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Abstract 

Plasmids are diverse extrachromosomal elements that play a pivotal role in the rapid dissemination 

of antimicrobial resistance (AMR). While broad host range plasmids have been extensively studied, 

host-restricted plasmids remain underexplored, despite their significant impact on treatment 

options of clinically relevant bacteria. This thesis investigates plasmid-mediated resistance in the 

sexually transmitted infection (STI) pathogen Neisseria gonorrhoeae (the gonococcus), a leading 

cause of pelvic inflammatory disease, infertility and ectopic pregnancy, and a WHO priority 

pathogen due to escalating resistance to all previously recommended antibiotics. Two narrow host 

range resistance plasmids are found in the gonococcus: the conjugative plasmid pConj and the b-

lactamase plasmid pbla, conferring resistance to tetracycline and penicillin antibiotics, respectively. 

With the pbla-encoded b-lactamase only differing in a few amino acids from extended spectrum b-

lactamases and current treatment relying on third-generation cephalosporins, and the recent 

implementation of doxycycline (a tetracycline antibiotic) post-exposure prophylaxis (Doxy-PEP), 

understanding plasmid-mediated resistance in N. gonorrhoeae is of urgent public health 

importance. 

This thesis focuses on three aspects of plasmid-mediated resistance in N. gonorrhoeae: i) the 

evolution and epidemiology of pbla in gonococci; ii) the molecular characteristics of pbla variants, 

including resistance, fitness costs and mobility; and iii) the influence of restriction-modification 

systems (RMSs) on plasmid transfer, using a combination of bioinformatic and molecular genetics 
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approaches. Phylogenetic and comparative analyses suggest that pbla originated from 

Haemophilus ducreyi, another cause of STI, and has adapted to the gonococcus through gene loss 

and changes in the blaTEM resistance determinant. Development and implementation of a pbla 

typing scheme revealed that there are three major variants in gonococci, which show distinct global 

distributions and are associated with specific lineages. Functional assays demonstrated these pbla 

variants differ in their resistance, fitness costs and mobilisation potential, with interactions with 

pConj driving the transfer of pbla. Furthermore, characterisation of gonococcal RMS indicated 

minimal impact on plasmid dissemination within the N. gonorrhoeae population. 

Together, this thesis enhances understanding of plasmid-mediated b-lactam resistance in N. 

gonorrhoeae, with implications for surveillance, treatment, and prevention strategies, including the 

deployment of Doxy-PEP. Furthermore, my work underscores the value of integrating 

computational and experimental approaches to uncover novel insights into plasmid biology and 

the evolution and spread of AMR. 
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1 Introduction 

1.1 Plasmids are important vehicles for the spread of antimicrobial 

resistance   

The global rise of antimicrobial resistance (AMR) is a major threat to modern medicine, 

undermining our ability to treat bacterial infection and jeopardising a wide range of medical 

advances and food production. Without effective antibiotics, medical procedures such as complex 

surgery, caesarean sections and cancer chemotherapy carry an increased risk of severe, potentially 

fatal infection. AMR also impacts food security by diminishing livestock productivity15. Alarmingly, 

recent projections estimate a 67.5% increase in annual deaths directly attributed to bacterial AMR 

- from 1.14 million in 2021 to 1.91 million in 2050 - as well as a 74.5% rise in AMR-associated deaths 

from 4.71 million in 2021 to 8.22 million in 205016. 

Plasmids are a major driver of AMR due to their ability to rapidly disseminate resistance genes by 

horizontal gene transfer (HGT)17. Plasmids are self-replicating, usually double-stranded circular 

DNA molecules, although linear plasmids exist18, that can vary from under 1 kb to over 1 mb in size7. 

The boundary between plasmids and other mobile genetic elements (MGEs) is not always clear. 

Hybrid forms such as phage-plasmids combine features of plasmids and bacteriophages, enabling 

them to transfer horizontally as phages, while also being transmitted vertically like plasmids7,19-21. 

Integrative conjugative elements (ICEs) are a class of MGEs that integrate into the host 

chromosome after conjugative transfer but retain the ability to excise and transfer themselves by 

conjugation22. 

Unlike the gradual process of adaptation through de novo mutations, plasmid-mediated HGT 

enables rapid acquisition of traits and allows bacteria to respond quickly to selection pressures 
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imposed by antibiotics. This accelerates microbial evolution, bypassing the need to evolve 

resistance independently, and allows for the rapid spread of resistance determinants across 

populations and environments17,23. 

1.1.1 Mechanisms of plasmid transfer 

Different modes of transfer allow plasmid dissemination within and across bacterial populations. 

Conjugation, mobilisation, transduction and transformation all contribute to the HGT of plasmids, 

and understanding of these processes is essential to anticipate future trends in AMR. 

1.1.1.1 Conjugation 

Conjugative plasmids encode all the protein factors needed to transfer themselves from a donor to 

a recipient bacterium. Two genetic modules are central to conjugation: the mating pair formation 

(MPF) and the DNA transfer and replication (DTR) regions (Figure 1).  

The MPF region of Gram-negative bacteria encodes the structural components of a Type IV 

Secretion System (T4SS), a macromolecular complex spanning both membranes of the bacterial cell 

wall, which mediates DNA transfer. The T4SS consists of a membrane-embedded secretion channel 

and an extracellular pilus apparatus, which is involved in establishing contact between donor and 

recipient cells24,25.  

The DTR encodes the proteins necessary to initiate DNA transfer and includes an origin of transfer 

(oriT), where DNA transfer is initiated. The DTR-encoded relaxase commences plasmid transfer by 

interacting with inverted repeats within the oriT and catalysing a site-specific cleavage at the nic 

site, creating a single-stranded DNA (ssDNA) intermediate26-30. The relaxase remains covalently 

attached to the 5' end of the cleaved strand, forming a nucleoprotein complex referred to as the 

relaxosome26.  
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Figure 1: Gene%c cons%tu%on of transmissible plasmids and the interac%ons between components facilita%ng 
the conjuga%ve transfer of a plasmid. 
(A) Schema%c representa%on of the gene%c elements carried by transmissible plasmids. Conjuga%ve plasmids 
encode a T4SS as well as an oriT, relaxase, RAFs and a T4CP. Mobilisable plasmids only contain a DTR region 
of variable composi%on. (B) Specific interac%ons link the oriT to the T4SS. The relaxase (orange) nicks the 
plasmid at the oriT nic site. RAFs (blue) can increase the efficiency of nicking. The relaxosome interacts with 
the T4CP (green), which provides the energy for DNA transfer through the T4SS (purple). OM, outer 
membrane; IM, inner membrane. The figures were adapted from 6,7. 
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Assembly of the relaxosome can be facilitated by relaxase accessory factors (RAFs), which modulate 

local DNA topology, enhance sequence recognition, and stabilise protein-DNA interactions to 

optimise nicking efficiency31. 

The relaxosome subsequently interacts with the T4SS coupling protein (T4CP), a VirD4-like 

ATPase32, which couples the relaxosome to the T4SS and provides energy for plasmid transfer33,34. 

The relaxase remains bound to the DNA during transfer and facilitates plasmid recircularisation in 

the recipient35-37. Rolling circle replication restores the plasmid to double-stranded DNA (dsDNA) in 

the donor and the recipient38.  

However, only approximately 25% of plasmids are conjugative; the remainder are either immobile 

or depend on cooperative interactions with other MGEs for their transfer7,39. 

1.1.1.2 Mobilisation 

Mobilisable plasmids lack the MPF region but encode a relaxase and have an oriT (Figure 1); their 

relaxosome is transferred through the T4SS of a co-resident conjugative plasmid or ICE6,7. The 

ability of a plasmid to be mobilised depends on the interaction between its relaxosome with the 

T4SS of the conjugative plasmid via the T4CP. At the interface between T4SS and relaxosome, T4CP 

coupling is key to substrate specificity40,41; some mobilisable plasmids encode their own T4CP5,17. 

Approximately 25% of plasmids are mobilisable7; however, some plasmids lack a relaxase entirely, 

yet contain an oriT that is recognised by another plasmid's relaxase42-45, highlighting the modularity 

of plasmid transfer39,46.  

Relaxases and rolling circle replication initiation proteins have been suggested to have evolved 

from a common ancestor and perform related molecular functions6. As such, some small rolling 

circle replicating plasmids can be mobilised by co-resident ICEs47.  



 

 

 20 

Mobilisation provides a low-cost strategy for plasmids to transfer within and between bacterial 

populations without the burden of expressing an energetically expensive conjugation system48. 

However, the competition between the mobilisable and the conjugative plasmid for a common 

pool of resources can impede the fitness of the latter, reducing the transfer rates of the conjugative 

plasmid49. This can result in a dead end for the mobilisable plasmid in a host without a helper 

plasmid. However, some mobilisable plasmids can interact with multiple types of conjugative 

systems by carrying multiple oriTs or encoding a T4CP, expanding the range of potential helper 

plasmids41,50,51. As such, many of the plasmids with the broadest host ranges (e.g. RSF101052, pLS153 

and pBI14354) are mobilisable. 

1.1.1.3 Other modes of plasmid transfer 

While conjugation and mobilisation account for a large fraction of plasmid dissemination events, 

additional mechanisms such as transduction and transformation also contribute to the spread of 

plasmids. 

Phage-mediated transduction occurs when plasmid DNA is packaged into phage particles55-57, 

leading to the transfer of plasmid instead of phage DNA. Distinct from conjugation, transduction 

does not depend on direct contact between a donor and recipient, and phage particles can persist 

in the environment58, protecting plasmid DNA from degradation. However, due to size limitations 

of phage capsids, this mode of transfer is more applicable to small plasmids59.  

The uptake of DNA from the environment through transformation is another route of plasmid 

transfer60. Many human pathogens, including Campylobacter, Helicobacter, Haemophilus, 

Neisseria, Pseudomonas, Staphylococcus and Streptococcus spp. are naturally transformable61, i.e. 

they can take up DNA from their environment and integrate it into their genome or convert it into 

extra-chromosomal elements such as plasmids. In Gram-negative bacteria, type IV pili interact with 
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external DNA and pull it into the periplasm through secretin pores in the outer membrane62. 

Subsequently, ssDNA is translocated through rec2 or comEC-encoded pores into the cytoplasm63,64, 

where RecA-mediated recombination integrates homologous sequences into the chromosome or 

reconstitutes plasmids. However, due to the conversion to linear ssDNA during translocation and 

the need for subsequent recircularisation, transformation of circular plasmid DNA is generally less 

efficient than for linear DNA fragments65. Nevertheless, transformation can contribute to plasmid 

transfer in specific environments such as biofilms66. 

1.1.2 Barriers to plasmid transfer 

While HGT can provide bacteria with new traits, it is a double-edged sword as newly acquired MGEs 

may be costly or lethal in the case of phage infection67. Therefore, bacteria have evolved a diverse 

set of defence strategies against incoming DNA68. 

Restriction modification systems (RMSs) are the most abundant bacterial defence systems, with 

>80% of bacterial genomes harbouring at least one RMS69, and are based on restriction and 

methylation. Restriction endonucleases (REases) target unmethylated dsDNA sequences on 

incoming DNA, while the methyltransferases (MTases) protect the host DNA by adding methyl 

groups to specific adenine or cytosine residues. Bacterial RMSs can be grouped into four types70, 

with type II RMSs being the most abundant69. Type I RMSs are multi-enzyme complexes of MTase 

subunits (HsdM), REase subunits (HsdR) and a specificity subunit (HsdS), which must be active for 

the system to be functional (Figure 2)70. Two HsdM and a HsdS form the methylase complex (M2S1). 

The addition of two HsdR to M2S1 results in the functional restriction complex (R2M2S1); DNA 

restriction by type I RMSs occurs at variable positions distant from the recognition site71. Type II 

RMSs consist of individual MTase and REase; the REase cuts at a constant position at or close to the 

RMS's recognition sequence (Figure 2). Type III RMSs consist of DNA recognition and modification 

(Mod) and restriction (Res) subunits. A complex of Mod and Res interacts with two inversely 
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oriented non-palindromic sequences and cuts the DNA at a specific distance away from the 

recognition sequences (Figure 2). Mod subunits can modify DNA independently of Res, resulting in 

hemi-methylated DNA, different from types I and II, which preferentially modify hemi-methylated 

DNA to fully methylated DNA70. Type IV RMSs do not possess any methyltransferase activity and 

cleave only modified DNA70. Of note, most literature on RMSs dates back to the last century, and 

only a few recent studies provide structural insights into the function of RMSs72. 

