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Abstract 21 

Conjugative plasmids are major drivers of horizontal gene transfer and play a central role in the 22 

dissemination of antibiotic resistance (AbR) genes among bacteria. To establish successfully in 23 

new hosts, these plasmids must overcome recipient defenses, often through anti-defense proteins 24 

expressed from the leading DNA strand immediately upon transfer. IncM and IncL plasmids are 25 

globally significant vectors for dissemination of important AbR genes, yet the key leading-strand 26 

determinants underlying their success have remained unclear. Here, we systematically analysed 27 

the leading regions of these plasmids and identified a network of previously uncharacterised anti-28 

defense genes driven by single-strand-specific promoters. Experimental deletion of this region 29 

resulted in a marked reduction in conjugation efficiency across diverse bacteria. This reduction 30 

was linked to the presence of recipient restriction enzymes targeting incoming plasmid DNA. 31 

Together, our findings reveal the leading region as a critical anti-defense hub that promotes 32 

efficient conjugation and establishment of high-risk AbR plasmids. 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 
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Introduction 44 

Bacterial conjugation is a key process of horizontal gene transfer, enabling the direct transfer of 45 

genetic material, such as plasmids, from a donor to a recipient cell (1, 2). This mechanism 46 

significantly contributes to bacterial evolution and dissemination of adaptive traits, including 47 

antibiotic resistance and pathogenicity (3, 4).  48 

During conjugation, plasmid DNA is typically transferred via a specialised mating apparatus as a 49 

single-stranded molecule (ssDNA), beginning at the origin of transfer (oriT) (1, 5). Successful 50 

establishment of a plasmid in the recipient bacterium requires not only the physical transfer of 51 

DNA but also its protection and integration into the new cellular environment. Recipient bacteria 52 

deploy a variety of defense mechanisms, such as restriction-modification (R-M) systems, CRISPR-53 

Cas immunity and other innate nucleic acid-targeting mechanisms that act to degrade or inactivate 54 

foreign genetic elements (6-8).  55 

Successful conjugative plasmids commonly encode powerful anti-defense strategies (4, 9-12), 56 

several of which are located on the first (leading) strand of the plasmid DNA to enter the recipient 57 

cell during conjugation (13, 14). This strategic positioning ensures gene expression immediately 58 

upon entry and increases the likelihood of successful establishment and replication in the new host. 59 

These include the genes encoding anti-restriction proteins, CRISPR inhibitors/anti-CRISPR 60 

proteins, DNA methyl transferases, SOS inhibitors, TA anti-toxins, ssDNA binding proteins and 61 

nucleoid-associated proteins that modulate host responses (14).  62 

 63 

IncM and IncL plasmids have emerged as important vectors in the spread of critical resistant genes, 64 

including carbapenemase and extended-spectrum β-lactamase (ESBL) genes such as blaIMP-4, 65 

blaNDM, blaKPC and blaCTX-M (15). Initially, IncL and IncM plasmids were grouped in a single 66 
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incompatibility group (16) but have distinct incompatibility determinant regions (inc), relaxase 67 

(traX), and entry exclusion genes (traY, excA) (17). The important role of IncM plasmids in the 68 

spread of antibiotic resistance can be attributed, at least in part, to their broad host range, stable 69 

maintenance and efficient conjugative transfer (18, 19).  70 

In this study, we analysed previously uncharacterised genes in the leading regions of IncM and 71 

IncL plasmids to identify candidate anti-defense systems and experimentally assessed their role in 72 

the conjugative transfer of IncM plasmids across diverse bacterial hosts. We also identified defense 73 

systems encoded by recipient bacterial chromosomes. 74 

 75 

Results  76 

The leading region of the IncM plasmid is enriched with diverse anti-defense 77 

genes. 78 

Anti-defense genes are frequently enriched in the first ~30 open reading frames (ORFs) to enter 79 

the host upon conjugative transfer (14). We analysed the ~12.5 kb leading region of the IncM 80 

plasmid pJIBE401 (20), which differs by only a single nucleotide polymorphism from the 81 

reference IncM plasmid pEl1573 (21). This region comprises 22 protein-coding ORFs, of which 82 

only two are currently annotated as anti-defense genes: encoding a single-strand binding protein 83 

(Ssb) and an anti-restriction protein (KlcA). One additional gene encodes the transcriptional 84 

regulator KorC, while the 17 ORFs are annotated as hypothetical proteins or proteins of unknown 85 

function. 86 

To refine these annotations, we performed comprehensive reannotation, NCBI BLASTp search 87 

and conserved domain analysis. This approach identified several additional candidate anti-defense 88 

and regulatory genes, including three putative methyltransferases, one additional putative anti-89 
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restriction protein, a DNA repair protein (RadC), two putative antitoxins (HicB-like and MqsA-90 

like) of type II toxin–antitoxin system, and two transcriptional regulators (KorB-like and Hha-91 

like). Overall, this ~12.5 kb region encodes nine putative anti-defense genes (three 92 

methyltransferases, two anti-restriction proteins, two type II antitoxins, one DNA repair protein, 93 

and Ssb) alongside three transcriptional regulators (KorC, KorB-like, and Hha-like) (Fig.1A). 94 

These findings indicate that the IncM leading region serves as a concentrated reservoir of diverse 95 

anti-defense functions, details of which are provided in Table 1. 96 

 97 

 98 

Fig. 1. Genetic organisation of IncM plasmid leading region with newly annotated putative 99 

anti-defense candidates. Plasmid putative anti-defense genes, regulatory genes, and single-100 

strand-specific promoter regions present in the ~12.5 kb leading region of IncM plasmid pJIBE401 101 

are shown (A). The green bar represents the plasmid origin of transfer (oriT) region, and the orange 102 

arrows indicate putative candidates of different anti-defense genes. The red arrows represent 103 

regulatory genes, and the blue arrows denote genes with unknown functions. Six single-strand 104 
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specific promoter regions are shown by small purple arrows (ssi1-6). (B-D) Nucleotide sequence 105 

alignments of the putative single-strand-specific promoter sequences identified in the leading 106 

region of the IncM and IncL plasmids. Alignments of all six promoter sequences (ssi1-6) of IncM 107 

(B), IncL (C) and IncM and IncL together (D) are shown. Asterisks on top of the alignment are for 108 

identical nucleotides, and colour shadings are for non-identical nucleotides. The -10 and -35 109 

promoter regions are marked with a thick black line over the aligned nucleotides. 110 

 111 

 112 

Table 1. List of putative anti-defense genes on the leading region of IncM plasmids and 113 

their relative position from the oriT 114 

Gene Description Distance from the oriT 
ssb Single-strand binding protein ~2.1 kb 

klcA Anti-restriction protein ~3.3 kb 

hicB-family 
antitoxin 

Endoribonuclease anti-toxin of 
type II TA  

~3.9 kb 

DUF1380/MTase-1 Putative methyltransferase ~4.3 kb 

arp Putative anti-restriction protein ~4.8 kb 

Hha-like Putative co-regulator of H-NS ~5.3 kb 

MTase-2 Methyltransferase ~5.6 kb 

MTase-3 Methyltransferase ~6.2 kb 

KorB-like Transcriptional repressor ~7.9 kb 

korC Transcriptional regulator ~9.3 kb 

radC DNA repair protein ~9.6 kb 

mqsA-like Endoribonuclease anti-toxin of type II 
TA 

~11.4 kb 

 115 

 116 
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 117 

Multiple single-stranded specific promoter sequences in the IncM plasmid 118 

leading region. 119 

Plasmid leading region anti-defense genes are usually located in the T-strand in such an orientation 120 

that the transcription can be initiated immediately in recipient bacteria, well before completion of 121 

plasmid transfer and strand pairing as dsDNA. The leading region also carries single-strand-122 

specific promoter sequences, also known as Frpo or ssi, with secondary structures that facilitate 123 

binding of RNA polymerase to start transcription of these anti-defense genes from ssDNA (22-124 

