/+ = = 2
EF-1080 +/+ —/— +/+ —/= 2 = 2
EF-2216 +/+ —/+ —/+ —/+ - - -
EF-6166 —/— +/+ +/+ —/— - = -
EF-8015  —/— +/+ —/+ +/+ - - -
EF-2021 —/— +/+ +/+ /= — — —

aThe presence

(+) or absence (—)

in

transconjugants/original - clinical
isolates by PCR. PTiters for visible cell aggregates with original isolates only. The
values represent dilution factors from stock concentration, eg., 8 represents 1:8.
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Donor Recipient Exposure to pheromone
P10748 JH2-2 -
JH2-2 filtrate
cCF10
cAD1

Transfer frequency?

2x1078
4x107*
3x 1076
12 x 1076

@No. of transconjugants per donor cell.
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Conjugation frequencies

R388 RP4
Recipient
bacteria + = + —

S. epidermidis 25x 107  <1.4x10% 81x1078 <11x107®
isolate 1
S. epidermidis 35x1077  <78x1077 17x1077 <21 x1077
isolate 2

aDonor strains as shown in Table 4. Data shown are the mean of 3-4 independent
experiments. Positive results are highlighted in bold.
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Conjugative system

R388 RP4
Recipient
lactobacilli + - + —
L. casei 393 21x107% <20x10% 18x10"% <30x10°®
L. curvatus <22 x 1079 <57 x10"% <1.0x 107 <1.0x10-8
L. buchneri <48x107% <87x10"% 66x10"7 <11 x10~7
L. brevis <68 x 1077 <21x1077 6.0x10"% <13x 1076
L. paracasei <82 x 1077 <14 x 1077 <81 x 1076 <1.4x10-6
L. coryniformis <82 x 1077 <17 x 1077 <18x107% <1.6x 1077
L. parabuchneri <39 x 1077 <97 x 1078 20x10"® <20x 1076
L. reuteri <16 x 1077 <91 x 1079 <14 x 107 <6.8x 10-°
L. vaginalis <57 x1077 <95x1077 11x10"% <147 x 1077
L. rossiae <14 x107% <20x107® <50x107% <1.6x 1076
L. plantarum <26 x1076 <23x10"8 11x10°5 <9.0x 10-°
L. crispatus <1.0x 1077 <1.8x1077 <20x1077 <27 x 1077

ADonor strains as shown in Table 4. Data shown are the mean of 2 independent
experiments. Positive results are highlighted in bold.
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Conjugation frequencies

R388 RP4
Recipient
strain + - + -
L. casei 393 2.1 x 1074 <20x 1076 1.8x10"% <3.0x 107°
L. casei 5b 3.5 x 10-° <86 x 1076 1.9x 104 <25x 10-6
L. casei13b 2.8 x 106 <84 x 1076 39x10°5 <6.0x107°
L. casei E2 1.5 x 1077 <66x 1077 1.6x10™% <81 x 1077
L. casei41b <13x10% <29x10® 11x10"5 <3.0x 10-6
L. casei 61 b 5.0 x 105 <58x 1076 38x10"5 <1.2x107°
L. casei 12003 2.4 x 105 <1.0x 1077 11x10™% <1.0x 1077
L. casei12032 < 16 x107% <11x10-7 7.8x10"® <1.0x 107
L. casei 12042 <39x1078 <21x10% 56x107 <36x 107

@Donor strains as shown in Table 4. Data shown are the mean of 2 independent
experiments. Positive results are highlighted in bold.
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Recipient

E. coli DH5a
E. coli DH5a
E. coli DH5a
E. coli DH5a
L. casei 393
L. casei 393
L. casei 393
L. casei 393

Donor strain

D1210 + pSU711 + pCOR48
D1210 + pCOR48
S$17.1 + pCOR49
D1210 + pCOR49

D1210 + pSU711 + pCOR48
D1210 + pCOR48
S$17.1 + pCOR49
D1210 + pCOR49

Conjugative system

R388+
R388—
RP4+
RP4—
R388+
R388—
RP4+
RP4—

Conjugation frequency

25 x 10-3
<26 x 10~7
1.4 x 1072
<4.6 x 106
21 x 1074
<20 x 1076
1.8 x 103
<3.0x 1076

Stand. Dev.

+1.9 x 10-3
+1.5 x 10~7
+1.3 x 1072
+4.0 x 10-6
+6.1 x 1074
+2.3 x 1076
+2.0 x 10-3
+3.1 x 106

R
o o W W ww | 3

@

Positive results are highlighted in bold.
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Purpose of PCR

Sequence

oriT
Clal-
oriT
Clal-
oriT

Tran:

oriT
oriT
Clal-
oriT

16S rRNA determination

168
168

for cloning
oriT R388-1
R388 401-Smal
oriT RP4-1
RP4-Smal

R388 F
R388 R
oriT RP4-1
RP4-Smal

1492R
27F

5'-CCGACTATCGATTCTCAT

sconjugant confirmation

5'-AGCTATCCCGGGCCGCCTCGTCCTCCAAAA-3'
5'-CCGACTATCGATCCGCTTGCCCTCATCTG-3'
5-AGCTTTCCCGGGCGCTTTTCCGCTGCATAA-3

5'-CCAAGTCTACTCATTTTCTGCATCATTGT-3'
5-CCAAGTCTACCTCTCCCGTAGTGTTACT-3'
5'-CCGACTATCGATCCGCTTGCCCTCATCTG-3'
5'-AGCTTTCCCGGGCGCTTTTCCGCTGCATAA-3

5'-TACGGYTACCTTGTTACGACTT-3
5'-AGAGTTTGATYMTGGCTCAG-3'

Underlined sequences represent the restriction sites.

CTGCATCATGGTAG-3
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Escherichia coli strain DH5alpha plasmid pESBL57, Accession MT230319 hosting blaCTM-M-97
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Sample EC_514, Contig 168 hosting blaCTX-M-14
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Salmonella Typhimuriumstrain B71 plasmid pB71, Accession KP899806
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Sample EC_9, Contig 68 hosting blaCTX-M-27
Salmonella Typhimuriumstrain B71 plasmid pB71, Accession KP899806
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Sample EC_489, Contig 75 hosting blaCTX-M-27
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Strains Number of total Number of reads Number of reads Coverage of Coverage of Copy number?

reads on chromosome on plasmid chromosome plasmid
KT2440(RP4) 814,192 787,096 23,413 38.2 116.9 3.1
1-L1 2,381,592 2,332,342 35,673 1182 178.1 1.6
1-L2 2,913,274 2,842,868 55,932 138.0 279.2 2.0
1-L3 2,496,020 2,440,928 38,417 1185 191.8 1.6
2-L1 2,013,740 1,970,058 34,353 95.6 1715 1.8
2-1L.2 2,464,816 2,403,860 48,305 116.7 2411 24
2-L.3 2,198,728 2,135,990 49,680 103.7 248.0 2.4
1-81 2,072,027 2,009,011 58,799 26.5 81.3 3.1
1-82 3,769,764 3,642,167 120,704 56.4 197.9 3.5
1-S3 2,785,120 2,696,425 83,563 39.1 127.3 3.3
2-S1 955,558 919,201 31,970 16.5 61.8 3.7
2-82 2,862,190 2,760,179 81,144 41.7 126.6 3.0
2-S3 1,311,846 1,248,070 42,166 60.6 210.5 3.5

2Coverage of plasmid is divided by coverage of chromosome.
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COG classification?

COG code Information storage and processing Cellular processes and signaling Metabolism Un-characterized

J A K L B D v T M N U o C G E F H 1 P Q R S - Total
KT(400) strains 0 0 0 40 0 0 0 1 2 0 30 5b 2 2 0 0 0 0 3 0 1 1 9 33
Whole genome 164 2 370 200 2 38 61 232 258 120 37 165 274 200 480 87 163 178 257 79 464 420 1104 5350

aThe descriptions for each COG code are as follows: J, translation, ribosomal structure, and biogenesis; A, RNA processing and modification; K, transcription; L, replication, recombination, and repair; B, chromatin
structure and dynamics; D, cell cycle control, cell division, chromosome partitioning; Y, nuclear structure; V, defense mechanisms; T, signal transduction mechanisms; M, cell wall/membrane/envelope biogenesis; N, cell
motility; Z, cytoskeleton; W, extracellular structures; U, intracellular trafficking, secretion, and vesicular transport; O, posttransiational modification, protein turnover, chaperones; X, mobilome; prophages, transposons;
C, energy production and conversion; G, carbohydrate transport and metabolism; E, amino acid transport and metabolism; F, nucleotide transport and metabolism,; H, coenzyme transport and metabolism; |, lipid
transport and metabolism; B inorganic ion transport and metabolism; Q, biosynthesis of secondary metabolites, transport, and catabolism; R, general function prediction only; S, function unknown,; —, uncategorized.
bThe relative number of ORFs classified as a given COG code in the differentially transcribed genes was significantly larger than that of ORFs classified as the same COG code among whole-genome ORFs (P < 0.05,

Fisher’s exact test).
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No. Gene name
1 PP_0042
2 PP_0608
3 oprH

4 phoP

5 lon-1

6 PP_1487
7 ibpA

8 PP_2197
9 PP_2198
10 PP_2285
11 rbsB
12 PP 2520
13 PP_2909
14 PP 3172
15 PP_3305
16 PP_3328
17 PP_3381
18 PP_3678
19 PP_4025
20 PP_4092
21 bkdAA
22 bkdAB
23 PP_4504
24 grpE
25 hslvV
26 hslU
27 PP_5403
28 PP_0526
29 PP_0700
30 PP_4070
31 exbB
32 exbD
33 tonB

Locus tag

PP_0042
PP_0608
PP_1185
PP_1186
PP_1443
PP_1487
PP_1982
PP_2197
PP_2198
PP_2285
PP_2454
PP_2520
PP_2909
PP_3172
PP_3305
PP_3328
PP_3381
PP_3678
PP_4025
PP_4092
PP_4401
PP_4402
PP_4504
PP_4728
PP_5000
PP_5001
PP_5403
PP_0526
PP_0700
PP_4070
PP_5306
PP_5307
PP_5308

COoG?