While the presence of RMS in recipients can reduce plasmid transfer73-76, restriction efficiency 

depends on the combination of RMS and plasmid77. The number and location of restriction 

modification sites on the plasmid74,78 and anti-restriction functions expressed by the plasmid, as 

well as the type of RMS77 all impact the restriction efficiency. Generally, the effect of RMSs on 

conjugation is lower than on transformation79, although the reason for this remains poorly 

understood. Nevertheless, RMSs play an important role in shaping the evolution and distribution 

of plasmids80, with small plasmids adapting to RMSs through target avoidance and larger plasmids 

by acquiring anti-restriction systems. 

In recent years, a host of novel bacterial defence systems with diverse modes of activity have been 

discovered68,81. Systems such as CRISPR-Cas82, BREX83 or CBASS84 have primarily been explored in 

the context of phage infection, but could also hinder plasmid transfer. Indeed, the presence of 

plasmid sequences in CRISPR arrays indicates a broader role in bacterial immunity against MGEs85. 

 



 

 

 23 

  

Figure 2: Organisa%on of Type I - III RMSs.  
(A) Gene organisa%on of the different RMS types. hsdM, M and mod, methylase genes (orange); hsdR, R and 
res, endonuclease genes (purple); hsdS encodes for the type I specificity subunit (green). (B) DNA methyla%on 
complex composi%on; M, methylase; S, specificity subunit; the RM recogni%on sequence is indicated as a grey 
box, methyl groups as red circles. Type I and II RMSs preferen%ally methylate hemi-methylated DNA, resul%ng 
in fully methylated DNA. Type III RMSs result in hemi-methyla%on. (C) Composi%on of the DNA restric%on 
complex. Type I and III RMSs cut distant from the site, whereas type II RMSs cut directly at the sequence. The 
figure was adapted from 13. 
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Besides bacterial defence systems, interactions with other mobile genetic elements can limit the 

spread of a plasmid. Surface and entry exclusion mechanisms are widespread among conjugative 

plasmids86 and prevent plasmid uptake by a cell already harbouring a related plasmid86-88. Most 

surface exclusion factors characterised to date are associated with the outer membrane, where 

they prevent cell to cell contact and destabilise the MPF89-93. In contrast, entry exclusion proteins 

are in the cytoplasmic membrane and block DNA translocation into the cell. Of note, surface and 

entry exclusion are specific to the mating pair rather than the type of DNA. As such, they also affect 

co-transferred plasmids, preventing their entry into cells that already harbour their helper 

plasmid94. 

Finally, plasmid incompatibility poses a post-entry barrier to plasmid maintenance. Plasmids that 

share similar replication or partitioning systems fail to stably co-exist due to competition for shared 

replication mechanisms or interference with control of replication or partitioning systems95. 

Therefore, they are considered incompatible, and plasmids have been categorised into 

incompatibility (Inc) groups based on their replication systems96,97. However, more recent work 

suggests that especially higher copy number plasmids co-exist despite shared replication 

strategies98. 

1.1.3 Plasmid fitness costs 

Plasmid carriage can impose a burden on bacteria, resulting in plasmid loss from a population due 

to purifying selection. Plasmid fitness costs are evident under conditions lacking selective pressure 

for plasmid-encoded traits, in which plasmid-carrying isolates show slower growth and diminished 

competitiveness compared to plasmid-free isolates99,100.  

A variety of mechanisms lead to plasmid fitness costs67. Initial plasmid acquisition costs101 result 

from the activation of the host's SOS response upon the conjugative transfer of ssDNA102 and the 
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transient overexpression of plasmid genes due to disrupted negative feedback loops103,104. Of note, 

while plasmid acquisition costs reduce vertical transmission of plasmids, this may be 

counterbalanced by derepression of the conjugation machinery, leading to increased horizontal 

transmission103. 

Plasmid replication can be costly due to pleiotropic effects of the plasmid-encoded replication 

initiation (Rep) proteins105,106. To replicate plasmid DNA, plasmid Rep proteins interact with host 

DNA polymerases and helicases106,107. Overexpression of Rep genes, particularly by high copy 

number plasmids, can lead to sequestration of the cellular replication machinery and impair 

chromosomal replication, activating the cellular SOS response and inhibiting cell division105,106. 

The misalignment between plasmid gene expression and the host's ability to support protein 

synthesis contributes to plasmid fitness costs81. High levels of plasmid-derived mRNA may exceed 

the availability of tRNAs or ribosomes, resulting in codon usage imbalances, depletion of amino 

acids, and competition for ribosomes108-110. Additionally, plasmid-encoded proteins can interfere 

with regulatory or metabolic networks or cause toxicity due to deleterious interactions with host 

proteins105,106,111,112. 

Conjugative plasmids can impose additional fitness costs due to the ATP requirement for plasmid 

conjugation. Furthermore, conjugative pili can act as the receptor for certain bacteriophages113,114, 

rendering plasmid-carrying cells vulnerable to phage infection. Consequently, many conjugative 

plasmids tightly control the expression of their conjugative machinery, with only a subset of cells 

expressing a T4SS103,115-117.  

1.1.4 Plasmid stability 

Given the cost of plasmid carriage and the stochastic emergence of plasmid-free daughter cells, 

non-beneficial plasmids should be lost from a population due to the competitive advantage of 
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plasmid-free cells118-120. Despite this, plasmids are maintained in bacterial populations over time, a 

phenomenon often referred to as 'the plasmid paradox'119, and several mechanisms have been 

explored to explain the prevalence and persistence of plasmids121.  

Many large and low copy number plasmids encode maintenance systems, such as multimer 

resolution and partitioning systems, to ensure their stable inheritance during cell division122. The 

former resolves plasmid multimers via site-specific recombination123, resulting in individual 

plasmids that can segregate into daughter cells124. Plasmid partitioning systems (encoded by the 

par locus) consist of a cis-acting centromere-like site and two trans-acting proteins: a sequence-

specific DNA-binding protein recognises the centromere-like site, and a nucleotide hydrolase 

(ATPase or GTPase) capable of forming dynamic filaments125. Association of the DNA-binding 

protein with its target site forms a partitioning complex, and plasmids are pushed to the cell poles 

by the polymerising ATPase/GTPase filaments126. 

In addition, many plasmids encode toxin-antitoxin (TA) systems, leading to postsegregational killing 

of plasmid-free daughter cells127. TA systems consist of a stable toxin and a labile cognate antitoxin. 

If the TA encoding plasmid is lost during cell division, the daughter cell is killed by the more stable 

toxin that is no longer counteracted by the antitoxin. TA systems are divided into eight types based 

on the nature of their antitoxin (RNA molecule vs. protein) and mechanism of inactivation of the 

toxin (e.g. direct binding to the toxin in type II systems, degradation of toxin mRNA in type V 

systems or toxin modification in type VII systems)128. Smaller plasmids rarely encode active 

maintenance systems, instead, they rely on a high copy number to minimise segregational loss129. 

Beyond vertical inheritance, HGT can counteract plasmid loss. However, conjugation rates 

observed in nature are often too low to compensate for plasmid loss, and conjugation itself can 

impose fitness costs118,130. Nevertheless, conjugation rates and plasmid fitness costs can vary 

significantly between bacteria and plasmids131-135, and depend on the environment of a plasmid-
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carrying strain136. Modelling has shown that variability in plasmid fitness cost can improve stability 

of low-cost plasmids in a population but does not explain the persistence of high-cost plasmids132. 

In addition to the host genetic background, interactions between plasmids can further modify 

fitness costs, and synergistic epistasis can reduce fitness costs of co-infecting plasmids137-140, 

favouring plasmid co-existence39,141. In line with this, plasmids co-occur in bacterial isolates more 

frequently than expected by chance alone137. 

Plasmid fitness costs can be reduced by compensatory mutations in the plasmid and/or host 

chromosome141,142; chromosomal compensatory mutations frequently occur in genes associated 

with the SOS response or DNA helicase and resolve genetic conflicts between the plasmid and its 

host111,112,141,143. Compensatory mutations emerge rapidly in transconjugants144, with the 

probability of such mutations emerging increasing with the population size of plasmid-carrying 

isolates. Therefore, selection for plasmid-encoded traits leading to clonal expansion of plasmid-

carrying isolates also increases the probability of the emergence of compensatory mutations that 

stabilise the plasmid141. 

Even in the absence of plasmid fitness cost, theory predicts that beneficial genes should relocate 

onto the chromosome, making plasmid carriage redundant118. However, the location of resistance 

genes on multi-copy plasmids may not only facilitate their spread, but can also accelerate 

resistance evolution by increasing the rate of emergence of resistance-increasing mutations and 

amplifying resistance levels due to increased gene dosage145. Additionally, heterogeneity in plasmid 

copy number generates phenotypic variability, allowing rapid adaptation of gene dosage, which is 

beneficial under fluctuating selection146.  
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1.2 Neisseria gonorrhoeae 

1.2.1 Neisseria spp. 

Neisseria spp. are Gram-negative, coccoid or rod-shaped bacteria that typically colonise mucosal 

surfaces of humans or animals147. Most Neisseria spp. are non-pathogenic and part of the healthy 

human oropharyngeal and nasal flora148. However, individual reports indicate that some Neisseria 

spp. can cause disease in immunocompromised hosts149. In contrast, N. gonorrhoeae and 

Neisseria meningitidis are human pathogens with significant clinical relevance. N. gonorrhoeae 

causes the sexually transmitted infection (STI) gonorrhoea. N. meningitidis is carried by 10 - 15% of 

the general population as a commensal150; however, under certain conditions, the bacterium can 

breach mucosal barriers and enter the bloodstream, causing meningococcal septicaemia, or cross 

the blood-brain barrier to result in bacterial meningitis. Recent epidemiological studies have 

identified an N. meningitidis urogenital clade (NmUC), which has adapted to the urogenital tract 

through the acquisition of genetic material from N. gonorrhoeae151,152. Like N. gonorrhoeae, NmUC 

is transmitted via sexual contact and has been associated with urethritis in males. 

Members of Neisseria spp. are characterised by remarkable genetic plasticity, facilitated by 

competence for DNA uptake, frequent horizontal gene transfer and high rates of homologous 

recombination8. This genome fluidity enables rapid adaptation to new ecological niches and 

contributes to the development of antimicrobial resistance153. 

1.2.2 Gonococcal disease 

Among the diverse species of Neisseria, N. gonorrhoeae presents a significant public health 

challenge, particularly due to increasing levels of antimicrobial resistance154,155. N. gonorrhoeae 

primarily infects the mucosal tissues of the urethra and uterine cervix, causing the STI gonorrhoea. 
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The bacterium can also infect the pharynx and rectum. Pathology is largely driven by inflammation 

at the infection site, typically manifesting as cervicitis and urethritis156. An array of phase-variable 

adhesins and surface factors facilitates gonococcal infection of distinct niches. Type IV pili and 

opacity proteins (Opas) are essential for initial adhesion and colonisation of mucosal epithelia157-

162. Abundant surface molecules include the porin PorB, Opas, RmpM, lipooligosaccharide (LOS) 

and iron-acquisition proteins156. However, due to extensive antigenic and phase variation160,163,164 

and immune evasion mechanisms165-169, infected individuals do not develop protective immunity 

following infection170,171. 

N. gonorrhoeae is an exclusively human pathogen, and asymptomatic individuals constitute a major 

reservoir for continued transmission. Among infected women, 30 - 50% do not exhibit symptoms, 

while only 5 - 10% of infected men are asymptomatic147. Rectal and pharyngeal infections are also 

often asymptomatic172. Notably, pharyngeal infections provide an opportunity for genetic exchange 

with commensal Neisseria spp., which has been linked to the development of AMR173. 

Untreated gonococcal infection can lead to serious complications, including pelvic inflammatory 

disease, infertility, ectopic pregnancy and disseminated gonococcal infection, which has been 

associated with arthritis and endocarditis174. Mother-to-child transmission during birth can result 

in ophthalmia neonatorum, a major cause of neonatal blindness in low- and middle-income 

countries (LMICs)175. In addition, co-infection with other STIs, most notably Chlamydia trachomatis 

and HIV, is common, and N. gonorrhoeae increases the risk of acquisition and transmission of 

HIV176. 

1.2.3 N. gonorrhoeae epidemiology and population structure 

The World Health Organisation estimated there were 82.4 million new cases of gonorrhoea in 

2020177. Incidence varies significantly in different geographical regions and among populations with 
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different sexual behaviour, socioeconomic status, and ethnic background178. The highest rates of 

gonorrhoea have been reported in the WHO African and Western Pacific Regions (Figure 3A)172. 

These geographic disparities are influenced by access to healthcare, sexual education, and social 

factors such as stigma. In high-resource settings, increased travel, sexual networks, and changes in 

sexual behaviour - partly driven by the availability of antiretroviral therapy and pre-exposure 

prophylaxis for HIV179,180 - have contributed to rising gonorrhoea incidence178. Certain groups, 

including men who have sex with men (MSM), migrants, young people, and sex workers, are 

disproportionately affected by gonococcal disease172. 