24). We identified six ssi-like sequences (ssi-1 to ssi-6) carrying conserved -35 and -10 elements 125 

(Fig. 1A, B) in the leading region of IncM plasmids, suggesting that these ssi-like sequences may 126 

work as promoters for the early transcription of diverse genes from the single-stranded leading 127 

region of IncM plasmids immediately after the transfer into the recipient bacteria. The length of 128 

the ssi-like sequences identified in the IncM plasmid is 89-90 bp, and all six ssi-like sequences are 129 

composed of closely identical nucleotide sequences. 130 

Five out of six ssi-like promoter sequences are identified immediate upstream of the putative anti-131 

defense genes and another one is located upstream of the DUF3085 and downstream genes are 132 

radC and korC (Fig. 1A). One ssi-like sequence was identified upstream of the ssb (single strand 133 

binding protein) gene, and it was reported that transcription from ssi is highly stimulated by the 134 

Ssb protein (22) . The localisation of the ssb gene in the very beginning of the IncM leading strand 135 

and the presence of a single-strand-specific promoter immediately upstream of ssb is consistent 136 

with the known role of Ssb in stabilising ssDNA, promoting interactions early in translocation and 137 

facilitating transcription from other ssi-like promoter regions (22, 25). 138 

IncM and IncL plasmids share a very similar leading region.  139 
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IncL plasmids are closely related to IncM plasmids and both are within the same plasmid MOB 140 

(relaxase) subtype MOBP13 (26) and are therefore expected to share a highly similar leading-region 141 

architecture. Consistent with this, alignment of the ~12.5 kb leading regions of IncM and IncL 142 

plasmids revealed 98.4% nucleotide identity, with even higher conservation at the amino acid level 143 

(Fig. S1). Both regions encode an identical set of open reading frames (ORFs) and a close match 144 

of the six leading region ssi-like sequences (Fig. 1C, D). We therefore selected the IncM plasmid 145 

as a representative model for subsequent experimental analyses. 146 

Leading-region genes of IncM plasmids are expressed early in recipient cells 147 

during conjugation. 148 

Previous studies have experimentally demonstrated the early expression of genes located in the 149 

leading regions of conjugative plasmids, such as IncI and IncP, in recipient bacteria during plasmid 150 

transfer (9, 22, 27).  We performed quantitative real-time PCR (qRT-PCR) during time-course 151 

mating experiments. Filter mating conjugation assays were conducted using Escherichia coli 152 

J53Az carrying an IncM plasmid as the donor and E. coli UB5201Rf as the recipient, as previously 153 

described (20). Samples were collected at 0, 15, 30, 45, and 60 minutes post-mating, and transcript 154 

levels of selected genes were quantified (S1 Table), which revealed elevated expression of all 155 

tested leading-region genes during conjugation (Fig. 2A), indicating active transcription shortly 156 

after transfer into recipient cells. We examined 13 genes, including eight candidate anti-defense 157 

genes, two transcriptional regulators, a DUF3085 domain-containing protein, the pemI antitoxin 158 

(located outside the leading region) and the bacterial chromosomal recA gene. Notably, expression 159 

of key anti-defense candidates, such as the arp anti-restriction gene, hicB-like antitoxin and mqsA-160 

like antitoxin gene, was detectable as early as 15 minutes after mating. Most other genes were 161 

expressed from 30 minutes onward, excepting one putative methyltransferase (MTase-1), which 162 
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showed delayed expression beginning at 45 minutes. The pemI antitoxin gene, located outside the 163 

leading region, showed no detectable expression during the mating time course and served as a 164 

negative control for early transcriptional activation. Chromosomal recA gene expression was 165 

detected during conjugation, suggesting the accumulation of single-stranded DNA molecules in 166 

the recipient bacteria after conjugation transfer of the plasmid DNA, associated with the ssDNA 167 

specific bacterial SOS response (28). 168 

 169 

Fig. 2. Relative expression of wild-type conjugation-efficient (A) and conjugation-deficient 170 

(B) IncM plasmid leading region genes during solid mating conjugation experiments. 171 

Conjugation experiments were performed between donors J53Az (pJIMK45) or J53Az 172 

(pJIMK45∆traY-excA) and recipient UB5201Rf strains. Data are from the three independent solid 173 

mating experiments with standard errors. 174 

 175 

traY and excA genes are essential for conjugative transfer, and deletion completely abolishes the 176 

transfer capability of IncM plasmids (18). We therefore constructed a frameshift deletion mutant 177 

of the traY-excA genes on the IncM plasmid pJIMK45 (Fig. S2 and Table S1) to confirm that the 178 

elevated expression of leading-region genes observed during conjugation originates from recipient 179 

cells after plasmid transfer rather than from donor cells. 180 
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Conjugation assays between E. coli J53Az (pJIMK45ΔtraY-excA) as the donor and E. coli 181 

UB5201Rf as the recipient revealed markedly reduced expression of all those leading-region genes 182 

that were shown to be upregulated in the wild-type plasmid (Fig. 2B). No significant recA 183 

induction was observed, consistent with the lack of transfer of single-stranded plasmid DNA. This 184 

result indicates that elevated transcription of these genes depends on successful DNA transfer into 185 

recipient cells.  186 

Interestingly, korC and the mqsA-like gene retained elevated expression even under non-187 

conjugative conditions. KorC is a DNA-binding transcriptional regulator that represses operons 188 

involved in stable maintenance functions and is typically upregulated during an SOS response 189 

(29).  In contrast, the mqsA-like gene was previously annotated as a hypothetical protein; however, 190 

our reannotation identified homology to the MqsA antitoxin of a type II toxin–antitoxin system, 191 

and domain analysis revealed the presence of a predicted DNA-binding domain. MqsA is an rpoS 192 

repressor, with more direct effects on dampening the host bacterial response to incoming ssDNA 193 

(30). These features suggest possible roles for the MqsA-like protein as: (i) an antitoxin capable 194 

of neutralising endogenous toxins, particularly endoribonucleases, and/or (ii) a transcriptional 195 

regulator, possibly suppressing SOS responses to incoming DNA. The sustained expression of 196 

both korC and mqsA-like in donor cells suggests functions in maintaining plasmid stability and/or 197 

regulating transcriptional networks prior to transfer, as well as important roles in adaptation to the 198 

new host environment by coordinating the expression of anti-defense genes. 199 

Leading-region genes directly contribute to the successful conjugative transfer 200 

of IncM plasmids.  201 

To determine the functional contribution of leading-region anti-defense genes to IncM plasmid 202 

transfer, we next compared conjugation efficiencies between a wild-type IncM plasmid (pJIMK45, 203 
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a derivative of pJIBE401, S2 Table) and derivatives carrying targeted deletions within the leading 204 

region. 205 

We first constructed a partial deletion mutant, pJIMK45Δ2.2LR, in which ~2.2 kb at the beginning 206 

of the leading region was removed (Fig. S3A, Table S2). This deleted segment includes two 207 

putative anti-defense genes, ssb and klcA, alongside two other genes of unknown function. 208 