O »m O 4 Z

| O 00O COOr T - | 1D T

CcC C T T r

M

Products

Hypothetical protein

Hypothetical protein

Outer membrane protein H1

Two component transcriptional regulator
ATP-dependent protease La

Hypothetical protein

Heat shock protein Hsp20

Hypothetical protein

Glucose sorbosone dehydrogenase
Hypothetical protein
Monosaccharide-transporting ATPase
Hypothetical protein

Hypothetical protein

Group Il intron-encoding maturase

TerC family membrane protein
Ring-cleaving dioxygenase

ISPpu9, transposase

Hypothetical protein

ISPpu15, transposase Orf2

ISPpu15, transposase Orf1
3-Methyl-2-oxobutanoate dehydrogenase
2-Oxoisovalerate dehydrogenase subunit beta
Hypothetical protein

Heat shock protein GrpE

ATP-dependent protease peptidase subunit
ATP-dependent protease ATP-binding subunit HslU
Hypothetical protein

ISPpu10, transposase

FecR anti-Fecl sigma factor

Hypothetical protein

Ferric siderophore transport system protein ExoB
Biopolymer transport protein ExoD

TonB family protein

Category?

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down

aThe descriptions for each COG code are as follows: J, translation, ribosomal structure, and biogenesis; A, RNA processing and modification; K, transcription; L, replica-
tion, recombination, and repair; B, chromatin structure and dynamics; D, cell cycle control, cell division; Y, nuclear structure; V, defense mechanisms; T, signal transduction
mechanisms; M, cell wall/membrane/envelope biogenesis; N, cell motility; Z, cytoskeleton; W, extracellular structures; U, intracellular trafficking, secretion, and vesicular
transport; O, posttransiational modification, protein turnover, chaperones; X, mobilome, prophages, transposons; C, energy production and conversion; G, carbohydrate
transport and metabolism; E, amino acid transport and metabolism; F nucleotide transport and metabolism; H, coenzyme transport and metabolism, chromosome
partitioning; 1, lipid transport and metabolism; R, inorganic ion transport and metabolism; Q, biosynthesis of secondary metabolites, transport, and catabolism; R, general
function prediction only; S, function unknown; —, uncategorized. P Transcription levels of genes in KT(400) in comparison with those in KT(VC). “Up” indicates that the gene
is up-regulated in KT(400), and “Down” indicates that the gene is down-regulated in KT(400).
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Position Gene? Product Identified genetic change or deletion
1-S1 1-S2 1-S3 2-S1 2-S2 2-S3 1-L1 1-L2 1-L3 2-L1 2-1L2 2-13
2,061,008 PP_1837/PP_1838 - C—T
2,604,321 PP_2198 Glucose sorbosone dehydrogenase C-T
3,935,513 PP_3467/PP_3468 - G—-— G—-
4,552,435 PP_4039 Transcriptional regulator G-—T
5,004,299 PP_4410 Hypothetical protein T-C
5,672,092 PP_4979 Hypothetical protein G—C
6,158,637 PP_5401/PP_5402 - G—C G—»C G—C
6,158,719 PP_5401/PP_5402 - G—A G—A G—A

@For intragenic mutations, gene names are shown. For intergenic mutations, adjacent ORFs are listed such as A/B.
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Donors

Conjugation time

CFU/mL of donors (CTX
plates)

CFU/mL of
transconjugants
(CTX + RIF plates)

Conjugation
transfer
frequency (%)

EC224 (IncFll/pacTx—M—27)

EC297 (INCFIB/pjacTx—M—55)

EC170 (IncFIB/pactx—M—27)

EC116 (INCN/pjacTx—M—55)

1h
6h
1h
6h
1h
6h
1h
6h

2.43 x 100 £0.48 x 1010
2.74 x 100 £0.58 x 1010
247 x 100 £ 0.71 x 1010
2.42 x 100 £0.46 x 1010
2.55 x 100 £0.50 x 1010
1.55 x 1010 £0.47 x 1070
2.26 x 100 £0.56 x 1010
215 x 1010 £ 0.23 x 1010

2.48 x 102 £ 0.56 x 102
1.26 x 108 £ 0.25 x 103
560 x 102 + 1.27 x 102
1.58 x 108 + 0.25 x 103
5.83 x 10% £ 0.67 x 10°
5.48 x 10* + 0.85 x 10*
5.05 x 10% £ 0.57 x 10°
6.58 x 104 +0.83 x 108

1.02 x 106
459 x 106
2.27 x 1076
6.55 x 1076
2.28 x 107°
3.53 x 1074
224 x 107°
3.06 x 104
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ESBL/AmpC genes Flanking Plasmid Chromosome Plasmid replicons Selected co-occurring
elements mediated genes
blactx-m-55 (N = 40) ISEcp1 and 33 i IncF, IncX;, IncH, IncN, IncR mcr-1, mer-3, qnrSi,
orf477 and IncP blapxa-10, blatev—18,
bla; pp-», aadA1, floR, sul2,
tet(A), dfrA14
blactx-m-27 (n = 36) ISEcp1 and 36 0 IncF blaten—18, blagap-2,
1S903B gnrS1, aadA5, aph(3”)-Ib,
aph(6)-1d, mph(A), sul1/2,
tet(A), dfrA14, dfrA17
blactx-m-14 (N =15) ISEcp1 and 6 9 IncB/O/K/Z, IncFIB, and blaten—18, blapap-2,
1S903B IncX4 mcer-1, qnrS1, aac(3)-lid,
cmlA, floR, tet(M), dfrA12
blactx-m-15 (0= 10) ISEcp1 and g 1 IncB/O/K/Z, IncFll,Incl blatenm—18, gnrS1
orf477
blacrx-m-es (N =5) ISEcp1 and 5 0 IncF blaTEM-1B, aph(3”)-1b,
1S903B aph(6)-1d, sul2
blacmy-2 (N =7) ISEcp1 and 2 5 IncF blacTx-m-27, mph(A),
variable aadAb, sull, dfrA17
blacmy-42 (N =1) ISEcp1 and HP 1 0 Incl1
blappa-1 (0 =2) IS3E and HP 2 0 IncF blacTx-m-27, qnrB4,

mph(A), sult, dfrA17
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Name  Genus® Class. Coverage -identity> ~ nodD1°  nodA®  fixNd®  nifi®  GFP°  Nodulation

TER22  Brevundimonas sp. Aphaproteobacteria 100-99.88% + + + + + +
TER23  Pseudomonas sp. Gammaprotecbacteria 100-100% + + + + + -
TER3!  Stenotrophomonas sp.  Gammaproteobacteria 100-94.16% + + + ¥ + +
TER33  Bacillus sp. Firmicutes-Bacili 100-99.88 + + + + + -
TER3S  Achromobacter sp. Betaproteobacteria 100-99.25% + + + + + +
TER3Y  Ochrobactrum sp. Aphaproteobacteria 100-100% + + + + + g
TER4O  Mesorhizobium sp. Aphaproteobacteria 99-98.75% + + + + + -
TER49  Phyllobacterium sp. Aphaproteobacteria 100-98.64% + + + + + +
TERSS  Achromobacter sp. Betaproteobacteria 99-9861% + + + + + -

“Genera were identified by sequencing PCR products obtained with 168 primers, using DNA of each strain as template. ®The coverage and icentity were determined by
BLASTN of the intemal fragments of the 16s RNA. °Presence of R. etli CFNX182-1 pSym sequence was determined by the obtention of PCR products of the different
genes, using DNA of each strain as template. “Nodulation abilty was determined by inoculating bean seediings with cultures of each purified strain, and determining the
presence of nodules at 20 dpi.
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Strains and plasmids

R. etli
CFNX182
CFNX182-1

TER
TER22

TER2S

TER31

TERSS

TER3S

TER3Y

TER4O

TER4Y

TERSS

E.coli

DHsa

8171

Plasmids.

pKigmob
pK1Bmob-sacB
pCR™z2.1-ToPO™
PGX33

pGXT7

PGX537
PGX542

Relevant characteristics

Derivative of CFN42, cured of pRet42a
Derivative of CFNX182 with RFP i the chromosome and GFP and SpR in pRetd2d

Strain isolated from nodules infected with CFNX182-1
Strain isolated from nodules infected with CFNX182-1
Strain isolated from nodules infected with CFNX182-1
Strain isolated from nodules infected with CFNX182-1
Strain isolated from nodules infected with CFNX182-1
Strain isolated from nodules infected with CFNX182-1
Strain isolated from nodules infected with CFNX182-1
Strain isolated from nodules infected with CFNX182-1
Strain isolated from nodules infected with CFNX182-1

SUpE44 AlacU169 (#801acZAM15) hsdR17 recAT endA1 gyrA6 thi-1 relAl
E. coli 294:{RP4-2 (Te:Mu) (Km:Tn7)] thi pro hsdR hsdM ArecA.

High copy number cloning vector
Cloning vector, mobilizable

Cloning vector

Derivative of pCRTM2.1-TOPO™ with a 579 pb fragment from pRetd2d
Derivative of pK18mob-SacB harboring a pRetd2d-fragment from pGX33 (cloned
as a Pstl and Hindlll fragment)

\Vector that carries a 4.1 Kop-Notl cassette (promoter Nptil -gfpmut3*- QSp)
Derivative of pGX77 harboring the Notl-cassette from pGX537.

Features.

Nal

Nal, Gm, Sp, RFP
and GFP.

Sp, GFP.
Sp, GFP.
Sp, GFP.
Sp, GFP.
Sp, GFP.
Sp, GFP.
Sp, GFP.
Sp, GFP.
Sp, GFP.