The N. gonorrhoeae population structure is shaped by high rates of both intra- and interspecies 

HGT, resulting in extensive genetic diversification and weak clonal structure181-183. Multiple 

molecular typing schemes, such as MLST184, NG-MAST185, NG-STAR186 and cgMLST2, have been 

employed to classify gonococcal isolates. However, MLST, NG_MAST and NG-STAR rely on a few 

loci for typing and poorly resolve the population structure due to HGT of the respective genes187. 

In contrast, whole genome approaches like core genome multi-locus sequence typing (cgMLST) 

allow for more robust classification. cgMLST clusters isolates using 1 668 loci core to the 

gonococcus (i.e. present in >95% of gonococci). Using single linkage clustering with a cut-off of 400 

allelic differences, isolates can be grouped into N. gonorrhoeae core genome clusters (Ng_cgc400), 

which persist over time and correlate with AMR phenotypes2 (Figure 3B).  
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Figure 3: Epidemiology and popula%on structure of N. gonorrhoeae.  
(A) Es%mated global incidence of gonorrhoea; numbers (in millions) of cases by WHO region and gender. 
Figure from 1. (B) Minimum spanning tree of 15 532 N. gonorrhoeae isolates clustered by N. gonorrhoeae 
cgMLST v12. Dots represent individual isolates and are coloured according to their core genome cluster 
(Ng_cgc400). 
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1.2.4 The genetics of N. gonorrhoeae 

N. gonorrhoeae is polyploid with each coccus harbouring on average three copies of its 2.2 Mb 

chromosome188. However, despite its polyploidy, cells usually lack allelic diversity at specific loci189. 

Gonococcal genomes contain many repetitive elements, insertion sequences (IS) and phage 

elements, all contributing to genomic plasticity190. The most frequent repetitive element is the 

N. gonorrhoeae DNA uptake sequence (DUS) 5'-ATGCCGTCTGAA-3' (underlined bases are semi-

conserved between strains), which is critical for species-specific transformation191,192. DUS 

sequences are present at a frequency of approximately one per kb, although DUSs are 

overrepresented around genome maintenance genes193,194. There are between 10 to 50 IS 

sequences per genome, consisting of genes required for transposition flanked by inverted 

repeats193. Additional mobile elements include minimal mobile elements, cassettes with varying 

contents that can be exchanged and incorporated by homologous recombination in the conserved 

flanking regions195, and Correia Elements196. The Gonococcal Genetic Island (GGI) is present in 

approximately 80% of strains and encodes a T4SS that secretes single-stranded DNA, likely 

facilitating transformation197,198. 

Bacteriophage elements in Neisseria are limited to a few double-stranded DNA and M13-like 

filamentous phages199-201, with no described lytic or transducing phages8,202. However, the 

N.  gonorrhoeae phagemid Ngoφ6 displays a broad host range including E. coli, H. influenzae and 

Pseudomonas spp.203. 

1.2.4.1 Phase and antigenic variation 

Phase and antigenic variation are central to the ability of the gonococcus to evade immune 

surveillance, generating phenotypic heterogeneity in surface structures and virulence factors, 

which allows rapid adaptation to different niches in the host. 
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Phase variation is the reversible ON : OFF switching of gene expression resulting from DNA 

inversions, differential methylation, and changes in the length of homopolymeric tracts or 

microsatellites204. In Neisseria, the major mechanism of phase variation is slipped-strand mispairing 

during DNA replication205, leading to the expansion or contraction of homopolymeric tracts. 

Alterations in the length of tracts within coding sequences can result in frameshift mutants and 

ON : OFF switching of gene activity; changes in non-coding regions can modify the spacing of -10 

and -35 elements and modulate transcription (Figure 4). The rate of phase variation differs between 

genes, ranging from 10-2 to 10-6 per cell per generation206,207. Over 100 genes in N. gonorrhoeae are 

phase-variable, including those encoding major surface components like LOS and Opas208,209. 

Antigenic variation refers to changes to the antigenic structure rather than the expression level. 

The classic example of antigenic variation in N. gonorrhoeae is PilE, the major component of the 

type IV pili. pilE sequences are varied through gene conversion, where sequences from non-

expressed pilS loci, scattered throughout the chromosome, recombine with the expressed pilE 

locus without altering the donor pilS locus (Figure 4)163,210-212. 
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Figure 4: Phase and an%genic varia%on generate phenotypic heterogeneity.  
The types of phase varia%on are shown on top. The blue arrow indicates the CDS with orange rectangles and 
yellow squares represen%ng homopolymeric repeats and short tandem repeats, respec%vely. Changes in the 
length of the homopolymeric tracts and repeat sequences lead to ON : OFF switching of the gene, whereas 
altera%ons in tracts in the promoter region affect the transcrip%on levels by varying the spacing between the   
-10 and -35 RNA polymerase recogni%on sequences. A schema%c of an%genic varia%on of PilE is shown at the 
bo_om. pilE and pilS loci have regions of sequence microhomology (grey) and variable sequences (in colour). 
Recombina%on between the expressed pilE and silent pilS copies results in diversifica%on of the pilE locus 
while the pilS copies remain unaltered. Figures were adapted from 8 and 14. 
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1.2.4.2 Transformation 

N. gonorrhoeae is naturally competent throughout its life cycle, so is transformable throughout all 

growth phases213,214. Transformation facilitates the acquisition of resistance genes and can serve as 

a mechanism for DNA repair214,215. Gonococcal transformation depends on type IV pili, which bind 

ssDNA and dsDNA213,214. Type IV pili are filamentous cell appendages made up of the major pilin 

PilE and a variety of minor pilin subunits, including ComP, which specifically recognises gonococcal 

DUS, increasing the efficiency of DNA uptake216. Different 'dialects' of DUS exist within Neisseria 

spp.192, and 76% of N. gonorrhoeae DUS have two nucleotides in addition to the prototypic 10 bp 

sequence, which slightly increase transformation efficiency217. 

DNA enters the cell as ssDNA63 and is integrated into the chromosome by homologous 

recombination. While N. gonorrhoeae has multiple recombination systems, recA is the only gene 

which is essential for homologous recombination; recBCD mutations decrease the frequency of 

recombination218,219. Furthermore, the efficiency of homologous recombination is influenced by the 

sequence identity between donor and recipient DNA.  

1.2.4.3 RMS in N. gonorrhoeae 

Like other naturally competent bacteria, N. gonorrhoeae has a disproportionately high number of 

RMSs220. N. gonorrhoeae isolates can harbour up to 16 distinct RMSs221, many of which are phase-

variable, leading to ON : OFF switching or changes in the recognition sequence222. DNA methylation 

is crucial for DNA acquisition through transformation and conjugation; however, larger effects have 

been observed for transformation than for conjugation76,79.  

Some gonococcal RMS also have regulatory roles in the pathogenic Neisseria spp.. Differences in 

the DNA recognition domain of the type III RMS methylases ModA and ModB alter their 

methylation sequence, while phase-variation of mod modifies methylation activity223. Changes in 
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Mod-mediated methylation modify global gene expression, a phenomenon referred to as a 

'phasevarion'223-226. The ModA-corresponding restriction endonuclease appears to be inactive, 

suggesting the restriction function has been lost and ModA is dedicated to gene regulation223. 

Similarly, phase-variation of the type I RMS NgoAV hsdS, modifiesies the activity and specificity of 

the system227, and results in transcriptional changes that alter biofilm formation, AMR, and invasion 

of human epithelial cells228. 

Despite their abundance and diverse roles in N. gonorrhoeae, the distribution of different RMSs 

within the population and their impact on plasmid transfer are poorly understood. 

1.2.5 Antimicrobial resistance in N. gonorrhoeae 

1.2.5.1 Treatment of gonococcal disease and resistance development 

Management of gonococcal disease relies on antimicrobial treatment of cases and their contacts. 

However, treatment has become increasingly challenging due to the bacterium's remarkable ability 

to acquire, spread and maintain resistance determinants1. 

Sulphonamides were the first antibiotics introduced for gonorrhoea in the mid-1930s (Figure 5)229. 

However, by the mid-1940s, resistance was already widespread230. In 1943, benzylpenicillin was 

introduced for the treatment of gonorrhoea and was initially highly effective231. However, within 

10 to 15 years, escalating doses were required due to the gradual accumulation of chromosomal 

resistance mutations232. The emergence of the gonococcal b-lactamase plasmid pbla in 1976 led to 

high-level penicillin resistance4,233, and penicillin treatment ceased in mid-1980234. In the early 

1950s, alternative antibiotics such as aminoglycosides, macrolides and tetracycline were 

introduced. However, resistance to these antibiotics emerged rapidly, driven by chromosomal 

mutations and the acquisition of the conjugative plasmid pConj, carrying the tetracycline resistance 

gene tetM235.  
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Figure 5: Timeline of treatment recommenda%ons for gonococcal disease and the emergence of resistance. 
Bars indicate the %me between the introduc%on of an an%bio%c and the emergence of resistance. Purple bars 
represent chromosomally encoded resistance mechanisms; plasmid-mediated resistance is shown in orange. 
The figure was adapted from 11. 
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Fluoroquinolones including ciprofloxacin were employed until the mid-2000s, when the spread of 

mutations in gyrAB and parC236,237 necessitated their withdrawal. Currently, high-dose 

monotherapy with the third-generation cephalosporin ceftriaxone is recommended in high-income 

countries238,239. In low resource settings, doxycycline remains a common syndromic treatment for 

STIs240. Doxycycline has also been proposed, and already implemented in some regions, as a post 

exposure prophylaxis in risk groups taken within 48 hours of unprotected intercourse241,242. 

However, strains resistant to ceftriaxone and doxycycline are already circulating in the 

population154,240,243-247, threatening the efficacy of these interventions. 

The WHO identified N. gonorrhoeae as a high-priority pathogen for the development of novel 

antibiotics due to its extensive resistance248. Efforts to develop novel treatments for gonorrhoea 

have resulted in the antibiotics zoliflodacin and gepotidacin249-251, which selectively inhibit bacterial 

DNA replication via interactions with subunits of DNA gyrase and topoisomerase IV252,253. Pre-

existing resistance to these novel antibiotics is rare254,255. However, resistance to zoliflodacin readily 

evolves in commensal Neisseria and might be transferred into gonococci by 

transformation249,256,257. 

The implementation of novel antibiotics like zoliflodacin and gepotidacin offers a promising 

alternative to existing therapies. However, lessons learned from the past highlight the capacity of 

N. gonorrhoeae to quickly acquire and spread resistance mechanisms. Therefore, continuous 

monitoring of resistance determinants in the population, paired with knowledge of the molecular 

mechanisms of their spread, are essential to ensure the sustained effectiveness of new therapeutic 

agents. 
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1.2.5.2 b-lactam resistance in N. gonorrhoeae 

1.2.5.2.1 Resistance due to the stepwise acquisition of chromosomal resistance determinants 

The gradual increase in penicillin resistance over almost four decades involved antibiotic target 

modifications and changes in antibiotic influx and efflux215. Polymorphisms in penA, mtr and porB 

additively increased resistance to penicillin, and affected susceptibility to other antimicrobials such 

as tetracyclines and macrolides258.  

Penicillin binds to bacterial transpeptidases (penicillin-binding proteins, PBPs), preventing 

peptidoglycan cross-linking in the bacterial cell wall259. In N. gonorrhoeae, the main target of 

penicillin is the penA-encoded PBP2. PBP2 catalyses the final transpeptidation step in 

peptidoglycan biosynthesis, crosslinking adjacent glycan strands. Penicillin mimics the D-Ala-D-Ala 

substrate of PBP2 and irreversibly acylates the PBP2 active site serine260, inactivating the enzyme 

and stopping cell wall synthesis. An aspartic acid insertion at position 345 in the transpeptidase 

domain of PBP2 induces a conformational change that reduces penicillin binding affinity and 

preserves its transpeptidase activity even in the presence of the antibiotic261,262.  

Low-level penicillin resistance is enhanced by overexpression of the MtrCDE efflux pump, which 

exports antimicrobials from the periplasm. MtrCDE overexpression results from loss of function 

mutations in the gene encoding the transcriptional repressor MtrR or the promoter of the mtrCDE 

operon. Alterations in the outer membrane porin PorB further increase resistance263,264, potentially 

by decreasing the influx of antibiotics across the outer membrane263. There are two major variants 

of PorB in gonococci, PorB1A and PorB1B, which differ in their surface-exposed portions and size265. 

PorB1B-producing gonococci are slightly less susceptible to penicillin232. Amino acid changes in the 

external loop 3 (G120K and A121D) further increase penicillin resistance of strains with PorB1B, 

and concomitantly result in porin-mediated tetracycline resistance266. High-level penicillin 

resistance requires further mutations in ponA and penC (also referred to as pilQ). An L421P 
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replacement in the ponA-encoded PBP1, decreases penicillin affinity, while an E666K change in PilQ 

reduces penicillin entry267,268.  