Conjugation assays into three E. coli recipient strains of the wild-type IncM plasmid pJIMK45 209 

from E. coli J53Az as donor revealed no significant differences in transfer frequency between the 210 

wild-type plasmid (pJIMK45) and the Δ2.2 kb mutant (Fig. 3A). The deleted region is a small part 211 

of the leading region, which has only two putative anti-defense genes, one anti-restriction klcA and 212 

one ssb. The anti-restriction protein KlcA was found to be very weak and unable to block normal 213 

restriction endonuclease activity (31). Maybe the other anti-defense gene products in the leading 214 

region, or their combined effects, are necessary to observe a significant difference in the 215 

conjugation transfer of the IncM plasmid. 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 
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 227 

Fig. 3.  Conjugation frequency comparison between the IncM plasmid and the leading 228 

region-deleted versions of the IncM plasmid (panel A, ~2.2 kb deletion; panels B and C, ~5.4 229 

kb deletion) in different Enterobacteriaceae species. Donor strain is J53Az carrying IncM 230 

plasmid pJIMK45 or pJIMK45∆2.2LR or pJIMK45∆5.4LR, and the recipient is different E. coli, 231 

Klebsiella pneumoniae and Morganella morganii strains, all resistant to rifampicin, except 232 

Nissle1917, which is resistant to streptomycin. The recipient strain’s name is at the top of each 233 

graph. Panels A and B: all E. coli; panel C: the first four are K. pneumoniae, and the last one is an 234 

M. morganii strain. Data are the mean of three independent solid mating experiments with standard 235 

errors. P value <0.05 are considered statistically significant and denoted by asterisks. 236 

 237 

A second mutant, pJIMK45Δ5.4LR, has a larger ~5.4-kb segment of the leading region deleted. 238 

This includes the ~2.2 kb segment described above plus an additional ~3.2 kb encompassing one 239 

additional anti-restriction gene, three putative methyltransferase (MTase) genes, one HicB-like 240 
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anti-toxin gene, and an Hha-like regulatory protein (Fig. S3B, Table S2). Importantly, this deletion 241 

removes seven of the nine predicted anti-defense genes located within the ~12.5 kb leading region. 242 

We then measured the conjugation transfer frequency of the IncM plasmids pJIMK45 (intact 243 

leading region) and pJIMK45∆5.4LR from E. coli J53AZ to recipients of different 244 

Enterobacteriaceae species, including laboratory and clinical strains of E. coli, K. pneumoniae, and 245 

Morganella morganii (S3 Table). Conjugation assays using this mutant revealed a marked 246 

reduction in transfer efficiency across a diverse panel of recipient bacteria. In five E. coli strains, 247 

including both laboratory and clinical isolates, as well as the probiotic strain E. coli Nissle1917, 248 

the Δ5.4 kb mutant exhibited a 29–94% decrease in conjugation frequency compared to the wild-249 

type plasmid (Fig. 3B). The conjugation frequency of pJIMK45∆5.4LR was significantly reduced 250 

in three E. coli strains (81%, 91%, and 94%). This strongly suggests that the leading region of the 251 

IncM plasmid plays a pivotal role in the successful transfer and subsequent establishment of IncM 252 

and similar plasmids (e.g., IncL) in recipient bacteria.  253 

We next extended our analysis to other Enterobacteriaceae. Conjugation assays were performed 254 

using four Klebsiella pneumoniae strains (one reference strain and three clinical isolates) and one 255 

Morganella morganii strain as recipients. The Δ5.4 kb mutant exhibited a significant reduction in 256 

transfer frequency in one clinical K. pneumoniae isolate (93% decrease), but no measurable effect 257 

in the remaining K. pneumoniae strains (Fig. 3C). In contrast, transfer into M. morganii was 258 

substantially impaired, with a 72% reduction in conjugation efficiency. 259 

These species- and strain-dependent differences likely reflect variation in host defense systems. K. 260 

pneumoniae is a major reservoir for IncM and IncL plasmids in clinical settings. The relatively 261 

modest impact of leading-region deletion in most K. pneumoniae strains may indicate that these 262 

plasmids are well adapted to this species or that K. pneumoniae have weaker defense mechanisms 263 
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against IncM plasmids. In contrast, the stronger effects observed in E. coli and M. morganii suggest 264 

that these hosts impose more stringent barriers to plasmid establishment, necessitating a broader 265 

array of anti-defense mechanisms. This is consistent with epidemiological observations that IncM 266 

and IncL plasmids are more frequently associated with K. pneumoniae than E. coli, despite both 267 

being common members of the Enterobacteriaceae (17, 32-34). Also, these plasmids have 268 

numerous anti-defense weapons in their leading regions against defense mechanisms of E. coli and 269 

other Enterobacteriaceae, and those anti-defense genes may contribute significantly to the success 270 

of these plasmids in disseminating into broad-host-range bacterial species. 271 

Host defense systems shape the impact of leading-region anti-defense genes on 272 

conjugation efficiency. 273 

The strain-specific variation in conjugation efficiency observed for the leading-region deletion 274 

mutant (pJIMK45Δ5.4LR) across Enterobacteriaceae prompted us to investigate whether these 275 

differences correlate with the presence of host defense systems, particularly restriction-276 

modification (RM) systems. Notably, the absence of any detectable reduction in conjugation 277 

frequency in most Klebsiella pneumoniae isolates and in one E. coli ST131 isolate suggested that 278 

host-encoded restriction barriers may play a key role in determining the contribution of plasmid-279 

encoded anti-defense functions. Whole-genome sequencing of all recipient strains using Oxford 280 

Nanopore long-read sequencing, with annotation of chromosomal assemblies  281 

using Bakta and Restriction-ModificationFinder1.1 (CGE Server) revealed that four of the E. coli 282 

isolates encoded multiple restriction enzymes, including EcoKI, Eco31I, EcoAI/EcoEI, and 283 

EcoMII, whereas one isolate lacked detectable restriction enzyme genes (Table 2). IncM plasmid 284 

also carries a variable number of cutting sites for most of those enzymes (Table 2). Importantly, 285 

the presence of these RM systems strongly correlated with the observed conjugation phenotype: 286 
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strains harbouring restriction enzymes showed a significant reduction in conjugation efficiency of 287 

the leading-region-deleted plasmid, whereas no difference was observed in the restriction enzyme 288 

negative strains (Fig. 3 and Table 2). 289 

 290 

Table 2. Restriction enzyme present in the recipient bacterial chromosome and their cutting sites 291 

on the plasmid tested 292 

 293 

 294 

Although most K. pneumoniae isolates showed no difference, one clinical isolate (WH49) 295 

displayed a significant reduction in transfer efficiency between wild-type and mutant plasmids 296 

despite lacking any RM systems recognised by Restriction-ModificationFinder1.1. This suggests 297 

the presence of uncharacterised defense mechanisms, such as novel restriction systems or other 298 

defense modules that remain undetected by current annotation tools. In Morganella morganii, the 299 

presence of EcoAI/EcoEI and EcoKI restriction enzyme genes was associated with a marked 300 

reduction in conjugation efficiency (~72%) of the Δ5.4 kb mutant plasmid compared to the wild-301 

type (Fig. 3C). 302 

Recipient 
strain 

Species Restriction enzyme Number of RE cutting 
sites on pJIMK45 

UB5201Rf E. coli EcoKI, EcoKMcrA, EcoKMrr, 
EcoKMcrBC(EcoKMcrB), 
EcoKMcrBC(EcoKMcrC) 