Nal
Km

Km
Km
Km, Amp
Km, Amp
Km

Km, Sp
Km, Sp

References

Brom etal, 1992
This work

This work
This work
This work
This work
“This work
This work
This work
This work
This work

Sambrok et al., 1989
Simon, 1984

Schéer et al., 1994
Schéer et al, 1994
Invitrogen™

This work

This work

Torres Tejerzo et al, 2015
This work
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Plasmids

pK18mobsacB

pK18mobsacB-ATU_RS04380

pK18mobsacB-ATU_RS08905

pK18mobsacB-ATU_RS08390

Relevant characteristics

Mobilizable plasmid; sacB oriT KmR used for the construction of A. tumefaciens knock-out mutant strains

Partial ATU_RS04365, ATU_RS04370, ATU_RS04375, ATU_RS04380, and ATU_RS04385 integrated
within pK18mobsacB; KmR

Partial ATU_RS08895, ATU_RS08900, ATU_RS08905, ATU_RS08910 and partial nifS integrated within
pK18mobsacB; Km~

dgt, ATU_RS08390, and partial ATU_RS08395 integrated within pK18mobsacB; Km~

pK18mobsacBAATU_RS04380 ATU_RS04380 single-gene knockout within pK18mobsacB-ATU_RS04380; Km”
pK18mobsacBAATU_RS08905 ATU_RS08905 single-gene knockout within pK18mobsacB-ATU_RS08905; Km™
pK18mobsacBAATU_RS08390 ATU_RS08390 single-gene knockout within pK18mobsacB-ATU_RS08390; KmR

pJP5603sacBGmMR

pJP5603sacBGmMR_sufA
pJP5603sacBGmMR_iscA
pJP5603sacBGmMR_frmR
pBBR122ACmR

RP4

pSa

R46

pRH220

pDPT51

pRS316:0rT"

pAY205

pYN402

Mobilizable plasmid; sacB oriT GmR
Used for the construction of E. coli complementation strains

Partial menl, ydiH, RydB, sufA, and sufB integrated within pJP5603sacBGmMR

iscS, iscU, iscA, hscB, and hscA integrated within pJP5603sacBGmMR

Partial yaiX, yaiO, frmR, frmA, and frmB integrated within pJP5603sacBGMR
Derivative of a commercially provided plasmid vector pBBR122; RepPBBR’ (non-transmissible) KmR ACmPR
IncP1a-type conjugative broad host range plasmid; Km® 7cR Ap™

IncW-type conjugative broad host range plasmid; Cm" Su™* Sp™* SmR Km Gm"™ TR
IncN-type conjugative broad host range plasmid; Te? SmR SuR ApR

Helper plasmid; tra”® trbP 1% oriTP1¢ 0ri-pSC101 CmR

Helper plasmid; tra”# trbP 1P ori-ColE1 TpR ApR

Mobilizable plasmid; URA3 CENG/ARSH4 ori-pMB1 ApR oriThP4

Mobilizable plasmid; oriV? oriT® mob® URA3 TRP1 ARS1 Km"™ TcR

Mobilizable plasmid; oriV? oriT® mob® URAS 2 y-ori GmR

Source or References

Schéfer et al., 1994
This study

This study

This study
This study
This study
This study
This study *LC599391

This study

This study

This study
Moriguchi et al., 2020
Pansegrau et al., 1994

Taitet al., 1982
Brown and Willetts, 1981.
*AB526840
Taylor et al., 1983.

Moriguchi et al., 2013a.

*AB526841

*AB531984

*DDBJ/EMBL/GenBank accession number.
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Strains

Relevant characteristics

Source or
reference

E. coli
Keio collection

BW25113AfrmR AsufA

BW25113AiscAAfrmR

BW25113AfrmAAfrmR

BW25113AfrmBAfrmR

BW25113

SY327 (wpir)

S17-1 (wpir)

A. tumefaciens

C58CH

C58C1AATU_RS04380

C58C1AATU_RS08905

C58C1AATU_RS08390

S. cerevisiae
BY4742

An in-frame single-gene knockout mutant
collection derived from BW25113, KmR
frmR and sufA double-gene knockout
mutant, constructed from AfrmR derived

from Keio collection, KmP

iscA and frmR double-gene knockout
mutant, constructed from AiscA derived

from Keio collection, KmP

frmA and frmR double-gene knockout
mutant, constructed from AfrmA derived

from Keio collection, KmR

frmB and frmR double-gene knockout
mutant, constructed from AfrmB derived

from Keio collection, KmR

F~ A(araD-araB)567 Alacz4787(::rrmB-3)
\-rph-1 A(rhaD-rhaB)568 hsdR514

A(lac pro) argE(Am) recA56 \pir

Rif? Nal®

F~ RP4-2(KmR::Tn7,TcR::Mu-1)
pro-82\pir recA1 endA1 thiE1 hsdR17

creC510

pTiC58-cured and Rif derivative of C58

ATU_RS04380 (atu0890) single-gene
knockout derived from C58CH1, Rif

ATU_RS08905 (atu1819) single-gene
knockout derived from C58CH1, Rif

ATU_RS08390 (atu1713) single-gene
knockout derived from C58C1, Rif

MATa SSD17-V his3A1 leu2 AO lys2 A0

ura3A0

NBRP
Japan
This study

This study

This study

This study

NBRP
Japan
NBRP
Japan
NBRP
Japan

Yamamoto
et al., 2007
This study
This study

This study

Invitrogen
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Strain Resistance genes

HNK130  blacrx-u-14, fosAs,

foR
THNK130-1  blacr-u-14, fosAs,
floR
THNK130-2 fosAg, floR
THNK130-3  blagx-u-14, f0sAs,
floR

fosA3 genetic
environment

B
B

A
c

Plasmid
size (kb)

~180
~180

~80
~80

Replicon

type.
CN

CN

CN
CN

MIC of AGNO;  Antibiotic resistance patterns

(mM)
003

0.03

0015
0015

AMP/CTX/CTF/CTR/CHL/FLF/KAN/STR/CIP/ENR/NAL/TET/FOM

AMP/CTX/CTR/CHL/FLF/KAN/STR/NAL/TET/FOM

CHL/FLF/KAN/STR/INAL/TET/FOM
AMP/CTX/CTR/CHL/FLF/KAN/STR/NAL/TET/FOM

AMR ampicilin; CTX, cefotaxime; CTF, ceftiofur; CTR, ceftriaxone; CHL, chloramphenicol; FFF; florfenicol; KAN, kanamycin; STR, streptomycin; CIF, ciprofloxacin;
ENR, enrofloxacin; NAL, nalidixic acid; TET, tetracycine; FOM, fosfomycin; MIC, minimum inhibitory concentration. A: Genetic environments of fosA3 are shown in
Supplementary Figure S3. T: transformant.
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Plasmid

pALTS27
PALTS28
PALTS29
PALTS31
PALTS32
PALTS33

Accession number

MN366356
MN366357
MN366358
MN366359
MN366360
MN366361

Group

IncP-1e
PromA-p
IncP-1p
IncP-1p
IncP-1e
IncP-1p

Length (bp)

58,844
60911
54,399
59,592
57,949
70,131

GC Content

59.6%
50.4%
62.9%
63.8%
59.6%
62.6%

Resistance Genes

aadAS5, mphE, msrE, sull, tetA

Integron

In795

aph6-1d, aph3'™J, tetX, sul2, mphE, msrE NA

CmIA1, mphE, msrE, sull

aa0AT, blaga.s, sull, o 40", ereAdb*
MPhE, msrE, sull, tetA

aa0AT, blaOXA-2, sull

In1809
In1810
In794

In1831

Capture Recipient

Ec.St.
Ka.
St
Ec.
Ec.
St

Ecc., Escherichia col; K.a., Klebsiella aerogenes; and S.t, Salmonella typhimurium. In1810 carried two putative ARG cassettes dr40 and ereAdb ot identified by AMRfinder. Those
two predicted proteins were 100% identical to  trimethoprim-resistant dihydrofolate reductase DIFA and an EreA family erythromycin esterase in the non-redundant protein
database from NCBL
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Strain® Incubation Temp. (C)  Antibiotic Strain Source Variable antibiotic disks used?

Resistance*
Kiebsiella aerogenes ATCC 13048-R (formerly 30 i, fox ATCG 13048 C, CAZ, SXT, IPM, TMP
Enterobacter aerogenes)

Enterococeus faecalis ATCG 19433-0052-R 37 1if, fox ATCG 19433 G, V, CAZ, SXT, IPM, TMP
Escherichia coll CV601-GFP-R 37 i, km (Heuer et al, 2002) AMC, FOX, CAZ, IPM, TMP
Salmonela typhimurium LT2 MS384-R 37 tif, sm (Bullet al,, 1997) AMC, FOX, G, CAZ, SXT, IPM, TMP
Shigella flexneri ATCG 12022-R 37 iif ATCG 12022 AMC, FOX, G, GAZ, SXT, IPM, TMP
Shigella sonnei ATCG 26931-R 37 iif ATCG 25931 AMG, FOX, G, GAZ, SXT, IPM, TMP
Staphylococcus aureus NRS112-R 37 1if, 6o BEI Resources NR-45918  FOX, G, V, SXT

Escherichia coli MG1655N" 37 nal ATCC 47076 Not applicable

“Strains denoted with “-R" are rifampicin (rif) resistant mutants obtained by randomly selecting a resistant colony after overnight growth of the sensitive strain on an agar plate

supplemented with ri.

*Escherichia coll MG1655N is a nalidixic acid (nal resistant mutant of MG1655.

“Antibiotics used to select the recipient strain from biparental mating mixtures. The resistances were encoded by the chromosome. Antibiotic abbreviations are cefoxitin (fox), colistin
(co), and kanamycin (km).

“Al recipient strains were tested for acquisition of resistance to meropenem (MEM), ciprofloxacin (CIF), tetracycline (TE), and the other variable antibiotics listed dependent on the
strain. The other abbreviations are: Chioramphenicol (G), ceftazidime (GAZ), sulfamethoxazole (SXT) with trimethoprim (TMF), imipenem (IPM), trimethoprim (TMF), vancomycin (V),
‘amoxicilin (amx) with clavulanic acid (AMC), and FOX.
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Classes  Human activities Animals E. coli
sampled (N)
Antibiotic resistant N (%) P-value Multidrug resistant N (%)  P-value ESBL? N (%) P-value
Rodents Absence®-limited® 22 2(9.1) >0.5 1(4.5) >0.5 0 -
Moderated-highe 346 36 (10.4) 24 (6.9) 5(1.4)
Reptiles Absence-limited 213 4 (1.9 0.47 1(0.5) 0.06 0 -
Moderate-high 122 4 (3.3) 4(3.3) 1(0.8)
Birds Absence-limited 181 2(1.1) - 21.1) - 1(0.6) -
Moderate-high 0 0 0 0
All Absence-limited 416 8 (1.9 < 0.001 4(0.9) < 0.001 1(0.2) 0.12
Moderate-high 468 40 (8.5) 28 (5.9) 6 (1.3

aESBL, extended spectrum beta-lactamase; Pwilderness area with no human presence; countryside; ®landscapes with a matrix of agriculture; €livestock activities, urban

and suburban area. Significant P-values are in bold.
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Animals Number (N) E. coli Sampling sites (N)

Classes Species AR?2 N (%) MDRP N (%) ESB® N (%)

Reptiles Anolis marmoratus 234 5(2.1) 2(0.8) 0 56
Anolis terraealtae 35 0 0 0 7
lguana delicatissima 29 0 0 0 4
Anolis ferreus 20 0 0 0 13
Iguana iguana 17 3(17.6)/d 3(17.6)¢ 1(5.8) 2

Rodents Rattus rattus 187 12 (6.4)9 115(5.9) 0 14
Rattus norvegicus 162 23 (14.24 12 (7.4) 5:(3.1) 15
Mus musculus 19 3(15.8) 2(10.5) 0 6