Transformation plays a key role in the evolution of N. gonorrhoeae AMR. Acquisition of DNA from 

commensal Neisseria spp. has led to mosaic genes, with mosaic penA variants resulting in PenA 

with up to 70 amino acid changes182,269. Some mosaic PenA variants have reduced affinity for b-

lactam antibiotics, including 3rd generation cephalosporins243,270. However, resistance-increasing 

penA alleles penA14 and penA89 impose a fitness cost and require additional compensatory 

mutations to be successful in gonococcal populations271. 

1.2.5.2.2 Plasmid-borne resistance 

In contrast to the gradual increase in penicillin resistance due to chromosomal mutations, the 

emergence of a plasmid-borne TEM b-lactamase resulted in high-level resistance in a single step.  

b-lactamases hydrolyse b-lactam antibiotics. Based on sequence homology, they are classified into 

A - D. Class B are metallo-enzymes that use zinc ions to hydrolyse the b-lactam ring, whereas A, C 

and D rely on a catalytic serine272. The catalytic mechanism of class A b-lactamases includes 

acylation followed by deacylation (Figure 6A)273. In the first step, the catalytic Serin (S70) is activated 

by the removal of a proton and the S70 oxygen attacks the carbonyl group of the b-lactam forming 

an acyl intermediate274,275. Subsequently, an activated water molecule attacks the covalent bond of 

the acyl intermediate, hydrolysing the b-lactam antibiotic and regenerating the enzyme276-278. 
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E104

R164

E238

A

B

Figure 6: Cataly%c mechanism and structure of TEM b-lactamases. 
(A) The cataly%c mechanism of Serine b-lactamases. The cataly%c S70 is ac%vated by the removal of a 
proton, and the S70 oxygen a_acks the carbonyl group of the b-lactam, forming an acyl intermediate. 
Subsequently, a water molecule is ac%vated to a_ack the covalent bond of the acyl intermediate structure, 
hydrolysing the b-lactam an%bio%c and regenera%ng the enzyme. Figure from 10. (B) TEM-1 b-lactamase with 
loca%ons of common ESBL subs%tu%ons highlighted in orange. 
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TEM is a class A b-lactamase. Class A b-lactamases have a broad substrate profile including 

penicillins, cephalosporins and, for some enzymes, carbapenems279,280. TEM-1 is the most common 

plasmid-encoded b-lactamase in Gram-negative bacteria and efficiently hydrolyses penicillins, but 

not 3rd generation cephalosporins281. However, only a few amino acid substitutions are needed to 

convert TEM-1 into an extended-spectrum b-lactamase (ESBL)282. ESBL-conferring mutations mainly 

cluster around the active site, with common substitutions at positions 104 (E104K), 164 (R164S or 

R164H), 238 (E238S, Figure 6B)282,283. However, mutations increasing the thermodynamic stability 

of the enzyme, most prominently the M182T substitution found in TEM-135, frequently occur 

together with mutations in the active site282. Whilst not impacting the resistance levels and 

substrate spectrum, the M182 substitution is considered a 'stepping stone mutation', 

counterbalancing potential destabilising effects of changes in the active site284,285. Both TEM-1 and 

TEM-135 are expressed by plasmids in gonococci286. 

1.2.6 The narrow host range plasmids of N. gonorrhoeae   

Plasmids are major drivers of AMR, and bacterial species often carry a wide variety of plasmids287-

289. Strikingly, only three plasmids have been described in N. gonorrhoeae to date202. 

1.2.6.1 The cryptic plasmid, pCryp   

Over 90% of all gonococci harbour the 4.2 kb cryptic plasmid pCryp290,291. This plasmid has ten open 

reading frames (ORFs), which encode a replicase (repA), the VapDX TA system, the mobilisation 

proteins MobB and MobC, and four proteins of unknown function290. Early studies suggest pCryp 

has a high copy number ranging between 24 and 32 plasmids per chromosome copy292, which, 

together with its TA system, could explain the stability of pCryp in gonococci. Despite its prevalence, 

little is known about the function or origin of this plasmid. However, the earliest gonococcal isolate 

on the PubMLST database from 1928 harbours pCryp, and the presence of pCryp increases the 
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transfer of the gonococcal conjugative plasmid pConj from N. gonorrhoeae into E. coli, potentially 

due to the neutralisation of the pConj-encoded VapD orphan toxin by the pCryp VapX 

antitoxin293,294. 

1.2.6.2 The conjugative plasmid, pConj   

The gonococcal conjugative plasmid pConj (39 - 42 kb) is present in around one-third of gonococci, 

and its ability to spread horizontally is reflected by its presence in different gonococcal lineages290. 

pConj is an IncP1 plasmid293. Like other IncP1 plasmids, the pConj backbone contains genes for 

replication initiation (ssb and trfA), conjugative transfer (tra) and mating pair formation (trb), as 

well as plasmid partitioning (kor, kle, inc and kfr)293. Between the trb and tra modules is the variable 

pConj genetic load region, which harbours an array of TA systems and tetM293. pConj encodes a 

ParAB partitioning system, two e:z type II TA systems, as well as an orphan VapD toxin293; these 

systems act redundantly to maintain the plasmid with remarkably little loss in the laboratory294. 

pConj can be grouped into seven variants290; pConj variants 1 to 4 encode TetM, conferring 

resistance to tetracyclines, including doxycycline. TetM binds to the ribosome, preventing the 

binding of the antibiotic and maintaining protein synthesis295. In contrast, variants 5 to 7 are 

markerless. pConj variants further differ in their repertoire of TA systems and components of the 

T4SS. Of note, pConj variants 1, 3, 5 and 6 are found across the gonococcal population, whereas 

variants 2, 4 and 7 are restricted to particular lineages. This correlates with the high conjugation 

rates reported for pConj.1, while pConj.2 transfer is reduced due to changes in the T4SS component 

TrbL296. The transfer of the remaining pConj variants has not been examined to date. 

pConj prevalence differs between geographical regions, with a negative correlation between a 

country's gross domestic product and the prevalence of tetM+ pConj290. This correlation was not 

observed for markerless pConj, suggesting antibiotic use is a driver of pConj prevalence. Of note, 
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coinciding with a shift towards doxycycline treatment for chlamydia and the introduction of Doxy-

PEP in the US297, an increase in tetM+ isolates has been reported, rising from below 10% in 2020 to 

over 35% in 2024298. 

1.2.6.3 The b-lactamase plasmid, pbla   

Around one in ten gonococci carries the b-lactamase plasmid pbla286, conferring high-level penicillin 

resistance4,299. Seven structurally related b-lactamase plasmids have been described and named 

according to their geographic site of origin (Figure 7): pbla.Af (Africa, 5.6 kb), pbla.As (Asia, 7.4 kb), 

pbla.Au (Australia, 3.2 kb), pbla.Jo (Johannesburg, South Africa, 5.4 kb), pbla.Ni (Nîmes, France, 

6.8 kb), pbla.NZ (New Zealand, 9.3 kb) and pbla.Rio (Rio de Janeiro, Brasil, 5.1 kb)300-302. All these 

plasmids carry blaTEM on a truncated Tn2 transposon303, with TEM-1 and TEM-135 the most 

prevalent TEM variants in gonococci290. TEM-1 is widely distributed in the population, whereas 

TEM-135 is associated with distinct lineages286. 

pbla.Af and pbla.As were described in 19764,299. However, pbla.As was postulated as the ancestral 

pbla, from which all other variants emerged following deletion (pbla.Af, pbla.Rio and pbla.Au, 

Figure 7A) or insertion (pbla.Jo and pbla.Ni, Figure 7B)300 events. Of note, the emergence of 

deletion variants has been observed following transformation of pbla.As into gonococci304. 
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Figure 7: Schema%c representa%on of the pbla dele%on (A) and inser%on variants (B).  
Deleted regions (grey lines) and inser%ons/duplica%ons rela%ve to the Asia-type pbla are shown. ORFs are 
represented as arrows that are coloured according to gene products: yellow, mobilisa%on proteins; orange, 
Tn2-derived genes including blaTEM; blue, replica%on ini%a%on proteins; grey, undefined gene func%on. 
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pbla.As has three distinct origins of replication, ori1, ori2 and ori3, which can be utilised in different 

hosts305,306. In the laboratory, pbla.As can replicate in diverse bacteria, including different Neisseria 

spp., E. coli, Salmonella typhimurium var. Minnesota, Haemophilus influenzae, Haemophilus 

parainfluenzae and Haemophilus ducreyi307. pbla oris are iteron-based306, with about half of the 

origin sequence consisting of an array of approximately 20 bp repeats (iterons) that serve as binding 

sites for the replication initiator proteins. Two replication initiation proteins, RepA and RepB, 

initiate replication at ori1 and ori2/ori3, respectively306. Replicon-based typing classified pbla.As as 

an IncW plasmid with an inactive IncFII replicon306. In E. coli, pbla.As preferentially replicates from 

ori2/ori3 using RepA and is incompatible with IncW plasmids. In contrast, pbla variants that lack 

ori2/ori3 and repB initiate replication from ori1 and fail to co-exist with IncFII plasmids306. 

pbla is not mobile on its own, but can be mobilised in E. coli by several conjugative plasmids, 

including IncP, IncFIV, IncFII and IncIa plasmids307. In N. gonorrhoeae, the presence of pbla is 

associated with the conjugative plasmid pConj, which can transfer pbla290,308. The 1.9 kb pbla 

mobilisation region contains mobA and mobC, separated by an intergenic oriT309. Functional 

characterisation in E. coli strain S17-1, which contains integrated tra genes of conjugative plasmid 

RP4310, identified MobA as a relaxase that specifically recognises and nicks the pbla oriT sequence; 

MobC was not required for efficient plasmid transfer309. However, it is unclear if the results 

obtained for pbla mobilisation in E. coli are relevant for pbla transfer by pConj N. gonorrhoeae. 

pbla.Af and pbla.As are structurally identical except for a 1 826 bp fragment spanning repB and 

ori2/ori3 that is missing in pbla.Af286,300 (Figure 7A). pbla.Jo has a 2 560 bp deletion relative to 

pbla.Af that includes repB and ori2/ori3, but also mobC (Figure 7A)311. The pbla.Rio 2 270 bp 

deletion spans the mob/oriT region (Figure 7A), and there are conflicting reports about the mobility 

of this variant312-314. This is highly relevant as pbla.Rio is associated with the TEM-135315, which is 

of particular concern due to its potential to evolve into an ESBL316. pbla.Au (3.2 kb) is the smallest 
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described pbla variant to date302. It resembles pbla.Rio with a deletion of 2 273 bp (including the 

mob/oriT region, Figure 7A) and its association with TEM-135, but has a further 1 885 bp deletion 

comprising ori1 and truncating repA290,302. 

pbla.NZ and pbla.Ni are variants with insertions downstream of blaTEM
300. pbla.NZ has an 1 183 bp 

duplication that includes repA (Figure 7B). pbla.Ni lacks mobC and repB and has an IS5 insertion 

between blaTEM and repA (Figure 7B). 

To date, plasmid variants have been identified by restriction digestion and PCR-based assays317-319. 

Difficulties of assembling pbla from short read sequences286,320, a result of several repeated 

sequences on the plasmid300, have limited analysis of the prevalence and distribution of different 

pbla variants in gonococci, and their associations with TEM variants remain poorly understood.  
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1.3 Project aims 

The objective of this thesis was to understand plasmid-mediated b-lactam resistance in 

N. gonorrhoeae. Specifically, I aimed to: 

i) Develop a plasmid typing scheme that identifies pbla variants from short-read whole 

genome sequences. By applying the typing scheme, I aimed to assess the distribution 

of pbla variants in the gonococcal population. 

ii) Elucidate the basis for the distribution of pbla variants in gonococci, characterising the 

mobilisation, resistance levels, and fitness costs of pbla variants. 

iii) Examine the impact of RMSs on plasmid transfer within the N. gonorrhoeae 

population. 

By complementing bioinformatic analyses with molecular biology approaches, the object of this 

thesis is to define the molecular determinants of plasmid mediated b-lactam resistance in 

gonococci. 
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2 Materials and Methods 

2.1 Bioinformatic analysis 

2.1.1 Whole genome sequences 

Gonococcal whole genome sequences (WGS) in the PubMLST database (15  664 sequences, 

accessed 28th July 2022) were analysed on the BIGSdb platform321. Isolates with ambiguous 

ribosomal multilocus sequence type (rMLST, e.g. incorrect assignment of species)322 and duplicated 

entries were discarded, resulting in a dataset of 15  532 isolates from 1928 to 2022, originating from 

66 countries (Appendix, Supplementary Table S1).  