EcoKI= 5; others cut 
methylated DNA only 

JIE286Rf E. coli Eco31I, EcoMII, Eco13461III Eco31I=0, EcoMII=7/8 
sites, Eco13461III=N/A 

Nissle1917-str E. coli Eco31I, EcoMII  Eco31I=0, EcoMII=7/8 

WH62Rf E. coli EcoAI/EcoEI, Type II 
Restriction endonuclease 

EcoAI=5, EcoEI=9 

NH78Rf E. coli None N/A 

WH82Rf K. pneumoniae None N/A 

NH92Rf K. pneumoniae None N/A 

WH49Rf K. pneumoniae None N/A 

KpATCC13883Rf K. pneumoniae None N/A 

Mm1585Rf M. morganii EcoAI/EcoEI, EcoKI EcoAI=5, EcoEI=9; 
EcoKI=5 



16 

 

Discussion 303 

The early events that occur in the recipient cell immediately after plasmid transfer are increasingly 304 

recognised as critical determinants of horizontal gene transfer success (9, 14, 22). In this study, we 305 

demonstrate that the leading region of IncM plasmids constitutes a highly specialised genetic 306 

module that is enriched in anti-defense genes, equipped with multiple single-stranded DNA 307 

(ssDNA)-responsive promoter sequences, and rapidly expressed upon entry into recipient cells. 308 

These features collectively promote plasmid establishment by overcoming host defense systems 309 

during the vulnerable period between DNA transfer and plasmid replication. Our findings reveal 310 

that the leading region is not merely a conserved structural component of IncM plasmids but 311 

functions as an adaptive regulatory and anti-defense platform that directly enhances conjugation 312 

efficiency. 313 

The enrichment of multiple classes of anti-defense genes within this region suggests a co-ordinated 314 

strategy to counteract several layers of host defense, and particularly highlight the importance of 315 

restriction enzymes: putative methyltransferases to protect incoming plasmid DNA from 316 

endonuclease restriction by mimicking host methylation patterns (35), anti-restriction proteins to 317 

directly inhibit restriction enzymes (31), putative HicB-like and MqsA-like type II anti-toxins to 318 

directly neutralise bacterial endonucleases (36) and RadC-like proteins for DNA repair.  319 

Conjugative DNA transfer is known to induce a bacterial SOS response in response to single-320 

stranded DNA intermediates (28). To counteract this, many conjugative plasmids, including 321 

members of the IncF and IncI groups, encode PsiB, which inhibits RecA activation and thus SOS 322 

induction (9, 37, 38). Transfer of PsiB and the ssDNA-binding protein Ssb by the plasmid 323 

conjugation apparatus type 4 secretion system (T4SS) directly suppresses the SOS response to the 324 

incoming ssDNA transfer intermediate (the T strand covalently bound at the 5´ end with relaxase) 325 
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(39). This enhances plasmid stability and transfer efficiency by limiting host stress responses and 326 

tends to be associated with narrow host-range plasmids of higher G-C content (40). However, the 327 

G-C content of the IncM plasmid we used in this experiment is 52.2%, and the G-C content of 328 

IncM and IncL plasmids generally ranges from 52-55%.  329 

Nucleoid-associated heat-stable nucleotide structuring (H-NS) proteins have a silencing role on 330 

expression of plasmid traJ and chromosomal arcA, providing a strategy in IncF type (MOBF12A) 331 

‘narrow-host range” plasmids, such as R1, to control or suppress the development of 332 

transformation competence (41). IncM plasmid lacks both psiAB and hns but retains high 333 

conjugation efficiency in its usual hosts (18, 20, 42). 334 

In our experiments, induction of recA expression in recipient cells was observed early during 335 

conjugation, consistent with the expected SOS response to incoming single-stranded DNA. The 336 

absence of PsiB-like activity suggests that IncM plasmids tolerate, rather than suppress, the SOS 337 

response during transfer. This observation highlights a potentially distinct strategy of defense 338 

evasion, in which protection against restriction enzymes and other host barriers may be sufficient 339 

to ensure successful establishment without directly modulating SOS signalling. Alternatively, 340 

other uncharacterised genes in the leading region may partially mitigate SOS-associated stress 341 

through indirect mechanisms. Early and sustained expression of the transcriptional regulator KorC, 342 

the HicB-like protein, and the MqsA-like protein (Fig. 2A) suggests important roles of these 343 

proteins in the early establishment of the plasmid. HicB is an antitoxin of the type II TA system, 344 

HicBA, and neutralises the RNA endoribonuclease toxin, HicA. HicA domain-containing proteins 345 

are widely distributed in bacteria and play a major role as a bacterial defense against 346 

bacteriophages, plasmids, and other mobile genetic elements (43). The presence of a HicB-like 347 

gene within the leading region of IncM and IncL plasmids, together with its rapid and sustained 348 
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expression in recipient cells during conjugation, suggests that it functions as an anti-defense factor. 349 

Specifically, the HicB-like protein may counteract host HicA-domain toxins and other mRNA-350 

targeting endoribonucleases, thereby promoting the efficient expression of incoming plasmid 351 

genes and facilitating successful plasmid establishment following transfer. 352 

The DUF3085 domain-containing protein identified in the leading region is preceded by a putative 353 

single-strand-specific promoter. DUF3085 has been highlighted as an indicative marker of 354 

successful broad host range plasmids and the highly conserved DUF3085 RNA secondary 355 

structure is thought to act as an important cis-regulatory element in DUF3085 domain-containing 356 

proteins found in conjugative plasmids and integrative conjugative elements (ICEs) (40). The 357 

IncM MOBP13 plasmid pJIBE401 has been previously identified as a broad-host-range plasmid 358 

(44), and the presence of DUF3085 domain-containing protein further confirms its broad-host-359 

range nature.  360 

Functional studies further demonstrated that leading-region genes actively promote successful 361 

plasmid transmission, as disruption of the leading region reduced transfer efficiency. These 362 

findings indicate that conjugation depends not only on DNA transfer machinery but also on post-363 

transfer establishment functions that help incoming DNA survive, replicate, and persist in recipient 364 

cells. Importantly, the contribution of anti-defense genes depended on the recipient’s defense 365 

repertoire, indicating that their fitness benefits are context-dependent.  366 

Together, these findings establish a clear relationship between host defense capacity and the 367 

requirement for plasmid-encoded anti-defense systems. Specifically, the presence of active RM 368 

systems in the recipient bacterium increases reliance on leading-region anti-defense genes for 369 

successful plasmid transfer and establishment. Even when plasmids contain multiple restriction 370 

sites targeted by host enzymes, the presence of a full complement of anti-restriction and 371 
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methyltransferase genes enables efficient transfer. In contrast, removal of these genes renders the 372 

plasmid highly susceptible to host restriction, resulting in a substantial decrease in conjugation 373 

efficiency (Fig. 3B, C; Table 2). 374 

RM systems are among the most widespread and effective bacterial defense mechanisms and are 375 

known to play a central role in limiting horizontal gene transfer, including plasmid conjugation 376 

and bacteriophage infection (10, 45-47). Classic studies have demonstrated that Type I restriction 377 

enzymes such as EcoKI and EcoAI can significantly reduce plasmid transfer efficiency by 378 

degrading unmethylated incoming DNA (10, 48). The strength of this barrier often correlates with 379 

the number and distribution of restriction enzyme recognition sites within the plasmid sequence. 380 