Birds Bananaquit (Coereba flaveola) 60 0 0 0 4
Lesser Antillean Bullfinch (Loxigilla noctis) 27 0 0 0 !
Yellow Warbler (Setophaga petechia) 16 0 0 0 4
Plumbeous Warbler (Setophaga plumbea) 6 0 0 0 2
Northern Waterthrush (Parkesia noveboracensis) 1 0 0 0 1
American Redstar (Setophaga ruticilla) 2 0 0 0 2
Black-faced Grassquit (Tiaris bicolor) 20 0 0 0 4
Black and White Warbler (Mniotilta varia) 1 0 0 0 1
Blackpoll Warbler (Dendroica striata) 2 0 0 0 il
Black-whiskered Vireo (Vireo altiloquus) 17 1(6.9 1.9 0 6
Caribbean Elaenia (Elaenia martinica) 12 0 0 0 4
Carib Grackle (Quiscalus lugubris) 4 1 (25.0)9 1 (25.09 1 (25.004 2
Lesser Antillean Saltator (Saltator albicollis) 4 0 0 0 1
Pearly-eyed Thrasher (Margarops fuscatus) 1 0 0 0 1
Scaly-breasted Thrasher (Margarops fuscus) 2 0 0 0 2
Zenaida Dove (Zenaida aurita) 2 0 0 0 2
Bridled Quail Dove (Geotrygon mystacea) 1 0 0 0 1
Common Ground Dove (Columbina passerina) 1 0 0 0 1
Forest Thrush (Turdus lherminieri) 1 0 0 0 1
Green Heron (Butorides virescens) 1 0 0 0 1

aAR, antibiotic resistant; °MDR, multidrug resistant; °ESBL, extended spectrum beta-lactamase; “two isolates in one animal.
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Contig size

59 kbp
6.33 Mbp
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4.39 Mbp
320 kbp
107 kbp

#CDS
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61.1
62.8

# rRNA operons #tRNA
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2 44

Classification

PromA plasmid
Chromosome
Unclassified plasmid
PromA plasmid
Chromosome
Unclassified plasmid
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Plasmid Incompatibility Resistance Markers? Source®

Group
R16a IncA/C Amp®, Kan SO K—~GEN.
R57b IncA/C Ampf, Cm S.CK.~-C.EN.
Fe IncF | Tet I. Matic (C.N.R.S.)
R124 IncF IV Tet S.C.K. -C.EN.
R1 IncF i Amp®, Cm, Kan, Str G. Koraimann (Graz Univ.)
R1drd199 IncF i Amp®, Cm, Kan, Str G. Koraimann (Graz Univ.)
RN3 IncN Str, Tet 8.CK~CEN.
R702 IncP-1 Kan, Str, Tet S.C.K. -C.EN.
RP4 IncP-1 Amp®, Kan, Tet S.C.K. -C.EN.
R388 IncW Tmp S.C.K. -C.EN.
R6K IncX Amp®, Str DSMZ

aUnderlined markers were used for selection of transconjugants acquiring
single plasmids, while all markers were used when selecting for transconju-
gants carrying two plasmids. Amp, ampicillin (100 wg/mL); Cm, chlorampheni-
col (30 nwg/mL); Kan, kanamycin (100 wg/mL); Str, streptomycin (100 wg/mL);
Tet, tetracycline (20 wg/mL); Tmp, trimethoprim (100 pwg/mL). °C.N.R.S, Centre
National de la Recherche Scientifique;, DSMZ, Leibniz-Institut DSMZ German
Collection of Microorganisms and Cell Cultures; S.C.K.,C.E.N. — Belgian Nuclear
Research Centre; Graz Univ., Karl-Franzens-Universitdt Graz, Institute of Molecular
Biosciences. ©Constitutive for conjugation (Yoshioka et al., 1987; Fernandez-Lopez
et al, 2016). IDe-repressed natural mutant of R1 (Koraimann et al., 1991). ®Class
A (TEM) B-lactamase (Matthew and Hedges, 1976; Szabo et al., 2016). fclass D
(OXA) B-lactamase (Matthew and Hedges, 1976).
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Strain Source Hospital ward Virulence factors
Gene Function
M6, ST553, bedsore swab Second Clinic of gad - glutamate decarboxylase survival for at least 2 h in a strongly acidic
—H20 Nephrology environment
iss — increased serum survival increased complement resistance
IofA — long polar fimbriae adhesive factor contributing to intestine
colonization
M9, ST6856, abscess swab Second General gad - glutamate decarboxylase survival for at least 2 h in a strongly acidic
O176:H11 Surgery Clinic environment
M10, ST162, pharyngeal swab Hematology astA — heat-stable toxin EAST-1 activation of membrane-bound guanylate
0126:H45 Clinic cyclase, intracellular accumulation of cGMP
gad - glutamate decarboxylase survival for at least 2 h in a strongly acidic
environment
iroN — enterobactin siderophore acquiring iron for microbial systems
iss — increased serum survival increased complement resistance
IpfA —long polar fimbriae adhesive factor contributing to intestine
colonization
mchF — ABC transporter protein antibiotic peptide (microcin) exporter
M11, ST10, bronchial aspirate Neurology Clinic cma - colicin M inhibition of peptidoglycan and O-antigen
089m:H9 biosynthesis
gad - glutamate decarboxylase survival for at least 2 h in a strongly acidic
environment
M12, ST10, wound swab Vascular Surgery astA — heat-stable toxin EAST-1 ¢GMP accumulation and loss of electrolytes
089m:H10 Clinic and water from intestinal cells
cma — colicin M inhibition of peptidoglycan and O-antigen
biosynthesis
gad - glutamate decarboxylase survival for at least 2 h in a strongly acidic
environment
M14, ST9O3, endotracheal tube Second General astA — heat-stable toxin EAST-1 cGMP accumulation and loss of electrolytes
O7:H4 secretion Surgery Clinic and water from intestinal cells

gad - glutamate decarboxylase

iss — increased serum survival

survival for at least 2 h in a strongly acidic
environment

increased complement resistance
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repair protein UmuD:; erfor-prone, lesion bypass DNA potymerase V (UmuC)
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Incxa 1526 20065 -21180) mor-1.1; virB1; virB3; virBS; virB6; virBB:; virB; viB10; virB1 1;
pathogenicty island: hemolysin expression modulator; HGAB toxin/antioxin;
PO on_$1060.19%525 with bl cco-rrt: BT 80AT; S AT o mack; mac siderophor o moruic
1526 (50077 -sos0ey; ISEC17 077 - 23330 resistance operon; aercbactin
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M6 M9 M10 M11 M12 M14

ST-553 ST-6856 ST-162 ST-10 ST-10 ST-93

-:H9 0176:H45 0126:H45 089:H9 089:H10 O7:H4
Amikacin <2 S <2 S <2 S <2 S <2 S <2 S
Gentamicin <1 S >16 R <1 S <1 S <1 S <1 S
Amoxicillin/Clavulanic acid >32 R >32 R 16 R >32 R >32 R >32 R
Cefepime <0.12 S <0.12 S <0.12 S <0.12 S <0.12 S <0.12 S
Cefotaxime <0.25 S =0.25 S <0.25 S - - =0.28 S <0.25 S
Cefuroxime 4 S — — 4 S — — 8 S 4 S
Imipenem <0.25 S <0.25 S <025 S <0.25 S <0.25 S <0.25 S
Meropenem <0.25 S <0.25 S <0.25 S <0.25 S <0.25 S <0.25 S
Ciprofloxacin >4 R >4 R >4 R >4 R >4 R <0.25 S
Tigecycline <0.5 S <0.5 S - - — - — — <0.5 S
Trimethoprim/Sulfamethoxazole  >320 R >320 R >320 R >320 R >320 R <20 S
Colistin 4 R 4 R 4 R 4 R 8 R 16 R
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Patient 1 Second Clinic of Nephrology
M6 Clinical origin: bedsore swab
ST-553 Date of isolation: 6th September 2017
—H20 Diagnosis: end-stage renal disease (lupus nephropathy)
Antimicrobial therapy: ceftazidime, ciprofloxacin;
Hospitalization: Clinic of General and Gastroenterological Surgery, ICU
Patient 2 2nd Clinical Department of General and Gastroenterological Surgery
M9 Clinical origin: perianal abscess swab
ST-6856 Date of isolation: 5th March 2018
0176:H45 Diagnosis: perianal abscess
Antimicrobial therapy: cephazolin, ciprofloxacin, metronizadole;
Hospitalization: 1st Clinical Department of General and Endocrine Surgery
Patient 3 Department of Hematology Clinical origin: pharyngeal swab
M10 Date of isolation: 13th March 2018
ST-162 Diagnosis: philadelphia chromosome-positive chronic myeloid leukemia
0126:H45 Antimicrobial therapy: colistin, amikacin, gentamicyn, meropenem, ciprofloxacin, piperacillin with tazobactam,
metronidazole, linezolid, vancomycin.
Hospitalization: Clinic of Internal and Metabolic Diseases;
Patient 4 Department of Neurology
M11 Clinical origin: bronchial aspirate
ST-10 Date of isolation: 29th March 2018
089m:H9 Diagnosis: ischemic stroke; hypertension; type-Il diabetes; heart failure;
Antimicrobial therapy: amoxicillin with clavulanic acid;
Hospitalization: none
Patient 5 Department of Vascular Surgery and Transplantation
M12 Clinical origin: postoperative wound swab
ST-10 Date of isolation: 4th May 2018
089m:H10 Diagnosis: critical ischemia of the left lower limb due to atherosclerosis;
Antimicrobial therapy: metronidazole, linezolid.
Hospitalization: Vascular Surgery, ICU
Patient 6 2nd Clinical Department of General and Gastroenterological Surgery
M14 Clinical origin: endotracheal tube secretion
ST-93 Date of isolation: 21st July 2016
O7:H4 Diagnosis: entrapment of the femoral hernia; hypertension; ischemic heart disease;

Antimicrobial therapy: tetracycline, ciprofloxacin, metronizadole;
Hospitalization: none
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Strain ID Species ESBL/PMQR genes Plasmids (kb) Mutation MIC(i. g/ml)

AZI AMK CTX CIP KAN OLA STR CRO TET CHL NAL MRP AMP STX

Sab4 S. Derby  gnrS2-aac(6’)ib-cr 96 = 2 16 025 8 >128 64 64 012 >32 64 32 012 >64 >32
Sa79 S. Derby  gnrS2-aac(6’)lb-cr-ogxAB - = 1 16 012 8 >128 64 32 0.06 >32 64 >64 012 >64 >32
Sab4-TC E. coli J53 qnrS2-aac(6’)lb-cr 188 = 1 4 0.06 8 >128 32 16 006 16 32 16 006 >64 16
J53 E. coli = - = 1 <05 <0.015 0.0156 <05 4 2 <0.015 05 1 2 003 2 4