2.1.2 Characterisation of pbla  

The nucleotide sequence of pJD4 (Genbank accession NC_002098.1; representative pbla Asia 

variant)323 was blasted (BLASTn with expect threshold: 0.05, word size: 28, match/mismatch scores: 

1, -2, linear gap costs) against the NCBI nucleotide collection324 to characterise the host range of 

pbla. The amino acid sequences of individual open reading frames (ORFs) were used for BLASTp 

search against the NCBI non-redundant protein sequence database324 (expect threshold: 0.05, word 

size: 6, BLOSUM62 scoring matrix, gap costs: 11 existence, 1 extension). Furthermore, pbla RepA 

and RepB sequences were compared to RepA of the IncFII plasmid R1325 and IncW plasmid R388326 

using ClustalW with default parameters327.  

2.1.3 Protein structure predictions 

The structures of the NEIS2964 monomer, homodimers of NEIS2962 and RSF1010 MobC (GenBank 

accession: S96966.1) and NEIS2962 with the pbla oriT sequence309 were predicted with 
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AlphaFold3328 and visualised with PyMol v2.5.4329. Charge distributions were visualised with the 

Adaptive Poisson-Boltzmann Solver (APBS) electrostatics plugin330. 

Hydrophobicity plots of NEIS2964 were generated with ProtScale331 using the Hydropath./Kyte and 

Doolittle scale. To identify conserved residues of NEIS2964, homologues were identified using 

BLASTp against the NCBI non-redundant protein database324, followed by multiple sequence 

alignments with PROMALS9. The alignment was analysed to determine highly conserved residues 

based on sequence conservation scores, and key residues were mapped onto the predicted 

AlphaFold structure. Conserved genes flanking NEIS2964 were determined using WebFlaGs12 with 

BLASTp against NCBI RefSeq database (updated 29th January 2021, e-value <1e-10) and three 

jackhmmr iterations. Subsequently, hits of conserved neighbours (WP_140450222.1, 

WP_010904468.1 and WP_012881329.1) were queried as above to assess their co-occurrence with 

NEIS2964. 

2.1.4 Typing of pbla variants 

Published sequences of pbla deletion variants (Genbank accessions NZ_LT591905.1, pbla.1; 

DQ355980.1, pbla.3; HM756641.1, pbla.4; KJ842484, pbla.6) were mapped onto pJD4 

(NC_002098.1, pbla.2) in Snapgene v6.1.1 (Insightful Science; available from snapgene.com) to 

identify variant-specific deletions and establish the gene presence/absence matrix for the pbla 

typing scheme. The published insertion/repeat sequences U20421 and U20422.1 were queried 

(BLASTn, word size: 11, match/mismatch scores: 2, -3, linear gap costs) against the isolate dataset 

(Appendix, Supplementary Table S1) in the PubMLST database321. Hits with an alignment length of 

>500 bp (IS5 sequence U20421) or >50 % (repeat sequence U20422.1) were assessed for their 

genomic context by extracting the relevant contig from the sequencing bin and identifying the 

adjacent ORFs. Additionally, the IS5 sequence was blasted (BLASTn, word size: 28, match/mismatch 

scores: 1, -2, linear gap costs) against the NCBI nucleotide collection324. 
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pbla-carrying gonococci in the dataset (n = 2 758) were identified by the presence of NEIS2960, 

which encodes a hypothetical protein that is present in all pbla variants290. Gene absence was 

confirmed by blasting available alleles against plasmid sequences using the sequence tag scan 

function on PubMLST (minimum identity: 97 %, minimum alignment length: 50 % and BLASTn word 

size: 20). Plasmids were typed according to the characteristic gene presence/absence patterns of 

variants, with incompletely assembled loci considered as present. 

To check the accuracy of the typing scheme, short-read sequences of the pbla-containing WHO 

reference strains (WHO M, WHO N and WHO O), for which plasmid sequences have been 

characterised by hybrid assemblies of long and short-read sequences320, were used. Additionally, 

16 gonococcal isolates, from nine Ng_cgc400 lineages, eight countries and isolated from 1986 to 

2015, containing different pbla variants were randomly selected from the gonococcal dataset 

(Appendix, Supplementary Table S2) and typed using the scheme. pbla-containing contigs were 

then extracted from the sequence bin and aligned to pJD4 (NC_002098.1) to identify deleted 

regions and confirm the completeness of the remaining sequences. Sequencing quality was 

assessed by comparing sequencing parameters, such as the number of contigs, N50, L50, 

percentage of alleles designated, and percentage of loci tagged in isolates, which are accessible on 

PubMLST. 

2.1.5 Analysis of the distribution of pbla variants 

The N. gonorrhoeae population structure was resolved using core genome MLST (cgMLST v1, 

accessible on https://pubmlst.org/organisms/neisseria-spp321), which groups gonococcal isolates 

according to allelic designations in 1 668 loci, previously determined to be core to the gonococcus 

(i.e. present in >95% of gonococcal isolates)2. At every locus, each different allele is given a unique 

integer, and isolates are grouped into single-linkage clusters according to the number of allelic 

differences. A cut-off of 400 allelic differences resolves the population into 
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discrete N. gonorrhoeae core genome clusters (Ng_cgc400)2. A minimal spanning tree was 

generated with GrapeTree332. NEIS2220 (trbM) was used to detect the presence of pConj in 

individual isolates286. Previously, pConj variants had been assigned by clustering according to allelic 

differences in plasmid core genes with a cut-off of 5 allelic differences (Ng_cp5)286. However, the 

expansion of the database resulted in the unification of Ng_cp5s, and previously described Ng_cp5 

pConj variant assignments286 no longer match. Therefore, pConj variants were assigned by 

clustering pConj sequences in the dataset together with previously characterised pConj variants290 

using pConj core genome loci290 and GrapeTree332. 

2.1.6 Identification of pbla in Haemophilus spp. and Neisseria spp. 

Tn2 carrying isolates of Haemophilus spp. and Neisseria spp. were identified by blasting the 

sequence of Tn2 (GenBank accession: LC091537.1) against the Haemophilus (accessed 24th July 

2024, 6 896 isolates, 12 species) and Neisseria (accessed 24th July 2024, 41 158 isolates, 33 species) 

BIGSdb databases321 (BLASTn search with word size: 11, scoring: reward: 2; penalty: -3; gap open: 

5; gap extend: 2, sequence identity >97%, alignment length >50% of query length), the presence of 

the TnpA transposase was assessed independently in hits. pbla-like plasmids were identified by the 

presence of NEIS2960. Hits with a sequence identity >80% and alignment length >50% were further 

verified by assessing the presence of NEIS2358 (repA). 

2.1.7 Characterisation of H. ducreyi pbla  

DNA from H. ducreyi strains HD183 (PubMLST id: 16144) and DMC64 (PubMLST id: 16150) was 

provided by Prof. S. Spinola (Indiana University School of Medicine). Chromosomal plasmid 

integration was tested using primers TE45 and TE46, which bind to the flanking chromosomal 

regions of the plasmid insertion site, in combination with TE44 and TE42, respectively, which bind 

within the plasmid sequence. The primers were designed using the published genome assembly of 



 

 

 53 

H. ducreyi DMC64 (GenBank accession: CP011230.1); all primers are available in Supplementary 

Table S3 in the Appendix. 

The presence of pbla was verified using the primer pairs JDA/JDB and pbla_seq_10fw/ 

pbla_seq_2rv, generating overlapping PCR products only in the presence of circular pbla DNA. 

Plasmids were sequenced by Sanger sequencing using the pbla_seq primers. 

2.1.8 Phylogenetic analysis of pbla 

To detect phylogenetic relationships, a subset of the pbla-containing isolates on PubMLST321 was 

selected. All pbla-containing isolates predating 2000 with available sequence data (n = 35) were 

included in the dataset. Isolates between 2000 and 2022 (n = 379) were randomly selected using 

the r sample function, conserving the ratio between variants in the population (70% pbla.1, 14% 

pbla.2, 16% pbla.3). This resulted in a dataset of 414 pbla-carrying isolates (Appendix, 

Supplementary Table S4). Plasmid reads were mapped onto the H. ducreyi DMC64 pbla with Snippy 

v4.6.0 (minimum coverage = 4, base quality = 25). Subsequently, multiple sequence alignments 

were generated with snippy-core v4.6.0 and snippy-clean v4.6.0. A maximum likelihood tree was 

generated using RaxML-ng v1.2.2333. The tree was rooted at H. ducreyi DMC64 pbla and visualised 

with the R libraries ape334 and ggtree335. 

2.1.9 Methylation analysis of NgoAV strains 

FA1090 strains with different hsdS (Table 1) were sequenced using Nanopore (v14 library prep 

chemistry, R10.4.1 flow cells, PlasmidSaurus). Reads were aligned to the FA1090 genome (PubMLST 

id: 2855) using Dorado336, and the aligned files were sorted and indexed with Samtools337. Genome-

wide base modifications and predicted motifs were called with Modkit338 pileup and motif search. 



 

 

 54 

2.2 Bacterial strains and growth conditions 

Strains and plasmids used in this work are listed in Tables 1 and 2, respectively. E. coli DH5a was 

grown on Luria Bertani (LB) agar at 37°C or in liquid LB with shaking at 180 r.p.m.. N. gonorrhoeae 

strains were grown on Gonococcal Base Medium (GCB) agar or liquid medium (GCBL) 

supplemented with 1% Vitox (Oxoid) at 37°C, 5% CO2; liquid cultures were shaken at 180 r.p.m.. For 

experiments requiring extended growth, N. gonorrhoeae was grown in fastidious broth (FB)339. 

Antibiotics were added at the following concentrations: for E. coli, carbenicillin (carb) 100 µg/ml; 

for N. gonorrhoeae, carbenicillin 2.5 µg/ml; erythromycin (ery) 1 µg/ml; kanamycin (kan) 50 µg/ml; 

tetracycline (tet) 2 µg/ml. 

2.2.1 Strains used in this study 

Table 1: Strains used in this study. 

N. gonorrhoeae clinical and lab strains Ng_cgc_400 PubMLST id Reference 

FA1090 wt 286 2855 a kind gift from Prof. Ann 
Jerse  

WHO M 3 31663 320 

WHO N 54 31764 320 

WHO F 316 31562 320 

2086_K 21 31764 240 

44569 34 36296 240 

44593 364  36284 240 

55496 34 36267 

240 

https://pubmlst.org/bigsdb?db=pubmlst_neisseria_isolates&page=query&designation_field1=cg_15_group&designation_value1=364&submit=1
https://pubmlst.org/bigsdb?page=info&db=pubmlst_neisseria_isolates&id=36267
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60755 21 36291 240 

NG106 3 36305 a kind gift from Dr 
Samantha McKeand  

NG102 296 36303 this study 

NG028 321 127755 a kind gift from Dr 
Samantha McKeand 

NG015 3 127742 a kind gift from Dr 
Samantha McKeand 

NG064 29 127791 a kind gift from Dr 
Samantha McKeand 

NG114 25 127838 a kind gift from Dr 
Samantha McKeand 

NG149 377 127872 a kind gift from Dr 
Samantha McKeand 

NG296 25 128011 a kind gift from Dr 
Samantha McKeand 

N. gonorrhoeae pilD::aph(3) strains 
 

Background Reference 

FA1090 pilD::aph(3) 
 

FA1090 340 

FA1090 pilD::aph(3) pConj.1 
 

FA1090 340 

FA1090 pilD::aph(3) ngoAV::44569 
 

FA1090 this study 

FA1090 pilD::aph(3) ngoAV::60755 
 

FA1090 this study 

FA1090 pilD::aph(3) ngoAV::ng102 
 

FA1090 this study 

FA1090 pilD::aph(3) nlaIV ON 
 

FA1090 this study 
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FA1090 pilD::aph(3) nlaIV OFF 
 

FA1090 this study 

FA1090 pilD::aph(3) NEIS2765 ON 
 

FA1090 this study 

FA1090 pilD::aph(3) NEIS2765 OFF 
 

FA1090 this study 

2086_K pilD::aph(3) 
 

2086_K this study 

NG015 pilD::aph(3) 
 

NG015 this study 

NG064 pilD::aph(3) 
 

NG064 this study 

NG114 pilD::aph(3) 
 

NG114 this study 

NG149 pilD::aph(3) 
 

NG149 this study 

NG106 pilD::aph(3) 
 

NG106 this study 

    

pilD::ermC strains 
 

Background Reference 

FA1090 pilD::ermC pbla.1 
 

FA1090 this study 

FA1090 pilD::ermC pbla.2 
 

FA1090 this study 

FA1090 pilD::ermC pbla.3 
 

FA1090 this study 

FA1090 pilD::ermC pbla.2TEM-135 
 

FA1090 this study 

FA1090 pilD::ermC pbla.2 TEM-1P14S 
 

FA1090 this study 

FA1090 pilD::ermC pbla.2∆NEIS2961 pConj.1 FA1090 this study 

FA1090 pilD::ermC pbla.2∆NEIS2962 pConj.1 FA1090 this study 

FA1090 pilD::ermC pbla.2∆NEIS2964 pConj.1 FA1090 this study 
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FA1090 pilD::ermC pbla.1 pConj.1 
 