However, plasmids have evolved multiple strategies to counteract these defenses. Anti-restriction 381 

proteins can directly inhibit restriction enzymes, while plasmid-encoded methyltransferases can 382 

pre-modify DNA to mimic host methylation patterns, thereby avoiding cleavage (10). Our findings 383 

are consistent with this model and demonstrate that IncM plasmids rely on a combination of these 384 

mechanisms to overcome host barriers. The cumulative loss of multiple such genes in the Δ5.4 kb 385 

mutant substantially compromises this defense, highlighting the importance of redundancy and 386 

functional diversity in plasmid survival strategies. 387 

 388 

At the mechanistic level, the localisation of these anti-defense genes within the leading region is 389 

likely to be critical. During conjugation, plasmid DNA is transferred as a single-stranded molecule, 390 

which is initially less susceptible to restriction enzymes that predominantly target double-stranded 391 

DNA. However, once complementary strand synthesis begins, the plasmid becomes vulnerable to 392 

restriction. The presence of single-strand-specific promoters in the leading region enables rapid 393 

transcription of anti-defense genes immediately upon entry into the recipient cell. This early 394 
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expression likely allows the plasmid to pre-emptively neutralise restriction enzymes before the 395 

formation of double-stranded DNA, thereby enhancing survival and establishment. 396 

Moreover, the presence of multiple transcriptional regulators, including KorC-, KorB- and Hha-397 

like proteins, suggests a tightly controlled regulatory network governing gene expression in the 398 

leading region. Such regulation may be critical to balance early expression of anti-defense 399 

functions with the later establishment of plasmid maintenance and replication systems. 400 

 401 

Despite these insights, the precise mechanisms by which individual anti-defense genes contribute 402 

to defense evasion remain incompletely understood. In particular, the roles of newly identified or 403 

poorly characterised proteins, such as DUF3085-containing proteins or atypical regulators, require 404 

further investigation. Dissecting the specific interactions between plasmid-encoded anti-defense 405 

systems and host defense pathways will be essential to fully understand the molecular basis of 406 

plasmid dissemination. 407 

From a broader perspective, these findings have important implications for antimicrobial 408 

resistance spread. IncM and IncL plasmids are major vectors of clinically relevant resistance genes, 409 

and their ability to efficiently transfer across diverse bacterial hosts is a key factor in their global 410 

dissemination. Targeting anti-defense systems in the leading region may represent a promising 411 

strategy to limit plasmid transfer and curb the spread of resistance genes. 412 

 413 

Methods and Materials 414 

Primers, plasmids, bacterial isolates and media 415 
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Primers, plasmids, and bacterial strains used in this study are described in the supplementary tables 416 

S1, S2, and S3, respectively. Bacteria were grown in LB Lennox broth (1% tryptone, 0.5% yeast 417 

extract, 0.5% NaCl) and or agar (1.5% agar), supplemented with the following where necessary: 418 

sodium azide (AZ; 100 mg/L); rifampicin (RIF; 30, 60 or 90 mg/L); cefotaxime (CTX; 8 mg/L), 419 

tetracycline (TET; 10 mg/L), streptomycin (STR,100 mg/L) and/or kanamycin (KAN; 50 mg/L).  420 

A varying concentration of RIF (30, 60 or 90 mg/L) was used to generate RIF-resistant mutant 421 

strains, while RIF 90 mg/L was used throughout the work to grow RIF-resistant strains and select 422 

transconjugants in combination with TET. AZ was used to grow and select J53Az. 423 

Bioinformatic analysis of the leading region 424 

The FASTA format sequence of the IncM plasmid pJIBE401 (one SNP variant of pEl1573; 425 

Accession no. JX101693) was annotated using the online tool Bakta (Bakta) and tested for the 426 

presence of restriction modification systems using RestrictionModificationFinder1.1 (CGE 427 

Server). Each of the open reading frames in the ~12.5 kb leading region of pJIBE401 was analysed 428 

using NCBI BLASTp search to determine their identity with known proteins in GenBank. We also 429 

performed domain analysis of each ORF in the ~12.5 kb leading region using the NCBI Conserved 430 

Domain Search Tool (CD-Search: New Query). 431 

Gene expression analysis using quantitative real-time PCR 432 

The relative expression of plasmid leading region putative anti-defense genes from the IncM 433 

plasmid pJIMK45 was measured using quantitative real-time PCR (qRT-PCR) as described 434 

previously (49). Briefly, a solid filter mating experiment was set with the donor E. coli J53Az 435 

carrying IncM plasmid pJIMK45 and the recipient E. coli UB5201Rf strain. Another mating 436 

experiment was performed using donor J53Az carrying a traY-excA deletion version of the 437 

pJIMK45 (pJIMK45∆traY-excA) with the recipient UB5201Rf. The mating was terminated at 438 

https://bakta.computational.bio/
https://cge.food.dtu.dk/services/Restriction-ModificationFinder/
https://cge.food.dtu.dk/services/Restriction-ModificationFinder/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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different time intervals (15, 30, 45, and 60 min) by mixing the membrane filter into 5 mL saline 439 

solution and vortexing. One mL of mating mixtures from each time point was centrifuged, and 440 

cells were collected for RNA isolation and subsequent qPCR analysis using the protocol described 441 

previously (49, 50). All cDNA samples were amplified using gene-specific qRT-PCR primers 442 

(S1Table) and SYBR Green PCR reagent (Qiagen, Germany) on a Rotor-Gene 6000 real-time 443 

thermocycler. The qPCR program includes initial denaturation at 95°C for 5 min, then 40 cycles 444 

of denaturation at 95°C for 5 sec and annealing/extension at 60°C for 10 sec. 445 

The CT values of all reactions were obtained using Rotor-Gene Q Series Software. The internal 446 

reference gene rpoB was used. Using the 2-ΔΔCT method, the relative expression levels of the target 447 

gene were normalised to the internal reference gene. The procedure was repeated to obtain three 448 

biological replicates of total RNA. 449 

Construction of gene deletion mutants 450 

A homologous recombination-based allelic exchange method was used to construct gene deletion 451 

mutants, using the lambda-red recombinase system (51, 52). An FRT-kanamycin cassette was 452 

amplified from the plasmid pKD4 with the primers P1 and P2 carrying 40-bp homologous region 453 

from the upstream and downstream of the desired deletion region on the plasmid pJIMK45. The 454 

primers used for generating three different deletion mutants (~2.2-kb, ~5.4-kb leading region and 455 

the traY-excA deletion) were described in the S1 Table. PCR was performed using high-fidelity 456 

pfu polymerase (NEB, USA) according to the manufacturer's instructions, and the PCR product 457 

was purified using a PCR purification kit (Invitrogen, USA). 1.0 -2.0 μg of the purified PCR 458 

product was electroporated into the electrocompetent E. coli UB5201Rf bacteria carrying plasmid 459 

pJIMK45 and lambda-red recombinase plasmid pMK200. The transformants carrying the desired 460 

gene-deletion plasmid were selected on agar plates containing kanamycin (KAN). A few colonies 461 
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were tested for gene-specific PCR to confirm the deletion. The temperature-sensitive lambda-red 462 

plasmid will be lost at 37-42°C. The sequences of the final constructs were examined by whole-463 

genome sequencing. 464 

Generation of rifampicin resistant host strains 465 

To construct RIF resistant strains, WH62, WH49, WH82, and NH92 were each grown overnight 466 

at 37°C in LB, diluted 1:106 in fresh LB and 200 mL of culture transferred into each well of a 96-467 

well plate with RIF (30 mg/mL). After overnight incubation at 37°C, cultures with bacterial growth 468 

were spotted onto LB agar plates containing RIF (60 mg/mL) and incubated at 37°C overnight. 469 