ND, not determined; ESBL, extended spectrum B-lactamase; PMQR, plasmid mediated quinolone resistance AMK, amikacin, AZI, azithromycin; CTX, cefotaxime; CIR,
ciprofloxacin; KAN, kanamycin;, OLA, olaquindox; STR, streptomycin; CRO, ceftriaxone; TET, tetracycline; CHL, chloramphenicol; NAL, nalidixic acid; AMP, ampicillin;
MRR, meropenem; and SXT, trimethoprim/sulfamethoxazole.
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Bacterial strain Description®® References
or plasmid

E. coli
XK1200 Nal'; F~ lacAU124 A(nadA aroG gal atty.  Anthony et al.,
bio) gyrA 1996
MC4100 S’ F- araD139 AlargF-lacU169) Anthony etal,
1pSL150 relA1 fbB3501 deoC1 ptsF25 1996
1bsR
DH5 Nal'; F~ supEdd AlacU169 (680 Hanahan, 1983
lacZAM15) hsdR17, recAT endAT
GYrA96 thi-1 relAT
S. enterica
T2 S. Typhimurium; spvB-virulence Sanderson and
plasmid* (pSLT; IncFll) Roth, 1988
LT2R S. Typhimurium LT2; Rif, spvB-virulence  This Study
plasmid* (pSLT)
pSLT- S. Typhimurium LT2; Rif, spvB-virulence  This Study
plasrmic
pSLT- traS* . Typhimurium pSLT-; Rif,, Te", pRS31  This Study
(FI traS™)
LT2R AtaS® . Typhimurium LT2R; Rif, AtraS, pSLT*  This Study
LT2R AspvB® . Typhimurium LT2R; Rif, AspvB, This Study
pSLT+
98A-33516R 8. Typhimurium 98A-33516; Rif", Hudson et al.,
spvB-virulence plasmid™; Songbird 2000
isolate
98A-28283R . Typhimurium 98A-28238; Rif, Hudson et al,
spvB-virulence plasmid*, pSLT traS~; 2000
Songbird isolate
108709R S. Choleraesuis 108709; Rif, This Study
spvB-virulence plasmid*
564R S. Dublin 564; Rif, spvB-virulence This Study
plasmid*, pSLT traS; Cattle isolate
Plasmids
POX38-Km IncFl plasmid; Kif, Tra* Conjugative ~ Anthony et al.,
1999
pRS31 FltraS* in pSC101; Te* Anthony et al.,
1999
R100-1 IncFll plasmid; G Faf St Sp" SU' T, Anthony et al.,
Tra* conjugative 1999
PKD3 Template plasmid for cat cassette used  Datsenko and
in recombineering  red mediated Wanner, 2000
insertions and subsequent “fippase”
mediated excisions/deletions; Ap', Cm*
PKD20 1epA101ts, Xy, B, €x0; Ap' Datsenko and
Wanner, 2000
pCP20 Temperature-sensitive replicon and Cherepanov and
inducible “fippase” (FIp) for deleting cat  Wackernagel,
and adjacent sequences to create 1995

targeted deletions; Ap', G

3Ap, ampicilin; Cm, chioramphenicol; Fe, fusaric acid; Nal, nalidixic; R, ritampicin; Sp,
spectinomycin; Sm, streptomycin; Su, sulfonamide; Te, tetracyciine.

©Clinical isolates were identified as positive or negative for spyC (Swamy et al., 1996) or
pSLT tras.

caph cassette was removed with PCP20 (Cherepanov and Wackeragel, 1995; Datsenko
and Wanner, 2000).
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References

Hahn and Ciak, 1976; Adetosoye
and Rotilu, 1985

Michel-Briand and Laporte, 1985
Fernandez-Lopez et al., 2005

Lujan et al., 2007

Garcillan-Barcia et al., 2007

Fennewald and Capobianco, 1984
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Curing/Elimination strategy Species of Plasmid/Genes target Delivery Results References
interest

Plasmid conjugation blocking by CRISPR system S. aureus pG0400 plasmid Conjugation Plasmid conjugation and transformation Marraffini and

via complementarity between spc1 CRISPR locus S. epidermidis nes gene Electroporation blocking Sontheimer, 2008

and a nes gene region from staphylococcal Limiting the spread of antibiotic

plasmids resistance

S. pneumoniae: introducing the ermAM gene S. pneumoniae ermAM, erythromycin Transformation Killing of transformed cells CRISPR Jiang et al., 2013

together with a premature stop codon in the srtA E. coli resistance gene selection of non-edited cells

locus. rpsL, streptomycin

E. coli pCRISPR:rpsL plasmid construct with a resistance gene

spacer that would guide Cas9 cleavage

CRISPR plasmid constructs bearing the copy of E. coli blagHy_1g Conjugation Sequence-specific cytotoxicity Citorik et al., 2014

target genes, introduction of double-strand breaks Galleria mellonella blanp-1 Viral transduction Excluding high-copy antibiotic

by complementary RNA-guided nucleases in
targets

CRISPR bacteriophage constructs using for
targeting plasmids of interest

PZE-blanp-1-gfo

resistance plasmids
Re-sensitizing a resistant population to
antibiotics.

Insertion of CRISPR array in a staphylococcal S. aureus aph-3, kanamycin Transformation Sequence-specific killing of Bikard et al., 2014
vector to obtain pDB114, programmed to target resistance gene Transduction staphylococci resistant to kanamycin or
kanamycin resistant gene mecA, methicillin resistance methicillin
Antimicrobial CRISPR cas phagemid to target the gene Loss of pUSA02 plasmid
methicillin resistance gene pUSAO1 Immunization of staphylococci against
CRISPR array that target plasmids of interest pUSA02 pUSAOQ2 transfer.

pUSAO3
Phage transferable CRISPR cas system E. coli blanpym-1 and blactx-p—15 Lysogenization Resistance plasmid curing Yosef et al., 2015

encoding resistance to Transformation Prevention of horizontal gene transfer

carbapenems Sensitizing bacteria to multiple

pPNDM and pCTX antibiotic antibiotic resistance genes

resistance plasmid
CRISPR plasmid construct, able to recognize target E. coli bla, beta-lactamase genes Transformation Re-sensitization to antibiotics of E. coli Kim et al., 2016
sequences from ESBL strains tet, tetracycline resistance Conjugation carrying ESBL plasmids

gene CRISPR mediated clearance of whole

pUC19 mediating Amp plasmids

resistance

pET21b

pBR322
CRISPR plasmid designed to target a sequence Zymomonas pZZM402 Transformation Elimination of native plasmid of Cao et al., 2017
from the replicase gene mobilis pZZMA403 Electroporation Z. mobilis
Targeting conserved regions from colE1 replicons E. coli pZE-GFP, pZA-GFP Transformation Efficient plasmid curing Lauritsen et al.,
via CRISPR P, putida pZS-GFP 2017

E. coli Plasmid-borne Electroporation Sensitization of E. coli strains to colistin Sun et al., 2017

mcr-1 knockout via pCas: mer CRISPR plasmid mcr-1 gene, colistin BMAP-27 following mcr-1 elimination

resistant. antimicrobial

peptide

pLQ-Pxyl/tet-cas9-Pspac-sgRNA construct, S. aureus pLQ-KO-tgt-50 bp Transformation Efficient editing of the target locus Liu et al., 2017
designed to target plasmid of interest pLQ-KO-rocA
CRISPR -based plasmid pHCas9 targeting pHTO1 B. subtilis pHTO1 Transformation Both plasmids cured by serial culture in Soetal., 2017
and pBOA pBOA antibiotic-free conditions
CRISPR2 locus manipulation to obtain pCR2-ermB E. faecalis PRP pTEF1 Conjugation Decrease in conjugation frequency of Hullahalli et al.,
and pCR2-Phage1 PAMT771 Electroporation the plasmids harboring ARGs 2017
CRISPR Cas 9 — based plasmid curing system E. coli SEVA vectors Transformation Efficient curing of target plasmids Lauritsen et al.,
(pFREE) targeting all major plasmid replicon in 2018
molecular biology
pMCas9- mer-1 CRISPR construct able to E. coli Plasmid-borne Transformation Elimination of plasmid-borne mcr-1 via Dong et al., 2019
eliminate mcr-1 gene mcr-1 gene, conferring Conjugation CRISPR system delivered via
pMob-Cas9 construct, delivered by conjugation colistin resistance transformation and conjugation assay
Metal stressors exposure E. coli pKJK5 broad range Conjugation Plasmid elimination Klumper et al.,

plasmid Filter mating 2017

experiments
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Curing agent

SDS

Ethidium bromide

Acridin-orange Acriflavine

Triclosan (irgasan) Fusidic acid

Nitric oxide nanoparticles

Chitosan

Silver nanoparticles

Species of interest

S. aureus
E. coli
E. coli

P, aeruginosa
Streptomycetes
E. coli

L. acidophilus
E. aerogenes
Salmonella
Shigella
Lactobacillus
O. oeni

E. coli

S. aureus

S. aureus

E. coli

P, aeruginosa
S. aureus

E. coli
Trichophyton mentagrophytes
T. rubrum

A. baumannii
E. coli

S. aureus

S. aureus

Plasmid target

Penicillinase plasmid

pBR322;pBR325

212587, 212973, 208366, and 207940 isolates
carrying plasmids

pBC15 plasmid

plJ303 and pld61 plasmids

212587, 212973, 208366, and 207940 isolates
carrying plasmids

20.3 bp chloramphenicol resistant plasmid
pKpQIL carbapenem resistant plasmid
Chloramphenicol resistant plasmid

pDR101

pRS1, pRS2, and pRS3

212587, 212973, 208366, and 207940 isolates
carrying plasmids

Beta-lactam resistance plasmid

Mupirocin resistance 48 Md plasmid

pMIB4 plasmid

Plasmid carrying antibiotic-resistance genes

Plasmid carrying antibiotic-resistance genes

methicillin-resistant plasmid

References

Sonstein and Baldwin, 1972
Keyhani et al., 2006
Zaman et al., 2010

Raja and Selvam, 2009
Crameri et al., 1986
Zaman et al., 2010

Karthikeyan and Santosh, 2010
Pulcrano et al., 2016
Adetosoye and Rotilu, 1985

Chassy et al., 1978
Mesas et al., 2004
Zaman et al., 2010

Qjo et al., 2014
Irish et al., 1998
Riber et al., 2016
Jones et al., 2010

Bavya et al., 2019

Huang et al., 2011
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Symbol?