FA1090 this study 

FA1090 pilD::ermC pbla.2 pConj.1 
 

FA1090 this study 

FA1090 pilD::ermC pbla.3 pConj.1 
 

FA1090 this study 

FA1090 pilD::ermC pbla.1 pConj.2 
 

FA1090 this study 

FA1090 pilD::ermC pbla.1 pConj.3 
 

FA1090 this study 

FA1090 pilD::ermC pbla.1 pConj.4 
 

FA1090 this study 

FA1090 pilD::ermC pbla.1 pConj.7tetM+ 
 

FA1090 this study 

2086_K pilD::ermC pbla.1 pConj.1 
 

2086_K this study 

NG015 pilD::ermC pbla.1 pConj.1 
 

NG015 this study 

NG064 pilD::ermC pbla.1 pConj.3 
 

NG064 this study 

NG064 pilD::ermC pbla.1 
 

NG064 this study 

NG064 pilD::ermC pbla.2 
 

NG064 this study 

NG064 pilD::ermC pbla.3 
 

NG064 this study 

NG114 pilD::ermC pbla.1 pConj.1 
 

NG114 this study 

NG149 pilD::ermC pbla.1 pConj.1 
 

NG149 this study 

NG106 pilD::ermC pbla.1 pConj.1 
 

NG106 this study 

    

N. gonorrhoeae MIC strains 
   

FA1090 pbla.1 
 

FA1090 this study 
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FA1090 pbla.2 
 

FA1090 this study 

FA1090 pbla.3 
 

FA1090 this study 

FA1090 pbla.2TEM-1 P14S 
 

FA1090 this study 

FA1090 pbla.2TEM-135 
 

FA1090 this study 

FA1090 pbla.3TEM-1 
 

FA1090 this study 

2086_K pbla.1 
 

2086_K this study 

2086_K pbla.2 
 

2086_K this study 

2086_K pbla.3 
 

2086_K this study 

NG015 pbla.1 
 

NG015 this study 

NG064 pbla.1 pConj.3 
 

NG064 this study 

NG114 pbla.1 
 

NG114 this study 

 

 

2.2.2 Plasmids used in this study 

Table 2: Plasmids constructed and used in this study 

Plasmid Origin Comment Reference 

pbla.1 WHO M sequence confirmed by hybrid assembly 
from long and short read sequences  

320 

pbla.2 WHO N sequence confirmed by hybrid assembly 
from long and short read sequences 

320 
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pbla.3 NG296 WT pbla.3 with blaTEM-135 this study 

pbla.2TEM-1 P14S 
 

modification of pbla.2 from WHO N this study 

pbla.2TEM-135 
 

modification of pbla.2 from WHO N this study 

pbla.3TEM1 
 

modification of pbla.3 from NG296 this study 

pbla.2∆NEIS2961 

 
modification of pbla.2 from WHO N this study 

pbla.2∆NEIS2962 

 
modification of pbla.2 from WHO N this study 

pbla.2∆NEIS2964 

 
modification of pbla.2 from WHO N this study 

pConj.1 60755 WT pConj.1 340 

pConj.2 44359 
 

296 

pConj.3 WHO N 
 

320 

pConj.4 55496 
 

this study 

pConj.7 NG028 
 

this study 

pConj.7tetM+ 
 

modification of pConj.7 from NG028 this study 

pCR2.1-TOPO 
 

template for ermC 
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2.3 Genetic methods 

2.3.1 DNA extraction 

Genomic DNA was extracted using the Wizard Genomic DNA Purification Kit (Promega) according 

to the manufacturer's protocol with minor modifications. In brief, strains grown overnight on plates 

were harvested, resuspended in 600 µl nuclei lysis solution and incubated for 5 minutes at 80°C. 

RNase (3 µl) was added and the suspension incubated for 30 minutes at 37°C. Proteins were 

precipitated by the addition of 200 µl protein precipitation solution. After vortexing for 20 seconds, 

tubes were incubated on ice for 5 minutes, then spun at 14 000 x g for 10 minutes. Supernatants 

were collected and DNA precipitated by the addition of 600 µl isopropanol. DNA was pelleted, 

washed thrice with 70% ethanol and resuspended in elution buffer (Qiagen). 

Plasmids were purified with the Miniprep Kit (Sigma) as per the manufacturer's instructions. E. coli 

was grown in liquid culture supplemented with antibiotics, harvested by centrifugation and 

bacterial pellets were resuspended in 200 µl resuspension solution. N. gonorrhoeae was collected 

from overnight growth on agar and directly resuspended in 200 µl resuspension solution. 

Subsequently, bacteria were lysed with 200 µl lysis solution, neutralised with 350 µl neutralisation 

solution, and the debris was pelleted by centrifugation. The supernatant was loaded onto columns, 

washed with wash solution, and DNA was eluted in 40 µl nuclease-free water. 

2.3.2 Gibson assembly  

Gibson Assembly was performed using the NEBuilder HiFi DNA Assembly Kit (NEB) according to the 

manufacturer’s instructions. DNA fragments were amplified using primers that introduced 15 - 30 

bp overlap sequences. A total of 0.002 - 0.5 pmol of fragments (in 10 µl) was mixed with the Gibson 

Assembly Master Mix, which contains 5ʹ exonuclease (T5), DNA polymerase, DNA ligase and 
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deoxynucleoside triphosphates. The reaction was incubated at 50°C for 1 hour, and the assembled 

product was transformed into E. coli DH5a cells (NEB, protocol E2611). 

2.3.3 Agarose gel electrophoresis and gel extraction 

Agarose gels consisted of 0.8% (w/v) agarose (Invitrogen) in 1x TAE buffer (40 mM Tris, 20 mM 

acetic acid, 1 mM EDTA) with SYBR Safe DNA dye (0.01%, ThermoFisher) added to visualise DNA. 

Samples were mixed with loading dye (30% v/v glycerol, 0.25% w/v bromophenol blue, 0.25% w/v 

xylene cyanol FF) and loaded onto gels. HyperLadder (1 kb, Bioline) served as a size reference. 

Samples were separated by electrophoresis (110 V) and visualised on Biorad gel Doc XR+. 

2.3.4 Bacterial transformation 

2.3.4.1 Transformation of chemically competent E. coli 

Plasmid DNA (100 ng) was transformed into 50 µl chemically competent E. coli DH5a. Bacteria were 

incubated on ice for 30 minutes before heat shock (42°C, 45 seconds). For recovery, bacteria were 

placed on ice for 90 seconds, after which, 1 ml of LB was added. Bacteria were incubated for 1 hour 

at 37°C, with shaking at 180 r.p.m.. Transformants were selected by plating on selective media. 

2.3.4.2 Spot transformation of N. gonorrhoeae 

PCR constructs were transformed into N. gonorrhoeae as described previously341: 1 µg of DNA in 

water was spotted onto GCB plates and allowed to dry. Bacteria grown on GCB agar for 16 - 18 

hours were harvested with a sterile cotton swab and streaked over the dried spots. Plates were 

incubated for 8 hours, then bacteria were transferred onto selective media and incubated 

overnight. Transformants were re-streaked onto selective media, and constructs were confirmed 

by PCR and Sanger sequencing.  
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2.3.4.3 Electroporation of N. gonorrhoeae 

For electroporation of N. gonorrhoeae, bacteria grown overnight on GCB agar were resuspended 

in sterile PBS (Sigma), and the bacterial density was adjusted to 5x 107 CFU/ml. Bacteria were 

washed three times with 20% glycerol / 1% MOPS (Sigma) v/v and resuspended in a final volume 

of 50 µl 20% glycerol / 1% MOPS. A maximum of 12 µl of DNA was electroporated using the 

following settings: 2.5 kV, 200 W, 25 mF. Cells were recovered in 1 ml of GCBL supplemented with 

2% Vitox, pelleted, resuspended and plated on GCB agar. Plates were incubated for 3 hours, after 

which the cells were collected and transferred to selective media. Plates were incubated overnight, 

and individual transformants were re-streaked onto selective agar before analysis. 

2.4 Strain construction 

Regions of interest were amplified using Herculase II fusion (Agilent) or PrimeSTAR GXL DNA 

(Takara Bio) polymerase according to the manufacturer's instructions with primers listed in 

Supplementary Table S3 (Appendix). To enable integration of the fragments by homologous 

recombination, constructs included approximately 1 kb of sequence up- and downstream of the 

gene of interest. If constructs did not contain a gonococcal DUS342, it was included at the 5' end of 

the primer.  

2.4.1 N. gonorrhoeae pilD knockouts 

FA1090 pilD::aph(3) was kindly provided by Dr Wearn-Xin Yee. To use erythromycin resistance, 

aph(3) was replaced with ermC. For this, flanking regions were amplified from FA1090 using primers 

TE25/TE28 and TE26/TE29; ermC was amplified from pCR2.1-TOPO with TE22/TE23. Resulting PCR 

fragments were joined by Gibson assembly. The pilD::ermC fragment was reamplified with 

TE28/TE29, gel extracted and transformed into N. gonorrhoeae. 
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2.4.2 RMS modifications 

FA1090 nlaIV ON/OFF, NEIS2765 ON/OFF and NgoAV recipient strains were generated by Dr Ana 

Cehovin. Donor strains with different NgoAV hsdS sequences were constructed by markerless gene 

editing340, which uses a positive-negative selection cassette to genetically modify N. gonorrhoeae 

strains without introducing additional DNA sequences. First, the hsdS locus was replaced with the 

aph(3)-galK cassette. For this, upstream and downstream regions of NgoAV hsdS (NEIS2362) were 

amplified with PrimeSTAR GXL polymerase (Takara Bio) and primer pairs 

Ngo_AV_UpF/NgoAV_POpa_R and NgoAV_Kan_F/NEIS2391_Down_R using FA1090 genomic DNA 

as template; the aph(3)-galK cassette was amplified from FA1090 fetA::aph(3)-galK genomic 

DNA340 provided by Dr Ana Cehovin using TE134/TE135. Fragments were joined by Gibson 

assembly, reamplified with NgoAV_AV_UpF/NEIS2391_Down_R and transformed into FA1090. 

Transformants were selected on kan. Next, the cassette was exchanged for the hsdS sequences 

amplified from N. gonorrhoeae 60755, NG102 or 44569 using primers 

NgoAV_AV_UpF/NEIS2391_Down_R. Transformants were selected on GCB agar supplemented 

with 6.4% (w/v) 2-deoxy-galactose (2-DOG, Merck). In the presence of GalK, 2-DOG is 

phosphorylated into 2-deoxy-galactose-1-phosphate, which is toxic to the gonococcus, so only 

transformants in which galK had been replaced survived. The hsdS sequence was confirmed by PCR 

and Sanger Sequencing. 

2.4.3 Generation of plasmid-carrying N. gonorrhoeae strains by conjugation 

While strains with pbla without pConj were generated by electroporation, pConj with/without pbla 

was introduced by conjugation. For this, donor and recipient strains with pilD::ermC and 

pilD::aph(3), respectively, grown overnight on GCB agar, were collected with a sterile cotton swab 

and mixed by plating onto GCB agar. Plates were incubated for 6 hours, then bacteria were 

collected and plated on selective media. Individual colonies were analysed by PCR, confirming the 
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presence of pbla (primers JDA/JDB), pConj (primers tetM_UF/tetM_AR). To confirm strain identity, 

porB was amplified with PorF/PorR and sent for sequencing. 

2.5 Plasmid modifications 

2.5.1 Isogenic pbla variants 

Isogenic pbla variants (pblaiso) were constructed from pbla.2. To generate linear templates for 

pbla.1iso and pbla.3iso, pbla.2 was cut with HindIII-HF (NEB, for pbla.1iso) or PvuII-HF (NEB, for 

pbla.3iso). The sequence corresponding to pbla.1iso was amplified from linearised pbla.2 with 

primers TE18/TE19 and PrimeSTAR GXL polymerase (Takara Bio). Overlap sequences for Gibson 

assembly were introduced in a subsequent PCR with primers TE20/TE21, using the diluted product 

of the first PCR as template. pbla.3iso was amplified in two fragments with primers TE7/TE17 and 

TE9/TE16, producing products with overlapping regions. Isogenic plasmid variants were assembled 

using Gibson Hifi master mix (NEB) and transformed into chemically competent E. coli DHa 

following standard procedures (NEB, protocol E2611). Plasmids were confirmed by Sanger 

sequencing. 