These colonies were then spotted onto LB agar plates containing 90 mg/mL RIF. A RIF resistant 470 

phenotype is often due to a mutation in rpoB (53), so rpoB was amplified from two colonies by 471 

PCR (S1 Table) and Sanger sequenced to identify such mutations (Australian Genome Research 472 

Facility, Australia).  473 

In vitro conjugation 474 

Donor and recipient strains were each grown overnight at 37°C in LB with appropriate antibiotics. 475 

Cultures were pelleted by centrifugation and washed once with an equivalent volume of sterile 476 

saline solution (0.85% NaCl), and the cell pellets were resuspended in saline. The OD600 of each 477 

culture was adjusted to 1.9-2.0, and 1 mL of each of the donor and recipient cultures were mixed, 478 

centrifuged and the pellets resuspended in 50 mL saline. The culture was spotted onto 479 

nitrocellulose membranes on LB agar plates. Mating mixtures were incubated at 37°C for 20 h 480 

without shaking. Mating was ended by placing the filters in 5 mL saline and vortexing. Dilutions 481 

of the mating mixtures were plated on LB agar with appropriate antibiotics to select for 482 

transconjugants. 483 
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To determine conjugation frequencies, the number of transconjugants on selective plates were 484 

counted. Donor cell numbers were also determined by plating dilutions of the donor cultures used 485 

for mating onto LB agar plates. Conjugation frequencies were calculated by dividing the number 486 

of transconjugants by the number of original donor cells. Conjugation frequency was measured 487 

from three independent mating experiments, and the data were presented with the mean and 488 

standard errors (Fig. 3). 489 

Whole genome sequencing and analysis 490 

E. coli, K. pneumoniae and Morganella morganii isolates were long-read sequenced using Oxford 491 

Nanopore Technologies (ONT). Colonies (¼-½ of a 10 μl inoculating loop) were taken from an 492 

overnight LB plate supplemented with appropriate antibiotics and pellets stored at -30℃. Genomic 493 

DNA was extracted from pellets thawed at room temperature using the Qiagen DNeasy UltraClean 494 

Microbial Kit (Qiagen, Germany) following the manufacturer’s instructions, except that bead-495 

beating was limited to 2 min and all subsequent mixing steps were performed by gentle inversion 496 

or flicking, not vortexing, to preserve DNA fragment length. DNA was eluted in 50 µL of elution 497 

buffer and assessed for purity (NanoDrop spectrophotometer) and concentration (Qubit 498 

fluorometer). Sequencing libraries were prepared using the  ONT Rapid DNA Barcoding Kit 24 499 

v14 (SQK-RBK114.24 or SQK-RBK114.96, Oxford Nanopore Technologies, United Kingdom) 500 

and sequenced with R10.4.1 flow cells, according to the manufacturer’s instructions. 501 

Approximately 200 ng of input DNA was used per reaction, and the final pooled library was loaded 502 

at 1610 ng and run on a GridION sequencer. Output was automatically demultiplexed and 503 

basecalled during the run using “super-accurate basecalling” in MinKNOW 24.06.15/Dorado 504 

7.4.14 with default settings. Sequence data was processed using an in-house quality-control 505 

pipeline, using kraken 2.1.3 (https://github.com/DerrickWood/kraken2/wiki) in quick mode (db 506 
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k2_standard_16gb_20240112) to check for contamination and confirm species, and NanoPlot 507 

1.43.0 (https://github.com/wdecoster/NanoPlot) to check read length and depth statistics.  508 

Data was assembled using dragonflye_autocycler 1.2.0 (https://github.com/rpetit3/dragonflye) 509 

with -depth 100 and gsize 5150000. Assemblies were assessed for quality and contamination with 510 

CheckM 1.2.2 (https://github.com/Ecogenomics/CheckM). Annotation of bacterial sequences was 511 

verified by Bakta-web (54). Restriction modification (RM) systems in bacterial chromosomes 512 

were identified using Restriction-ModificationFinder 1.1 513 

(https://cge.food.dtu.dk/services/Restriction-ModificationFinder/) (55) with default parameters. 514 

RestrictionMapper version 3 (https://restrictionmapper.org/index.html) was used to identify 515 

restriction sites on plasmids.  516 

Statistical analysis 517 

A one-way ANOVA was performed in Microsoft Excel (16.54) to compare conjugation transfer 518 

frequency. A p-value < 0.05 indicates a significant difference between two plasmids. 519 

 520 

Data availability. 521 

Data generated and presented in the manuscript has been found in the manuscript and in the 522 

supplementary information file.  523 

Sequence data: The whole-genome sequences of bacterial isolates have been submitted to 524 

GenBank, and the accession numbers have not been assigned yet. The bioproject and biosample 525 

numbers of the bacterial sequences are as follows, and the sequences can be accessed by clicking 526 

the isolate hyperlink.  527 

1. WH62.fsa (Bioproject no. PRJNA1491500, Biosample no. SAMN61463020) 528 

2. WH82_contig00001.fsa (Bioproject no. PRJNA1491501, Biosample no. SAMN61463091) 529 

https://github.com/Ecogenomics/CheckM
https://submit.ncbi.nlm.nih.gov/api/2.0/files/5ws3dyzyaiurisyx/wh62.fasta/?format=attachment
https://submit.ncbi.nlm.nih.gov/api/2.0/files/uqceimpnnmg1gomk/wh82_contig00001.fasta/?format=attachment
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3. WH49_contig00001.fsa (Bioproject no. PRJNA1491503, Biosample no. SAMN61463093) 530 

4. NH92_contig00001.fsa (Bioproject no.  PRJNA1491507, Biosample no. SAMN61463147) 531 

5. Mm1585Rf_contig00001.fsa (Bioproject no. PRJNA1491510, Biosample no. SAMN61463376) 532 

6. UB5201Rf_chr.fsa (Bioproject no. PRJNA1491545, Biosample no. SAMN61463927) 533 

7. NH78Rf_chr.fsa (Bioproject no. PRJNA1491577, Biosample no. SAMN61465146) 534 

8. JIE286CRf_contig00001.fsa (Bioproject no. PRJNA1491580, Biosample no. SAMN61465259) 535 

 536 

Supporting Information: 537 

Supplementary Figure S1. Nucleotide sequence alignment between IncM and IncL plasmids 538 

leading regions. Black bars represent non-identical nucleotide sequences.  539 

Supplementary Figure S2.  IncM plasmid derivative pJIMK45∆traY-excA has been 540 

constructed by deleting the part of traY-excA region from the pJIMK45 plasmid.  541 

Supplementary Figure S3. IncM plasmid leading region deletion mutants. (A) a ~2.2 kb 542 

leading region was deleted from the IncM plasmid pJIMK45 by inserting a neomycin resistance 543 

gene. (B) a ~5.4 kb leading region (contains previous ~2.2 kb and additional ~3.2 kb) of IncM 544 

plasmid pJIMK45. The orange arrows are for putative anti-defense genes, the red arrows represent 545 

regulatory genes, and the blue arrows denote genes with unknown functions. Six single-strand 546 

specific promoter regions are shown by small purple arrows (ssi1-6).  547 

Supplementary Table S1. Primers used in this study 548 

Supplementary Table S2. Plasmids used in this study 549 

Supplementary Table S3. Bacterial strains used in this study 550 

 551 

 552 

 553 

https://submit.ncbi.nlm.nih.gov/api/2.0/files/trrsuwkzb7nqjwg7/wh49_contig00001.fasta/?format=attachment
https://submit.ncbi.nlm.nih.gov/api/2.0/files/lzoirgjk6cjtrvq6/nh92_contig00001.fasta/?format=attachment
https://submit.ncbi.nlm.nih.gov/api/2.0/files/r8ryjmifpytafuvp/mm1585rf_contig00001.fasta/?format=attachment
https://submit.ncbi.nlm.nih.gov/api/2.0/files/dboqmsgrurtazlo6/ub5201rf_chr.fasta/?format=attachment
https://submit.ncbi.nlm.nih.gov/api/2.0/files/uqzgbgapzoni755c/nh78rf_chr.fasta/?format=attachment
https://submit.ncbi.nlm.nih.gov/api/2.0/files/fon4xioea5szjqri/jie286crf_contig00001.fasta/?format=attachment