E)%%.ZIODZU§-<><®

g
%

Definition

Density of plasmid-free cells

Density of cells carrying (focal) plasmid X
Density of cells carrying (competitor) plasmid Y
Density of cells carrying both plasmids X and Y
Resource concentration in the chemostat
Chemostat turnover rate

Parameter used in Monod function

Resource required per cell division

Standard growth rate

Fitness of cells carrying plasmid X

Fitness of cells carrying plasmid Y

Fitness of cells carrying both plasmids X and Y
Interaction effect on fitness (epistasis)
Conjugation rate of plasmid X from cells X to @
Conjugation rate of plasmid Y from cells Y to @
Conjugation rate of plasmid X from cells XY to @
Conjugation rate of plasmid Y from cells XY to @

Intracellular interaction effect on the conjugation rate of plasmid X
(ax) and/or Y (ay)

Conjugation rate of plasmid X from cells X to Y

Conjugation rate of plasmid Y from cells Y to X

Intercellular interaction effect on the conjugation rate of plasmid X
(&x) and/or Y (&)

Conjugation rate of plasmid X from cells XY to Y

Conjugation rate of plasmid Y from cells XY to X

Co-transfer rate of plasmids X and Y from cells XY to @

Loss rate of plasmids X or Y from cells Xand Y

Loss rate of plasmids X or Y from cells XY

Interaction Effect on loss rate

(t

(5 x 10°; [10%)
(0or5 x 109
(t

(

3n(2)
0.85; 0.9; 0.95; 0.975; [1; 1.05]
0.85; {0.9}; 0.95; 0.975

wx * 0y +¢€

—0.05; 0; 0.05; 0.1

10—13; 10—12; 10—11; [10—101
10—13; {10—12}; 10—11

YX - ax

Yy - oy

1073;1; 10

Yx - &
Yy - &y
1072;1; 10

if ax < 1: yx); else: yx
ifay < 1: yyx); else: yy
Minimum of yxcyy and yyx)
16-9; 1075; 107

8.0

1510

Units

cells-mL~"
cells-mL~"
cells-mL~"
cells-mL~"
wg-mL™!
h—1
pg-mL=!
ng

h—1

mL-cell="-h~"
mL-cell="-h~"
mL-cell=1.h~1
mL-cell="-h~1

mL-cell="-h~!
mL-cell="-h~!

mL-cell="-h~"
h—1
h—1

3wy, wy and wyy represent relative fitness, such that the plasmid-free strain @ has wg = 1. ®Values in () represent initialization values, values in [] were used only in control

simulations and values in {} were used in simulations where the competitor plasmid had fixed parameters.
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1:KPO87217 K pneumoniae strain 628 plasmid p628-CTXM Total score:14.5 Cumulative Blast bit score:5540

D¢ OOHIDIMDLADH)

2.44C Escherichia coli C600 transconjugant (donor strain S. Enteritidis no. SH12G706) plasmid 44C. Total
score:13.5 Cumulative Blast bit score:5540

S AMEHHD D¢ OO IKDICLD)-

B repZ B bHlactx-m-55
P VafA B AyagA
B vafB impB
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Year 2005 2006 2007

Number (%) n (%) n (%) n (%)

Human-derived 0(0.00%, 0/8) 0 (0.00%, 0/62) 0 (0.00%, 0/57)
Animal-derived food* 0(0.00%, 0/0) 0 (0.00%, 0/0) 0 (0.00%, 0/0)
Total 0(0.00%, 0/8) 0 (0.00%, 0/62) 0 (0.00%, 0/57)

2008
n (%)
0 (0.00%, 0/125)
0 (0.00%, 0/0)
0 (0.00%, 0/125)

2009
n (%)
0 (0.00%, 0/123)
0 (0.00%, 0/0)
0 (0.00%, 0/123)

2010

n (%)
1(0.52%, 1/192)
0 (0.00%, 0/30)
1(0.45%, 1/222)

2011

n (%)
6 (1.01%, 6/597)
0 (0.00%, 0/82)
6 (0.88%, 6/679)

2012
n (%)
14 (2.84%, 14/492)
0 (0.00%, 0/55)
14 (2.56%, 14/547)

2013
n (%)

8 (1.42%, 8/562)

1(1.49%, 1/67)

9 (1.43%, 9/629)

2014
n (%)

7 (1.65%, 7/425)

1(2.70%, 1/37)

8 (1.73%, 8/462)

*Animal-derived food: chicken wings (n = 1), duck breast (n = 1).
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Plasmid Recipient strain®
FI (POX38-km) LT2R pSLT+
LT2R pSLT-

LT2R pSLT-, Fl traS*+
LT2R pSLT* AtraS
LT2R pSLT+ AspvB
E. coli DHSa
E. coli DHSa I raS*
Fil (R100) LT2R pSLT*
LT2R pSLT-
LT2R pSLT- Fi raS*
LT2R pSLT* AtraS
LT2R pSLT* AspvB
E. coli DH5a
E. coll DHSa Fl traS*

Plasmid transfer frequency®

Average

287 x 107
4.48 x 1072
1.97 x 1078
751 x 1074
1,63 x 102
7.99 x 107
239 x 1073
4141 x 107
124 x 1072
1.48 x 1074
556 x 1074
327 x 1075
221 x 107!
279 x 107!

SEM

+1.26 x 1073
+1.85 x 1072
+056 x 108
+1.46 x 104
021 x 103
+1.00 x 10~
+1.14 x 1073
+2.20 x 107°
+0.48 x 102
+0.37 x 1074
+237 x 1074
+1.18 x 107°
+085 x 10~
+0.85 x 10°"

EI°

15.61

22,741.12
59.65
27.48

334.31
301.70

83.78
22.30
379.20

079

P-value?

0.034

0.030
0.019, 0.104°
0.021,0.104°

<0.001"
0.025

0.026
0.025, 0.044°
0.025, 0.252°

0.264

3pSLT, S. Typhimurium LT2 spvB-virulence plasmid.

bPlasmid transfer frequency was calculated as total number of transconjugants /total number of recipients.
CEl (Exclusion index): plasmid transfer frequency for Saimonella (LT2) pSLT" recipient/plasmid transfer frequency for S. Typhimurium recipients with: pSLT virulence plasmid, pSLT2 traS
deletion, pSLT2 spvB deletion or pRS31 (Fl traS*); plasmid transfer frequency for “plasmidless” E. coli DHSw/plasmid transfer frequency for E. coli DH5« recipient with pRS31 (FI traS*)

(Anthony et al, 1999).

9Student T-test of plasmid transfer frequencies between S. Typhimurium LT2 pSLT strain and Salmonella genotypes: pSLT", Atra$S, or AspvB.
“Student T-test of plasmid transfer frequencies between S. Typhimurium LT2 wild type strain (0SLT*) and Salmonella genotypes: AtraS, or AspvB.
fStudent T-test of plasmid transfer frequencies between “plasmidless” E. coli DH5/plasmid transfer frequency for E. coli DH5a with pRS31 (FI traS*).
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Plasmid  Recipient stain® Plasmid transfer P-value®
frequency®

Average +SEM

FI(pOX38- S.Typhimurium LT2 ~ 2.69 x 1073 £1.49x 107° 0,042
k) pSLT+
S.Typhimuium LT2 314 x 102 £1.13 x 1072
PSLT~
S. Typhimurium 342 x 1075 £0.55 x 10-%
98A-28238R
(spvB-virulence
plasmid-)
. Typhimurium 925x10°%  +121x10%  0.034,
98A-33516R 0.006°
(spvB-virulence
plasmid*, pSLT traS™)
S. Dublin 564R 122x 107 £056x 107 0035
(spvB-virulence
plasmid*, pSLT traS~)
S. Choleraesuis 364x 1078 £1.46x 107* 0036
10708R
(spvB-virulence
plasmid*)
E. coli DH5x 223x 107" 050 x 10!

FIl(R100) S. Typhimurium LT2 835x 10°¢  +1.38 x 10-8 0.049
pSLT+
S.Typhimuium L2 2.28 x 103 £1.28 x 10-%
pSLT-
S. Typhimurium 169 x 10 030 x 10-8
98A-28238R
(spvB-virulence
plasmid~)
S. Typhimurium 171 x 10" £051x 1075 0014,
98A-33516R 0.164¢
(spvB-virulence
plasmid*, pSLT traS-)
S. Dublin 564R 2.44x107%  £122x107° 0466
(spvB-virulence
plasmid*, pSLT traS™)
S. Choleraesuis 785x 107  £1.00x 107  0.163
10708R
(spvB-virulence
plasmid*)
E. coli DH5 677 x 1072 £480 x 102

pSLT, S. Typhimurium LT2 spvB-virulence plasmid.

bPlasmid transfer frequency was calculated as total number of transconjugants /total
number of recipients.

SStudent T-test comparisons between S. Typhimurium LT2 pSLT= strain and other
Salmonel isolates.

9Student T-test comparison between spvB-virulence plasmid=, S. Typhimurium isolate
98A-23238R, and virulence positive isolate 98A-33516R.
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Onca (QPL:1.90%) (Tal 1.9%6-1.5%) (-0.0% 5+0.0%) (0.0%-100.0%:)

PFGE-Xbal

PFGE-Xbal

Isolate no.

»
w
w
w
w
w

SH12G514
SH13G1032
SH13G1958
SH13G474
SH13G990
SH12G1019
SH13SF278
SH13G1868
SH14G1579
SH12G729
SH13G1838
SH14G1019
SH10G391
SH12G1178
SH13G1882
SH14SF008
SH14G065
SH14G169
SH14G548
SH11G1338
SH11G1355
SH11G39%4
SH11G405
SH12G477
SH12G565
SH12G706
SH13G961
SH11G461
SH12G465
SH12G1276
SH14G1588
SH14G104°

e e

s==g=s2-==

e e ——————

w

— -

Date of
Isolation

2012811
2013/11130
201317124
2013/6/19
201319115
2012/8131
20137815
2013/6/3
2014/7115
2012/8117
201311111
2014/8/125
2010/9/14
2012/10/23
2013/6/14
2014/5126
2014/5114
2014/6/30
2014/6/123
2011.12.143
20111212
2011/6/114
2011/6/20
2012/719
20127715
2012/8124
2013917
2011/6/23
20121712
201211272
2014/919
2014/9/6

Location

Sample
Types

aeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Chicken
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Duck
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces

Patient’'s CTX-M

Age

21y
186Y
73Y
81-85Y
510Y
18Y

subtype

CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-64
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-123
CTX-M-123
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-15
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-55
CTX-M-64
CTX-M-55
CTX-M-55
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Target

spvB

spvB-aphins®

spvC

pSLT traS

traS-aph ins®

FltraS

Sequence

F:-TCATACTCCAGCAGCAGACG
R:AGCAGTTTTTATCGCCTGGA
F:GTATCAGGATAAGCACAAACAGTAAGGCGATATCCG
R:TCATCCAATTACCTTTATTTACCAACCATAGTTTTCTTATTA
F:CGGAAATACCATCTACAAATA
R:CCCAAACCCATACTTACTCTG
F:ACCTGTCATTATTATCCTGC
RATTATCCTGTTATTTGTCCTGC
F:CAGGAGATAGTGTATGTTGATACTAAATGGTTTTTCATCT
R:TATCGCCATATTATTAGATATAAATTCTCAG
F:-TCTGCCGGAAGAATTCCTAA
R:CCGTCACTAAAATTGCACCA

Expected size (bp)

587

1,100

669

400

1,100

162

2Primers used to create A red—targeted knockouts with aph gene cassette (Datsenko and Wanner, 2000).