2.5.2 Generation of mob mutants 

pbla.2 NEIS2961 and NEIS2962 deletion variants (pbla.2DNEIS2961 and pbla.2DNEIS2962) were generated 

using PrimeSTAR polymerase. pbla.2 sequences were amplified by PCR with primers TE54/TE53 

(pbla.2DNEIS2961) or TE50/TE51 (pbla.2DNEIS2962). Next, overhangs were introduced by PCR (TE55/TE54, 

pbla.2DNEIS2961; TE50/TE52, pbla.2DNEIS2962). PCR products containing overhangs were transformed 

into chemically competent E. coli DH5a, and plasmid sequences were confirmed by Sanger 

Sequencing. 
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To delete both copies of NEIS2964 from pbla, the repB containing fragment was amplified from 

pbla.2 using primers TE47/TE48. The plasmid backbone was amplified from pbla.1iso with primers 

TE47/TE59. Overhangs were added to the repB and plasmid backbone fragments using primers 

TE48/TE60 and TE59/TE49, respectively. PCR products were joined by Gibson assembly and 

transformed into E. coli DH5a. 

2.5.3 Introduction of TEM variants in different pbla backbones 

Point mutations in blaTEM were introduced using the RAIR method343. In summary, PCRs with the 

respective primers (TE56/TE57, pbla.2TEM-135; TE63/TE64, pbla.2TEM-1 P14S; TE65/TE66, pbla.3TEM-1) 

were performed using Herculase II fusion polymerase (Agilent), with pbla.2 or pbla.3 as template. 

PCR products were purified (Promega Wizard SV Gel and PCR Clean-up system) and transformed 

into chemically competent E. coli DH5a. blaTEM nucleotide sequences were confirmed by Sanger 

sequencing using primers pbla_seq_1fw/pbla_seq_2rv. 

2.5.4 Construction of pConj.7tetM+ 

pConj.7tetM+ was constructed by introducing tetM from pConj.3 (tetM allele 1) into the genetic load 

region of pConj.7. tetM was amplified from N. gonorrhoeae WHO N using primers TE34/TE35 and 

Herculase II fusion polymerase. Flanking regions were amplified from pConj.7 using primer pairs 

TE36/TE37 and TE38/TE39. PCR fragments were joined by Gibson assembly, then the resulting 

fragment was amplified with TE36/TE39. The construct was introduced into N. gonorrhoeae NG028 

by electroporation. The insertion was confirmed by Sanger sequencing, and pConj.7tetM+ was 

transferred into N. gonorrhoeae FA1090 ∆pilD::ermC pbla.1 by conjugation. 
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2.6 Bacterial growth and competition assays 

2.6.1 Growth curves 

Bacterial growth curves were determined in GCBL/1% Vitox inoculated at OD600 0.1. Liquid cultures 

(200 μl) were incubated at 37°C, 5% CO2, shaking at 200 r.p.m., and OD600 measurements were 

acquired every 20 minutes using the FLUOstar Omega Microplate Reader (BMG Labtech). For each 

strain, readings were acquired in three technical replicates, on three occasions (biological 

replicates). The maximum growth rate (µmax), maximum OD (ODmax) and AUC were determined with 

the R growthrates package344. 

2.6.2 Competition assays 

To measure the fitness costs of pbla, plasmids were introduced into FA1090 ∆pilD::ermC and 

competed against FA1090 ∆pilD::aph(3). Strains grown overnight on GCB agar were resuspended 

in PBS and adjusted to an OD600 of 1 (~ 109 CFU/ml). Strains were mixed in a 1:1 ratio, serially diluted 

to 105 CFU/ml in 200 μl FB and grown at 37°C, 5% CO2, with shaking at 180 r.p.m.. After 24 hours, 

strains were enumerated by spotting on GCB/kan and GCB/ery. Fitness costs (w) were calculated 

as follows:  

𝑤 =
𝑙𝑛(𝑁!/𝑁")

𝑙𝑛(𝑁!,$%&'/𝑁",$%&')
 

where w is the relative fitness of the pbla-carrying isolate compared to the plasmid-free isolate. 

𝑁" 	and 𝑁! are the number of cells of the pbla-free clone at the beginning and end of the 

competition, respectively, 𝑁",$%&' and 𝑁!,$%&' the number of the pbla-carrying clone. To correct for 

fitness costs imposed by the resistance markers, FA1090 ∆pilD::ermC was competed against 

FA1090 ∆pilD::aph(3). All competitions were performed on four separate occasions. 
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2.6.3 Mobilisation and conjugation assays 

pbla mobilisation by pConj was assessed in isogenic matings as previously described296 with minor 

modifications. Donor (pilD::ermC) and recipient (pilD::aph(3)) strains were grown overnight on GCB 

agar, then inoculated in 5 ml GCBL/1% Vitox at an OD600 of 0.1 and grown to OD600 0.6 - 0.8. The 

bacterial density was adjusted to 108 CFU/ml, and donor and recipient strains were mixed in a 10:1 

ratio. Bacteria (5 µl) were spotted onto GCB agar, incubated for 6 hours at 37°C, 5% CO2, then 

harvested in 200 µl GCBL, serially diluted and spotted in triplicate onto GCB agar with antibiotics 

(ery for the donors, kan for the recipients, kan/tet for pConj transconjugants, kan/carb for pbla 

transconjugants). Conjugation and mobilisation frequencies were defined as the number of 

transconjugants per recipient, and each conjugation was performed on at least three occasions. 

2.7 Antibiotic susceptibility testing 

Benzylpenicillin minimal inhibitory concentrations (MICs) were measured by broth microdilution345. 

Microdilution 96-well plates were prepared using two-fold serial dilutions of penicillin in a total 

volume of 50 μl water. The last column contained only water and served as growth control. For the 

bacterial inoculum, strains were grown overnight on GCB agar, resuspended in PBS (Sigma), their 

OD600 adjusted to 1.0 (equivalent of 109 CFU/ml) and diluted in 2x FB/2% Vitox to 105 CFU/ml. 

Bacteria (50 µl) were added to each well. Plates were incubated for 24 hours before measuring the 

OD600. The MIC was defined as the first well with a reduction of OD600 >50% compared to the 

antibiotic-free well of the respective strain.  
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2.8 SDS-PAGE and Western blot analysis 

To assess cellular TEM levels, strains were grown overnight on GCB agar and sub-cultured in 

GCBL/1% Vitox to mid-exponential phase. Bacterial cell lysates were prepared by the addition of 2x 

SDS-PAGE loading buffer to an equal volume of bacteria in liquid culture. A 10 µl sample was 

subjected to electrophoresis on 12% SDS-polyacrylamide gels and transferred to Amersham Protan 

nitrocellulose membranes (GE Healthcare) for 30 minutes at 25 V using the Trans-Blot Turbo System 

(Bio-Rad). Subsequently, membranes were incubated overnight in blocking buffer (PBS/0.5% 

Tween-20/5% milk), washed thrice for 5 minutes with PBS-T (PBS/0.5% Tween-20) and incubated 

with the primary antibodies (Rabbit anti-RecA, Abcam, ab63797, final dilution of 1 : 5 000; Mouse 

anti-TEM, Abcam, 8A5.A10, final dilution of 1 : 1 000) in blocking buffer for 2 hours at room 

temperature. After three 10 minutes washes with PBS-T, membranes were incubated with 

fluorophore-conjugated secondary antibodies (LI-COR Biosciences, 925-68071 IRDye® 680RD Goat 

anti-Rabbit IgG and 925-32210 IRDye® 800CW Goat anti-Mouse IgG) at a final dilution of 1 : 10 000 

for 1 hour at room temperature. Membranes were washed thrice with PBS-T and dried before 

imaging. Band intensities indicated in immunoblots were quantified using the Image Studio 

software (LI-COR Biosciences) and normalised to protein levels of the RecA loading control.  

2.9 Plasmid copy number estimation 

DNA was extracted from 1 ml of mid-exponential phase liquid culture using the Wizard Genomic 

DNA Purification Kit (Promega) according to the manufacturer's instructions. For each strain, DNA 

was isolated on three independent occasions. Gene copy numbers of the chromosomal recA and 

plasmid tnpR were quantified using the QX200 Droplet Digital PCR system (Bio-Rad) according to 

the manufacturer's instructions. ddPCRs contained 1x EvaGreen supermix (Bio-Rad), 100 nM of 

each primer (TE79 and TE80 for recA; TE81 and TE82 for tnpR). To optimise template 
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concentrations, DNA titrations were performed. A total DNA concentration of 2 pg/reaction yielded 

appropriate positive and negative droplet counts for both targets and was used in all subsequent 

reactions. Droplets were generated using the automated droplet generator (Bio-Rad) employing 

20 µl of PCR mixture and 70 µl of Droplet Generation Oil for EvaGreen (Bio-Rad). Prepared droplet 

emulsions were transferred into 96-well PCR plates, covered with pierceable foil and heat-sealed 

using the PX1 PCR Plate Sealer (Bio-Rad). PCR targets were amplified with the following cycling 

conditions: enzyme activation at 95°C for 5 minutes, followed by 39 cycles of denaturation at 95°C 

for 30 seconds, annealing and extension at 60°C for 1 minute. Droplets were stabilised by cooling 

to 4°C for 10 minutes and heating to 90°C for 5 minutes, before holding at 4°C. For each step, a 

2.5°C/second ramp rate was introduced to ensure each droplet reached the correct temperature. 

After thermal cycling, data were acquired and analysed using the QX200 Droplet Reader together 

with the Quanta Soft Analysis software (Bio-Rad). Each reaction was performed on three occasions. 

Plasmid copy number per chromosome was calculated as tnpR copies / recA copies.  

2.10  TEM mRNA expression 

To analyse TEM expression in different strain backgrounds, pbla.1TEM-1 carrying isolates were sub-

cultured to mid-exponential phase in 5 ml GCBL/1% Vitox, bacteria harvested from 1 ml of culture, 

and RNA was extracted using the Qiagen RNeasy Mini Kit together with the RNA protect Reagent 

(Qiagen, #76506) and on-column RNase-free DNase I treatment (Qiagen, #79254, protocol RY28). 

RNA was subsequently reverse transcribed to cDNA using the LunaScript RT SuperMix Kit (NEB, 

#E3010). The cDNA was used in ddPCRs as described above with primers TE79/TE80 (recA) and 

TE97/TE98 (blaTEM). No-RT and no-template reactions served as negative controls.  
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2.11  Statistical analyses 

Data manipulation and analysis were performed in R version 4.1.1 using base R and the tidyverse 

package346. To calculate odds ratios, the odds.ratio function from the epitools package347 was used. 

Plots were generated with ggplot2348. A p-value <0.05 was considered statistically significant.  
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3 Epidemiology and evolution of the gonococcal b-

lactamase plasmid pbla 

3.1 Characterisation of gonococcal pbla 

To anticipate the functional properties of the gonococcal b-lactamase plasmid pbla, I started by 

characterising the 7.4 kb pJD4 (Genbank accession NC_002098.1). pJD4 represents the considered 

ancestral pbla, previously referred to as the Asia variant300, and has nine ORFs that are grouped 

into Tn2-derived, replication, and mobilisation regions (Figure 8). The pbla resistance determinant 

blaTEM is in a truncated Tn2303, which also carries 84% of the tnpR resolvase gene, but lacks the tnpA 

transposase gene and the left inverted repeat349,350.  

The replication region contains NEIS2358 (repA) and NEIS2360 (repB) encoding the Rep replication 

initiation proteins required for initiation of replication at ori1 and ori2/ori3, respectively306. The oris 

belong to the iteron family306; approximately half of each origin consists of an array of ~20 bp 

repeats which serve as binding sites for the Rep proteins351.  

The mobilisation region of pbla consists of an origin of transfer (oriT), flanked by NEIS2961 encoding 

a MobA relaxase and NEIS2962 (also annotated as mobC)309. Mob typing characterises plasmids 

according to their N-terminal relaxase domain42, and classified pbla as a MobQ family plasmid.  
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Figure 8: Gene organisa%on of the 7.4 kb pbla.  
ORFs are indicated as arrows with colours reflec%ng their func%on: yellow, mobilisa%on; 
orange, Tn2-derived genes including blaTEM (NEIS2357); blue, replica%on ini%a%on; grey, 
unknown gene func%on. 
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Next to the mobilisation region is NEIS2964, which encodes an 86 amino acid protein of unknown 

function. A second copy of NEIS2964 is located between (repA) and NEIS2360 (repB). To gain 

insights into the function of NEIS2964, I predicted its structure using AlphaFold3 and assessed 

surface charge distribution and hydrophobicity using the APBS Electrostatics Plugin in PyMOL and 

Protscale330,331. NEIS2964 is predicted to contain two domains: an N-terminal hydrophobic a-helix 

and a charged globular C-terminal domain (Figure 9A and B). The high average hydrophobicity of 

the N-terminal a-helix (>1.2) predicted by Protscale, and its length (40.9 Å) matching the 

hydrophobic core of the lipid bilayer (30-40 Å)352, suggests NEIS2964 is membrane-anchored. This 

was further supported by Phobius353, a hidden Markov Model-based predictor for signal peptides 

and transmembrane segments, which identified the 33.6 Å a-helix segment between residues 6 

and 26 as a transmembrane domain. 