27 

 

Acknowledgements  554 

We thank Jackie Chan for ONT sequencing and/or assembly, Sally R. Partridge for checking the 555 

ONT assembly outputs and Ruth Hall for providing plasmid RA1. 556 

 557 

Funding 558 

The work was supported by the Australian National Health and Medical Research Council 559 

(NHMRC) project grant GNT1145914 to MK and JRI, and Investigator grant GNT1197534 to JRI. 560 

 561 

Author contributions 562 

M.K. conceived the study, performed the experiments, conducted data analysis, provided 563 

supervision and overall guidance, secured funding and was responsible for writing the original 564 

draft, review & editing. 565 

J.J. performed experiments, analysed data and contributed to manuscript revision.  566 

J.R.I. provided study resources, secured funding, performed project administration, supervised and 567 

contributed to review & editing.  568 

 569 

Competing Interest 570 

The authors declare no competing interests. 571 

 572 

 573 

 574 

 575 



28 

 

References 576 

1. Smillie C, Garcillan-Barcia MP, Francia MV, Rocha EP, de la Cruz F. Mobility of plasmids. 577 

Microbiol Mol Biol Rev. 2010; 74(3): 434-52. 578 

2. Virolle C, Goldlust K, Djermoun S, Bigot S, Lesterlin C. Plasmid transfer by conjugation 579 

in Gram-negative bacteria: from the cellular to the community level. Genes. 2020; 11(11). 580 

3. Carattoli A. Plasmids and the spread of resistance. Int J Med Microbiol. 2013; 303(6-7): 581 

298-304. 582 

4. Frost LS, Koraimann G. Regulation of bacterial conjugation: balancing opportunity with 583 

adversity. Future Microbiol. 2010; 5(7): 1057-71. 584 

5. Guglielmini J, de la Cruz F, Rocha EP. Evolution of conjugation and type IV secretion 585 

systems. Mol Biol Evol. 2013; 30(2): 315-31. 586 

6. Vasu K, Nagaraja V. Diverse functions of restriction-modification systems in addition to 587 

cellular defense. Microbiol Mol Biol Rev. 2013; 77(1): 53-72. 588 

7. Westra ER, Buckling A, Fineran PC. CRISPR-Cas systems: beyond adaptive immunity. 589 

Nat Rev Microbiol. 2014; 12(5): 317-26. 590 

8. Rocha EPC, Bikard D. Microbial defenses against mobile genetic elements and viruses: 591 

Who defends whom from what? PLoS Biol. 2022; 20(1): e3001514. 592 

9. Althorpe NJ, Chilley PM, Thomas AT, Brammar WJ, Wilkins BM. Transient transcriptional 593 

activation of the Incl1 plasmid anti-restriction gene (ardA) and SOS inhibition gene (psiB) 594 

early in conjugating recipient bacteria. Mol Microbiol. 1999; 31(1): 133-42. 595 

10. Dimitriu T, Szczelkun MD, Westra ER. Various plasmid strategies limit the effect of 596 

bacterial restriction-modification systems against conjugation. Nucleic Acids Res. 2024; 597 

52(21): 12976-86. 598 



29 

 

11. Fraikin N, Couturier A, Lesterlin C. The winding journey of conjugative plasmids toward 599 

a novel host cell. Curr Opin Microbiol. 2024; 78: 102449. 600 

12. Read TD, Thomas AT, Wilkins BM. Evasion of type I and type II DNA restriction systems 601 

by IncI1 plasmid CoIIb-P9 during transfer by bacterial conjugation. Mol Microbiol. 1992; 602 

6(14): 1933-41. 603 

13. Garcillan-Barcia MP, de la Cruz F, Rocha EPC. The extended mobility of plasmids. Nucleic 604 

Acids Res. 2025; 53(14). 605 

14. Samuel B, Mittelman K, Croitoru SY, Ben Haim M, Burstein D. Diverse anti-defence 606 

systems are encoded in the leading region of plasmids. Nature. 2024; 635(8037): 186-92. 607 

15. Partridge SR, Kwong SM, Firth N, Jensen SO. Mobile genetic elements associated with 608 

antimicrobial resistance. Clin Microbiol Rev. 2018; 31(4): e00088-17. 609 

16. Richards H, Datta N. Reclassification of incompatibility group L (IncL) plasmids. Plasmid. 610 

1979; 2(2): 293-5. 611 

17. Carattoli A, Seiffert SN, Schwendener S, Perreten V, Endimiani A. Differentiation of IncL 612 

and IncM plasmids associated with the spread of clinically relevant antimicrobial 613 

resistance. PLoS One. 2015; 10(5): e0123063. 614 

18. Dmowski M, Golebiewski M, Kern-Zdanowicz I. Characteristics of the conjugative 615 

transfer system of the IncM plasmid pCTX-M3 and identification of its putative regulators. 616 

J Bacteriol. 2018; 200(18). 617 

19. Kern-Zdanowicz I. pCTX-M3-structure, function, and evolution of a multi-resistance 618 

conjugative plasmid of a broad recipient range. Int J Mol Sci. 2021; 22(9). 619 

20. Kamruzzaman M, Shoma S, Thomas CM, Partridge SR, Iredell JR. Plasmid interference 620 

for curing antibiotic resistance plasmids in vivo. PLoS One. 2017; 12(2): e0172913. 621 



30 

 

21. Partridge SR, Ginn AN, Paulsen IT, Iredell JR. pEl1573 Carrying blaIMP-4, from Sydney, 622 

Australia, is closely related to other IncL/M plasmids. Antimicrob Agents Chemother. 623 

2012; 56(11): 6029-32. 624 

22. Bates S, Roscoe RA, Althorpe NJ, Brammar WJ, Wilkins BM. Expression of leading region 625 

genes on IncI1 plasmid ColIb-P9: genetic evidence for single-stranded DNA transcription. 626 

Microbiology (Reading). 1999; 145 ( Pt 10): 2655-62. 627 

23. Fomenkov A, Sun Z, Murray IA, Ruse C, McClung C, Yamaichi Y, et al. Plasmid 628 

replication-associated single-strand-specific methyltransferases. Nucleic Acids Res. 2020; 629 