Annealing temperature (°C)

50°C

57°C

40°C

55°C

54°C

50°C

References

This Study

This Study

Swamy et al., 1996

This Study

This Study

This Study
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Plasmid® Prevalence spvB Plasmid exclusion genes
(n=161) (n=29")
tra¥  excA  taS traT
(=559 (n="55° (n=29") (n=29")

Inc! 34.2 % 100.0% 10.9%
IncF 18.0% 17.2% 13.8% 100.0%
Incl or IncF  49.7%

Incf and 5.0%
IncF

%Plasmid type based on organization of R64 (Inc) or pSLT (Inc) tra focus.
®Total IncF plasmids.
<Total Incl plasmids.
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Salmonella
serovars?

S. Dublin (n = 7)
S. Enteritiis
=18

S. Typhimurium
(=18

S. Kentucky
(=14)

Total

Virulence
plasmid® (%)

100
100

100

75¢

PSLT tras®
(%)

0
100

100

o3¢

Other® plasmids
255kb (%)

62
77

24

93

394

Isolates were screened by PCR and DNA, DNA hybridization for spvC? (virulence plasmid

marker) and pSLT traS®.

“Plasmids were identified as negative for the virulence plasmid marker spvC as determined

by gel electrophoresis and Southern analysis.

9Non-random distribution of spvB-virulence plasmid, pSLT traS or other, large molecular
weight plasmids among Salmonella serovars (Chi-Squared Test: p < 0.05).
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Source

Chicken

Beef liver

Pork

Chicken liver
Beef

Turkey

Chicken gizzard
Total

No. of isolates

55
43
42
29
24
22

222

No. of isolates with plasmids

Detected by TENS

2-60 kb

55 (100%)
43 (100%)
42 (100%)
29 (100%)
24 (100%)
22 (100%)
7 (100%)
222 (100%)

>60 kb

4 (7.3%)
4 (9.3%)
7 (16.7%)
3 (10.3%)
2 (8.3%)

10 (45.4%)
1 (14.3%)

31 (14.0%)

Detected by PFGE

2-60 kb

30 (54.0%)
11 (25.6%)
11 (26.2%)
13 (44.8%)

6 (25.0%)
15 (68.2%)

2 (28.6%)
88 (39.6%)

>60 kb

27 (49.1%)
19 (44.2%)
19 (45.2%)
15 (61.7%)
8 (33.3%)
12 (564.5%)
1(14.3%)
101 (45.5%)
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rep-type

5 6 7 7 10 12 13 15 16 19 20 21 2 Total
Chicken s Bl + 47 16 2 [l v 6 7 25 15 208
Beofiver W20 [0 | 33 s By « o HHE H a4 8 201
Pork s Tl o 32 21 9 6 7 2 B > 9 170
Chiver 2 2 15 19 19 12 1 7 1 21 [T
Beef 3 2 19 9 2 A s 2 3 1 17 3 92
ey [l T4 s 4 5 HEH 7 1 [e] 0 = 5 o8
Total 30 15 163 76 163 61 18 54 19 a7 121 2 8w
Obsenved occurrence of rep-types in meats of different origins is shown. Meat origin and rep-type were shown not to be independent (X2 = 232.3, df = 60). The color
overly is a heat map visualizing cell departure from expected; they total 75% of the X2 = 232.3 value. Red denotes that  specilic chi-square element (o; - &/2/e1 > 5, and

yellow > 3 where the observed value was greater than expected. Dark-blue denotes (0, — ey%/e, > 5, and light-blue > 3 where observed value was less than expected.
**Denotes significant departures from expected using a familywise error of a = 0.05 based on the Holm-Bonferroni method. This test limits the number of cells that can
have very small expected values, so rep types that were rare (1, 3, 9, 10b), and the meat type with few samples (chicken gizzards) were eliminated.
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Agent? J53-1  J53-2 J53-3 J53-4 J53-5 J53-6 J53-7 J53-8 J53-9 J53-10 J53-11  J53-12  J53-13

Ampicillin R R R R R R R R R R R R R
Ampicillin/Sulbactam S S S | | | 8 | | | s R R
Piperacillin/Tazobactam S S S S S S S S S S S | S
Aztreonam S S | | R R | R R S S R R
Cefazolin R R R R R R R R R R R R R
Cefotaxime R R R R R R R R R R R R R
Ciprofloxacin S R | | R R | R R R R R R
Meropenem S S S S S S S S S S S | S
Chloramphenicol S S R R R R S R R R S R R
Trimethoprim/Sulfamethoxazole S S R R R R S R R s S R R
Tetracycline S S R R R R S R R R S R R
Doxycycline S S R R R R S R R R S R R

aChloramphenicol, Trimethoprim/Sulfamethoxazole, Tetracycline and Doxycycline are shown in bold. S, susceptible; I, intermediate; R, resistance.
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PlasmidFinder Number of Number of Movable resistance determinants®

gene islands prophage?
Chromosome Chr-M297-1 9 1 sul3, blapya—3, blagyy—1, blactx-m-14
Plasmids pM297-1.1 IncFIB(K) 5 N/A aph(3")-Ib, aph(6)-Id, qnrS1, blactx—m-14, blatEm—191
pM297-1.2 INcFII(K) 7 1 sul1(2), sul2, aph(3"), aph(6)-1, aph(3)-la, aac(3)-lla, aadA16, dfA27,

arr-3, aac(6')-Ib-cr, qacEAT1, floR, qnrB2, qnrS1, tetG, tetR(2),
blatgm-1, blacTx-m-3

aN/A, No Prophage. P p-lactamase genes are shown in bold. The number in parentheses indicates the number of drug resistance genes.
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Bacteria species MIC for Piperacillin/Tazobactam, mg/L MIC for Meropenem, mg/L  Non-susceptible phenotype?

Escherichia coli <8/4
Escherichia coli <8/4
Escherichia coli <8/4
Klebsiella variicola <8/4
Citrobacter freundii <8/4
Morganella morganii <8/4
Klebsiella pneumoniae <8/4

<0.25
<0.25
<0.25
<0.25
<0.25
<0.25
<0.25

N/A

SAM, F/M

AMP, FEP, C, SXT, F/M

N/A

AMP, ATM

AMP, ATM, CXM, CL, C

AMP, SAM, ATM, CXM, CRO, FEP, C, CIP, LEV, SXT, F/M, TE, DO

BAMP Ampicillin; SAM, Ampicillin/Sulbactam; ATM, Aztreonam,; CXM, Cefuroxime; CRO, Ceftriaxone; FER, Cefepime; CL, Colistin; C, Chloramphenicol: CIP, Ciprofloxacin;
LEV, Levofloxacin; SXT, Trimethoprim/Sulfamethoxazole; F/M, Nitrofurantoin; TE, Tetracycline; DO, Doxycycline. N/A, Not Applicable.
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76 I—O NZ CP036305.1 ST11

I—‘ MNZ CP028555.2 571142

© CP0380021 5T11

4 CP028716.1 5T15
4 NZCP025963.2 5T273

A MNZCP0140041 5T14

A MNZ CP026586.1 S5T86

4 NZCP034082.1 5T23

® N CP025576.1 ST101

AMNZ CP0248741 5T15

ANZ CP024916.1 S5T147

M297-1 ST290 <=
® CP040175.1 ST4024

ANZ CP022444 1 5T421

77
a5
87
47
25 |
61 |
95 |

4 CP031257 .1 5T367

® pM297-1.1 Highly similar plasmid
A PpPM297-1.2 Highly similar plasmid

China
Sweden
Thailand
N/A
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& Sweden

2019/1/12 Stockholm,ST101(Kp)

& China

2016/1/24 Jiangxi ST14(Kp)
018/2/1 Chengdu, Sichuan ST273(Kp)
2018/3/1 Nanchang,Jiangxi ST86(Kp)

; 2018/4/5 Meishan, Sichuan ST1142(Kv)
( & China 2018/4/25 STA5(Kp)
v 2018/9/8 ST367(Kq)
2019/2/20 Chengdu, Sichuan ST11(Kp) 2018/12/4 ST23(Kp)
2019/3/15 Bazhong, Sichuan ST11(Kp)
2019/5/20 Chongaing, ST4024(Kp) k

& Thailand

2018/4/11 ST147(Kp)
2018/4/11 ST15(Kp)

Kp: Klebsiella pneumoniae
Kv: Klebsiella variicola
Kq: Klebsiella quasipneumoniae

Kp: Klebsiella pneumoniae

2018/2/1 Chengdu, Sichuan ST273(Kp)

2019/2/20 Chengdu, Sichuan ST11(Kj D
2 o 2018/4/5 Meishan, Sichuan ST1142(Kv)

2019/3/15 Bazhong, Sichuan ST11(Kp)

2019/5/20 Chongging, ST4024(Kp)

2016/1/24 Jiangxi ST14(Kp)
2018/3/1 Nanchang,Jiangxi ST86(Kp)
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2015 China (ST290)
NingBo/ShangHai
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2002 Australia (ST290)
AJ082
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Plasmid Salmonella
incompatibility group serotype”
c Dubiin Newport
F Abortusequi
Abortusovis
Gholeraesuis
Enteriditis
Galinarum
Sendai
Typhimurium
Kentucky
X1/F mosaic Dublin®
FIB/M/P mosaic Infantis
“Soe text for references.

“(Platt ot al, 1988).

Associated genes.

StrAB (aminoglycosides), sul2
(sulfonamides), tetAR (tetracycline),
blaCMY-2 (p-lactams), and floR
(chloramphenicoll®

spv operon

Avian pathogenic Escherichia col
virulence plasmid

spv operon

blaCTX-M-65 and virulence genes

“Other antibiotic resistance (AR) genes can be present.
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Type  Transfer
mechanism’  Type®
(o Conjugative  A/G
F Conjugative F, Fil, FIA,
FIB, and
v
Hitand Conjugative  Hf or
Hi2 Hi2
" Conjugative 1
N Conjugative N
at Mobiizable ~ N/A
R Unknown R
X Conjugative  X(1-6)
(repressed)

*See text for references.