48(22): 12858-73. 630 

24. Masai H, Arai K. Frpo: a novel single-stranded DNA promoter for transcription and for 631 

primer RNA synthesis of DNA replication. Cell. 1997; 89(6): 897-907. 632 

25. Antony E, Lohman TM. Dynamics of E. coli single stranded DNA binding (SSB) protein-633 

DNA complexes. Semin Cell Dev Biol. 2019; 86: 102-11. 634 

26. Redondo-Salvo S, Fernandez-Lopez R, Ruiz R, Vielva L, de Toro M, Rocha EPC, et al. 635 

Pathways for horizontal gene transfer in bacteria revealed by a global map of their 636 

plasmids. Nat Commun. 2020; 11(1): 3602. 637 

27. Miyakoshi M, Ohtsubo Y, Nagata Y, Tsuda M. Transcriptome analysis of zygotic induction 638 

during conjugative transfer of plasmid RP4. Front Microbiol. 2020; 11: 1125. 639 

28. Baharoglu Z, Bikard D, Mazel D. Conjugative DNA transfer induces the bacterial SOS 640 

response and promotes antibiotic resistance development through integron activation. 641 

PLoS Genet. 2010; 6(10): e1001165. 642 

29. Ludwiczak M, Dolowy P, Markowska A, Szarlak J, Kulinska A, Jagura-Burdzy G. Global 643 

transcriptional regulator KorC coordinates expression of three backbone modules of the 644 



31 

 

broad-host-range RA3 plasmid from IncU incompatibility group. Plasmid. 2013; 70(1): 645 

131-45. 646 

30. Wang X, Kim Y, Hong SH, Ma Q, Brown BL, Pu M, et al. Antitoxin MqsA helps mediate 647 

the bacterial general stress response. Nat Chem Biol. 2011; 7(6): 359-66. 648 

31. Chen H, Tao S, Li N, Wang F, Wang L, Tang Y, et al. Functional comparison of anti-649 

restriction and anti-methylation activities of ArdA, KlcA, and KlcA(HS) from Klebsiella 650 

pneumoniae. Front Cell Infect Microbiol. 2022; 12: 916547. 651 

32. Adamczuk M, Zaleski P, Dziewit L, Wolinowska R, Nieckarz M, Wawrzyniak P, et al. 652 

Diversity and global distribution of IncL/M plasmids enabling horizontal dissemination of 653 

b-lactam resistance genes among the Enterobacteriaceae. Biomed Res Int. 2015; 2015: 654 

414681. 655 

33. Navon-Venezia S, Kondratyeva K, Carattoli A. Klebsiella pneumoniae: a major worldwide 656 

source and shuttle for antibiotic resistance. FEMS Microbiol Rev. 2017; 41(3): 252-75. 657 

34. Rodriguez-Navarro J, Miro E, Brown-Jaque M, Hurtado JC, Moreno A, Muniesa M, et al. 658 

Comparison of commensal and clinical isolates for diversity of plasmids in Escherichia 659 

coli and Klebsiella pneumoniae. Antimicrob Agents Chemother. 2020; 64(5). 660 

35. Zhang G, Wang W, Deng A, Sun Z, Zhang Y, Liang Y, et al. A mimicking-of-DNA-661 

methylation-patterns pipeline for overcoming the restriction barrier of bacteria. PLoS 662 

Genet. 2012; 8(9): e1002987. 663 

36. Kamruzzaman M, Wu AY, Iredell JR. Biological functions of type II toxin-antitoxin 664 

systems in bacteria. Microorganisms. 2021; 9(6). 665 

37. Golub E, Bailone A, Devoret R. A gene encoding an SOS inhibitor is present in different 666 

conjugative plasmids. J Bacteriol. 1988; 170(9): 4392-4. 667 



32 

 

38. Bailone A, Backman A, Sommer S, Celerier J, Bagdasarian MM, Bagdasarian M, et al. 668 

PsiB polypeptide prevents activation of RecA protein in Escherichia coli. Mol Gen Genet. 669 

1988; 214(3): 389-95. 670 

39. Al Mamun AAM, Kishida K, Christie PJ. Protein Transfer through an F Plasmid-Encoded 671 

Type IV Secretion System Suppresses the Mating-Induced SOS Response. mBio. 2021; 672 

12(4): e0162921. 673 

40. Ono R, Konno N, Nishimura Y, Furusawa C. Host range and antibiotic resistance 674 

dissemination are shaped by distinct survival strategies of conjugative plasmids. Nucleic 675 

Acids Res. 2026; 54(2). 676 

41. Bischof K, Schiffer D, Trunk S, Hofler T, Hopfer A, Rechberger G, et al. Regulation of R1 677 

plasmid transfer by H-NS, ArcA, TraJ, and DNA sequence elements. Front Microbiol. 678 

2020; 11: 1254. 679 

42. Qi Q, Kamruzzaman M, Iredell JR. A streamlined approach for fluorescence labelling of 680 

low-copy-number plasmids for determination of conjugation frequency by flow cytometry. 681 

Microorganisms. 2023; 11(4). 682 

43. Gerdes K. Diverse genetic contexts of HicA toxin domains propose a role in anti-phage 683 

defense. mBio. 2024; 15(2): e0329323. 684 

44. Espedido B, Iredell J, Thomas L, Zelynski A. Wide dissemination of a carbapenemase 685 

plasmid among gram-negative bacteria: implications of the variable phenotype. J Clin 686 

Microbiol. 2005; 43(9): 4918-9. 687 

45. Dimitriu T, Szczelkun MD, Westra ER. Evolutionary ecology and interplay of prokaryotic 688 

innate and adaptive immune systems. Curr Biol. 2020; 30(19): R1189-R202. 689 



33 

 

46. Georjon H, Bernheim A. The highly diverse antiphage defence systems of bacteria. Nat 690 

Rev Microbiol. 2023; 21(10): 686-700. 691 

47. Oliveira PH, Touchon M, Rocha EP. Regulation of genetic flux between bacteria by 692 

restriction-modification systems. Proc Natl Acad Sci U S A. 2016; 113(20): 5658-63. 693 

48. Roer L, Aarestrup FM, Hasman H. The EcoKI type I restriction-modification system in 694 

Escherichia coli affects but is not an absolute barrier for conjugation. J Bacteriol. 2015; 695 

197(2): 337-42. 696 

49. Kamruzzaman M, Mathers AJ, Iredell JR. A novel plasmid entry exclusion system in 697 

pKPC_UVA01, a promiscuous conjugative plasmid carrying the blaKPC carbapenemase 698 

gene. Antimicrob Agents Chemother. 2022; 66(3): e0232221. 699 

50. Qi Q, Kamruzzaman M, Iredell JR. The higBA-type toxin-antitoxin system in IncC 700 

plasmids is a mobilizable ciprofloxacin-inducible system. mSphere. 2021; 6(3): e0042421. 701 

51. Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in E. coli K-12 702 

using PCR products. Proc Natl Acad Sci U S A. 2000; 97(12): 6640-5. 703 

52. Murphy KC, Campellone KG. Lambda red-mediated recombinogenic engineering of 704 

enterohemorrhagic and enteropathogenic E. coli. BMC Mol Biol. 2003; 4: 11. 705 

53. Jin DJ, Gross CA. Mapping and sequencing of mutations in the Escherichia coli rpoB gene 706 

that lead to rifampicin resistance. J Mol Biol. 1988; 202(1): 45-58. 707 

54. Beyvers S, Jelonek L, Goesmann A, Schwengers O. Bakta Web - rapid and standardized 708 

genome annotation on scalable infrastructures. Nucleic Acids Res. 2025; 53(W1): W51-709 

W6. 710 



34 

 

55. Roer L, Hendriksen RS, Leekitcharoenphon P, Lukjancenko O, Kaas RS, Hasman H, et al. 711 

Is the evolution of Salmonella enterica subsp. enterica linked to restriction-modification 712 

systems? mSystems. 2016; 1(3): e00009-16. 713 

 714 

 715 

 716 

 717 

 718 