Type®

MOB,

MOB;:

MOBy

MOB

MOB:
MOB,
(MOBg)
N/A

MOB,

Replicon Relaxase Common associated

antibiotic resistances™

Aminoglycosides, tetracyclines,
trimethoprim, chloramphenicols,
frlactams, and sulfonamides
Aminoglycosides, tetracyclines,
trimethoprim, chioramphenicols,
p-lactams, sulfonamides, and
fluoroguinolones
Chloramphenicols, p-lactams,
sulfonamides, aminoglycosides,
tetracyclines, and
fluoroquinolones
Chioramphenicols, f-lactams,
sulfonamides, aminoglycosides,
and tetracyclines
Fluoroquinolones
Aminoglycosides, tetracyclines,
and sulfonamides
Aminoglycosides, tetracyclines,
trimethoprim, chioramphenicols,
-lactams, sulfonamides, and
fluoroguinolones
Aminoglycosides, p-lactams,
and quinolones

“From PCR Based replicon typing (Carattoli et al., 2005).

“From (Garcillan-Barcia et a, 2009).
“Not comprehensie.
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Carbapenem resistance mechanisms

Carbapenemase type(s)

NDM- positive NDM-1
NDM-5
NDM-9

KPC- positive KPC-2

NDM-5, KPC-2

ESBL type(s)

CTXM- positive CTXM-1
CTXM-9
CTXM-15

TEM- positive TEM-1

OXA-1-positive OXA-1

OMPs loss

OMPs OmpC
OmpF
OmpC, OmpF

Carbapenemase, ESBL type
Carbapenemase, ESBL type, OMPs loss
Carbapenemase, OMPs loss

ESBL type, OMPs loss

Total (109)

50 (45.9%)
8 (7.3%)
41 (37.6%)
1 (0.9%)
1 (0.9%)
1 (0.9%)
83 (76.2%)
46 (42.2%)
25 (22.9%)
23 (21.1%)
35 (32.1%)
23 (21.1%)
32 (29.4%)
27 (24.8%)
21 (19.3%)
16 (14.7%)
50 (45.9%)
12 (11.0%)
12 (11.0%)
27 (24.8%)

Carbapenemase positive (50)

8 (16.0%)
41 (82.0%)
1(2.0%)
1(2.0%)
1(2.0%)

24 (48.0%)
16 (32.0%)
16 (32.0%)
29 (58.0%)

8 (16.0%)

12 (24.0%)
11 (22.0%)
4 (8.0%)
50 (100.0%)
12 (24.0%)
12 (24.0%)
12 (24.0%)

Carbapenemase negative (59)

NA

NA
NA

22 (37.3%)
9 (15.3%)
7 (11.9%)
6 (10.2%)
15 (25.4%)

15 (25.4%)
10 (16.9%)
12 (20.3%)
NA
NA
NA
15 (25.4%)

NA, not applicable.
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Characteristics NDM-5 NDM-1

Average MICs ETP 84.79 31.75
(ng/mi) IPM  55.10 31
MEM  27.67 8.13
MLST ST167 (10) ST167 (1)
ST410 (5) ST361 (1)
ST354 (3) ST4538 (1)
STI73 (2) ST453 (1)
ST746 (2) Unknown ST (4)
Unknown ST (8)
Other types (11)
Replicon type IncF (26) IncF (6)
IncX (9) IncX (2)
IncA/C (1)
IncH (3)
UnknownType (2)

ETR ertapenem; IPM, imjpenem; MEM, meropenem.

NDM-9

ST167 (1)

IncF (1)
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Release of the DNA by the Donor cell (left) and uptake by the Recipient cell (right).
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_Ysimilarity PFGE-Xbal strain source date PFGE MLST ESBLs Plamid type

20 40 ) ) 100

—“ E.coli-02 urine 20161217 1 ST7197 CTX-M9TEM-1 IncFIA
E _ E.coli-54 secretion 20150524 2 ST95 CTX-MOTEM-1 IncFIB
B NIRRT . E.coli-61 drainage 20151029 3 ST973 CTX-M9 IncFIA IncFIB
E.coli-07 secretion 20160618 4 ST46 CTX-MITEM-1 IncFIA IncFIB
{ E 1 mﬁ E.coli-06 drainage 20160528 5 Unknown ST TEM-1 IncH
_' E.coli-53 sputum 20150502 6 Unknown ST CTX-M1TEM-1CTX-M15 IncX
I Hinm men E.coli-107 urine 20140902 7 Unknown ST CTX-M9 IncFIA IncFIB
_ E.coli-11 secretion 20160622 8 Unknown ST TEM-1 IncFIA
T N | NERN E.coli-19 drainage 20160807 9 ST746 CTX-MITEM-1CTX-M15 Ies
E.coli-84 urine 20140927 10 ST167 CTX-MOCTX-M1TEM-1CTX-M15 IncFIB
E Wl W e E.coli-26 blood 20160821 11 Unknown ST CTX-MITEM-1CTX-M15 IncFIA
w E.coli-28 secretion 20160825 12 Unknown ST CTX-MITEM-1CTX-M15 IncFIB
_ E.coli-90 drainage 20141107 13 ST354 CTX-M1TEM-1 IncA/C
n ETTTT T T . E.coli-36 drainage 20160921 14 sT167 TEM-1 el
e I VET . E.coli-37 drainage 20160927 15 ST48 CTX-M1TEM-1 IncX
b Wm0 E.coli-17 urine 20160727 16 ST453 CTX-M9OTEM-1CTX-M15 IncFIB
t S B E.coli-41 drainage 20161006 17 ST167 CTX-M9CTX-M15 IncX
r' T E.coli-24 drainage 20160820 18 ST167 CTX-M9TEM-1CTX-M15 IncFIA
1 | JIR 1T E.coli-47 drainage 20161120 19 ST167 TEM-1CTX-M15 IncFIA
BUAN L E.coli-51 sputum 20150811 20 ST410 CTX-M1TEM-1 IncFIA IncFIB
LT E.coli-48 blood 20161122 21 ST354 CTX-M1TEM-1 IncFIA IncFIB
B [RRRLUE E.coli-57 sputum 20150811 2 ST410 CTX-M1TEM-1 IncFIA IncFIB
] o A il E.coli-12 blood 20160701 23 ST746 TEM-1 IncH
I RS E.coli-49 drainage 20161128 24 ST10 TEM-1 IncFIB
o TR E.coli-63 urine 20151102 25 Unknown ST CTX-M1TEM-1CTX-M15 IncFIA IncFIB
EO LR E.coli-79 urine 20140811 26 ST167 CTX-MITEM-1CTX-M15 IncFIA
R T E.coli-34 sputum 20160908 27 ST167 TEM-1 IncFIA IncFIB
L L RURCRIRRN E.coli-1002 sputum S0 28 ST410 TEM-1CTX-M15 IncX
BEE NI E.coli-1003 urine 20170705 29 5T410 CTX-MITEM-1CTX-M15 IngFIB
N R TR E.coli-1004 sputum 20170705 30 ST6725 CTX-M1 [rvcX
LR | R E.coli-04 drainage 20160219 31 ST167 TEM-1CTX-M15 Unknown Tyg
R EREITE. E.coli-62 urine 20151101 32 ST973 CTX-M1 IncX
'| |'“ | ||||i||lll E.coli-39 sputum 20161001 33 ST167 CTX-M9TEM-1CTX-M15 IncFIA
L Ommney o E.coli-50 drainage 20161202 34 ST167 CTX-M9TEM-1CTX-M15 IncFIA
F 1IN T E.coli-1001 sputum 20170225 35 ST410 TEM-1CTX-M15 IncFIA IncFIB
E IR DmE E.coli-1005 drainage 20170425 36 $T354 CTX-MITEM-1CTX-M15 Unknown Type
TR E.coli-1006 secretion 20170712 37 ST410 CTX-MOTEM-1 IncX
B E.coli-35 urine 20160911 38 $T2930 TEM-1 IncFIA
EIRUR D oy E.coli-38 blood 20161001 39 Unknown ST TEM-1 IncFIB
RN I E.coli-1140 sputum 20161011 40 ST410 CTX-M1TEM-1CTX-M15 IncFIB
| RHLL IR E.coli-1007 urine 20170812 41 ST167 TEM-1CTX-M15 neX
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Antimicrobial agents Total (N = 109) Carbapenemase positive (N = 50) Carbapenemase negative (N = 59) P value
R (%) R MICs5o MICgo Range R MICs5o MICgo Range
Ertapenem 106 (97.3) 50 (100.0) 32 256 2-512 56 (94.9) 4 64 1-512 <0.001
Imipenem 63 (57.8) 50 (100.0) 32 128 4-512 13 (22.0) 1 8 0.25-32 <0.001
Meropenem 61 (55.9) 48 (96.0) 8 54 0.25-256 13 (22.0) 1 8 0.25-8 <0.001
Ceftriaxone 109 (100.0) 50 (100.0) 128 512 64-512 59 (100.0) 64 128 16-512 -
Ceftazidime 102 (93.6) 50 (100.0) 128 512 64-512 52 (88.2) 64 128 1-256 <0.001
Cefepime 101 (92.7) 49 (98.0) 128 512 8-512 52 (88.1) 64 128 1-256 <0.001
Aztreonam 97 (88.9) 48 (96.0) 128 512 8-512 49 (83.0) 64 256 2-256 <0.001
Ciprofloxacin 85 (77.9) 41 (82.0) 16 32 0.25-32 44 (74.6) 4 8 0.25-16 <0.001
Levofloxacin 76 (69.7) 37 (74.0) 16 64 0.25-64 39 (66.1) 8 8 0.25-32 <0.001
Gentamycin 70 (64.2) 34 (68.0) 32 128 1-512 36 (61.0) 16 16 1-32 0.02
Tobramycin 51 (46.8) 24 (48.0) 8 128 1-612 27 (45.8) 8 16 1-32 0.735
Colistin 22 (20.2) 12 (24.0) 1 4 1-8 10 (16.9) 1 8 1-8 0.988
Tigecycline 0 (0.00) 0 (0.00) 1 4 0.25-4 0 (0.0 0.25 1 0.25-2 -

Data are number resistant (% of resistance rates). P-value for comparisons of the resistance rates of carbapenemase-positive and carbapenemase-negative groups. Bold

face indicates values that are significant (P < 0.05). R, resistance.
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