To identify structurally and functionally important sites, I investigated conserved residues between 

NEIS2964 homologs. BLASTp search (word size = 5, expect value = 0.05, gap costs = 11.1, BLOSUM62 

matrix) of NEIS2964 against the NCBI non-redundant protein database identified 50 homologs from 

diverse Proteobacteria species (Appendix, Supplementary Table S5) with amino acid identity 

between 98.82 and 36.71% and query cover between 100 and 58%. Multiple sequence alignments 

with PROMALS9 identified several residues with scores between 5 and 9, indicating medium to high 

conservation (Figure 9C). While the few N-terminal conserved residues had hydrophobic side-

chains, conserved residues in the C-terminus are mainly positively charged and/or capable of π-

stacking; non-covalent interactions between aromatic amino acids, where the electron-rich π 

orbitals of one aromatic group interact with those of another354. π -stacking of aromatic side chains 

of amino acids (such as phenylalanine, tyrosine and tryptophan) with the aromatic bases of DNA 

can facilitate protein-DNA interactions355, suggesting the NEIS2964 C-terminal domain interacts 

with nucleic acids. 
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Figure 9: NEIS2964 contains a hydrophobic a-helix and a globular charged domain.  
(A) AlphaFold3 structure predic%on of NEIS2964 with nega%vely and posi%vely charged regions indicated in 
red and blue, respec%vely. (B) Hydropathy plot of NEIS2964 indicates a N-terminal transmembrane domain. 
An average hydropathy score of >1.6 is sugges%ve of transmembrane segments and is indicated as a dashed 
line. (C) Conserved residues of NEIS2964 were iden%fied with PROMALS9 and mapped onto the AlphaFold3 
structure predic%on. 
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Conserved co-location with genes can provide further insights into gene function, and I further 

performed neighbourhood analysis of NEIS2964 using FlaGs (Flanking Genes) analysis12. The 

analysis revealed that NEIS2964 is often adjacent to mob and rep (Figure 10). However, using both 

mobA (WP_012881329.1), mobC (WP_010904468.1) and repB (WP_140450222.1) as queries, I 

found that while repB is frequently found without NEIS2964-related genes, mobA and mobC show 

a consistent association with NEIS2964 (Figure 10). This suggests a role for NEIS2964 in plasmid 

mobilisation.  

NEIS2960 is located between blaTEM (NEIS2357) and repA (NEIS2358, Figure 8) and is highly 

conserved across pbla sequences (>98.2% nucleotide identity acrcross 2 758 plasmid sequences), 

with 97.7% of plasmids carrying NEIS2960 allele 1. NEIS2960 is predicted to be an antitoxin 

belonging to the VbhA family (Genbank accession: WP_164823310.1). No cognate Vbh family toxin 

(VbhT) is present on pbla. The gonococcal conjugative plasmid pConj encodes a VapD toxin, which 

has been indicated in forming a split TA system with a VapX antitoxin encoded by the cryptic 

plasmid pCryp or vapX on a chromosomal T4SS-encoding island294,356. Therefore, I also investigated 

whether a putative VbhT is present on the gonococcal chromosome or co-occurring plasmids. VbhT 

toxicity results from the inhibition of DNA replication by AMPylation of the DNA gyrase, mediated 

by the Fic domain of the toxin357,358, and I identified NEIS1357 on the gonococcal chromosome as 

Fic domain (pfam 02661) protein, suggesting NEIS2960 and NEIS1357 could act as a split toxin-

antitoxin system maintaining pbla in gonococci. However, NEIS1357 shares 99.46% amino acid 

identity to NmFic of N. meningitidis (Genbank accession: HGH6774163.1). No antitoxin gene has 

been described adjacent to NmFic. Instead, NmFic is regulated intramolecularly by an active site 

obstruction from an inhibitory α-helix at the C terminus, as well as multimerisation and self-

adenylylation359,360. Therefore, it is unclear if NEIS2960 could contribute to pbla maintenance 

through interactions with NEIS1357. 

https://www.ncbi.nlm.nih.gov/protein/HGH6774163.1?report=genbank&log$=prottop&blast_rank=2&RID=3ZZCKY71013
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WP_111354679.1| Haemophilus paraphrohaemolyticus
WP_140450219.1|Haemophilus haemolyticus
WP_165773159.1|Conservatibacter flavescens
WP_235227739.1|Neisseria gonorrhoeae
WP_235230611.1|Neisseria gonorrhoeae

WP_177159854.1|Neisseria gonorrhoeae
WP_215227094.1|Neisseria gonorrhoeae
WP_181055147.1|Neisseria gonorrhoeae
WP_181055101.1|Neisseria gonorrhoeae
WP_235230449.1|Neisseria gonorrhoeae
WP_235230252.1|Neisseria gonorrhoeae
WP_192574270.1|Haemophilus parahaemolyticus
WP_177164926.1|Neisseria gonorrhoeae
WP_247856521.1|Neisseria gonorrhoeae

MobA

WP_032490546.1|Neisseria gonorrhoeae

MobAMobC

MobC
WP_032490547.1| Haemophilus  ducreyi
WP_106176364.1|Neisseria gonorrhoeae
WP_111354680.1| Haemophilus paraphrohaemolyticus
WP_140476329.1|Haemophilus haemolyticus
WP_226397203.1|Haemophilus sp  Marseille Q0026
WP_103854529.1|Avibacterium gallinarum
WP_100289750.1|Conservatibacter flavescens
WP_111313761.1| Haemophilus parahaemolyticus
WP_077417493.1|Rodentibacter rarus
WP_077473630.1|Rodentibacter trehalosifermentans
WP_160151380.1|Actinobacillus sp  GY 402
WP_249989539.1|Actinobacillus pleuropneumoniae
WP_039768439.1|Actinobacillus pleuropneumoniae
WP_170374452.1|Pasteurella multocida

MobAMobC

RepB
WP_078177681.1|Haemophilus paraphrohaemolyticus
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Figure 10: Neighbourhood analysis of NEIS2964, mobA, mobC and repB.  
FlaGS queries the protein sequence against the RefSeq database12. The accession numbers and the species 
of origin of homologs are shown. 
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3.2 pbla epidemiology 

3.2.1 pbla typing reveals three major variants circulate in gonococci  

Understanding the variation and prevalence of pbla is essential for monitoring and predicting the 

spread of plasmid-mediated b-lactam resistance in the gonococcus. Seven variants of pbla ranging 

in size from 3.2 to 9.3 kb have been described previously300,302,361. However, de novo pbla assembly 

from short-read sequences is challenging due to repeat sequences on the plasmid, hindering the 

use of publicly available WGS to study the prevalence and distribution of pbla variants. Therefore, 

I exploited the characteristic gene presence/absence patterns of pbla variants to establish a typing 

scheme, Ng_pblaST. As the WHO discourages the use of geographic regions in the naming of 

infectious diseases362, I have proposed a numeric nomenclature for pbla, which numbers the 

variants in the order in which they were reported4,233,302,361,363 (Table 3).  

Initially, I analysed the available sequences of pbla variants to identify their differences in 

comparison to the 7.4 kb pbla.2323. Variants with a duplication of NEIS2358 and NEIS2964 (pbla.6) 

or an IS5 insertion downstream of blaTEM (pbla.7) have been reported only once318,364. I analysed 

available gonococcal isolates on PubMLST (n =15 532, Appendix, Supplementary Table S1), which 

includes 2 758 pbla-carrying isolates, for the presence of the duplicated sequence and IS5. I found 

a single pbla-carrying isolate (GHA-TMH-537, PubMLST id: 95801)365 containing a duplication. GHA-

TMH-537 is a hybrid assembly of Illumina and Oxford Nanopore sequences, with a 10.47 kb pbla. 

Of note, GHA-TMH-537 pbla has a duplication of NEIS2960, NEIS2357 (blaTEM), NEIS2359 (tnpR), 

NEIS2358 (repA) and NEIS2360 (repB), and a deletion of NEIS2961 (mobA) and NEIS2962 (mobC), 

suggesting a novel pbla variant or an assembly error, as the presence of he pfour different rep 

genes in a small plasmid like pbla is unlikely. Additionally, IS5 is not present in Neisseria spp. or in 

Haemophilus spp., but is found in the E. coli strain HB101 from which pbla.7 was isolated following 
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introduction of the gonococcal pbla318. Therefore, pbla insertion variants are rare or potential 

experimental artefacts318, so were not included in the typing scheme.  

pbla.1 (5.6 kb)320 and pbla.4 (5.4 kb)361 have deletions in the replication region. pbla.1 is structurally 

identical to pbla.2 except for the loss of a 1 826 bp fragment (Figure 11, Table 3), which includes 

NEIS2960 (repB), NEIS2964, ori2 and ori3. pbla.4 has a 2 560 bp deletion that includes ori2 and ori3. 

In addition to genes absent from pbla.1, pbla.4 lacks NEIS2962 (mobC) and the second copy of 

NEIS2964 (Figure 11, Table 3). 

pbla.3 (5.1 kb)313 and pbla.5 (3.2 kb)302 have a 2 270 bp deletion spanning the mob/oriT region 

(Figure 11, Table 3). pbla.5 is the smallest pbla variant reported to date and has lost a further 

1 885 bp including ori1 and NEIS2358 (repA), as well as NEIS2960 and NEIS2964. 

The pbla typing scheme Ng_pblaST characterises pbla variants according to their presence/absence 

(Table 3) and has been implemented on the PubMLST database (https://pubmlst.org/neisseria/). 

pbla loci are identified from the isolate sequence bin, with a gene considered as present when 

>50% of the gene with a sequence identity of >97% is identified. The low cutoff for sequence 

coverage was chosen to avoid misclassification of variants due to sequences at the ends of contigs 

being assigned as 'absent'. Although it is possible to distinguish between pbla variants based on the 

presence and absence of four genes (NEIS2961, NEIS2962, NEIS2964 and NEIS2360), plasmid 

variants were only assigned when the gene presence/absence pattern detected fully matched the 

scheme to avoid incorrect classification in isolates with low sequence quality.  

  

https://pubmlst.org/neisseria/
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Table 3: Gonococcal pbla variants and their defining features. 

pbla variant Previous name First reported Size (kb) Defining gene absence  Reference 

pbla.1 pbla.Af  1976 5.6 NEIS2360 233 

pbla.2 pbla.As  1976 7.4 
 

4 

pbla.3 pbla.Rio  1984 5.1 NEIS2361, NEIS2362 363 

pbla.4 pbla.Jo 2011 5.4 NEIS2360, NEIS2362, 
NEIS2964 

361 

pbla.5 pbla.Au 2012 3.2 NEIS2358, NEIS2361, 
NEIS2362, NEIS2964 

302 

 

   

Figure 11: Schema%c representa%on of the pbla dele%on variants aligned to pbla.2.  
Grey lines indicates aligned regions with arrows represen%ng ORFs coloured according to their gene func%on; 
yellow, mobilisa%on proteins; orange, Tn2-derived genes including blaTEM (NEIS2357); blue, replica%on 
ini%a%on proteins; grey, unknown gene func%on. 
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Next, I validated Ng_pblaST by examining available short-read WGS of the WHO reference strains 

M, N and O, which are known to harbour pbla and have been characterised by long-read 

sequencing320,366. Ng_pblaST correctly identified the pbla variant in every instance from the short-

read sequences alone. Additionally, I analysed short-read sequences from 16 gonococcal isolates 

containing pbla (Appendix, Supplementary Table S2) by manually extracting plasmid-loci containing 

contigs from the sequence bins and mapping them against the pbla.2 reference sequence; this also 

confirmed the Ng_pblaST typing results.  

With Ng_pblaST, I characterised pbla variants in WGS of 2 758 pbla-carrying isolates from 50 

countries across all six WHO regions; these isolates were recovered between 1979 and 2022 

(Appendix, Supplementary Table S1). pbla variants were assigned in 74.6% of pbla-carrying isolates. 

The remaining sequences showed uncharacteristic gene presence/absence patterns, which could 

indicate novel variants or poor WGS quality. When assembling genomes from the longest to the 

shortest contig, the N50 is the length of the shortest contig when half the total genome has been 

assembled367; a low N50 can be indicative of low-quality genome assemblies. The sequences of 

isolates with uncharacterised pbla had a significantly lower N50 than isolates with typed pbla 

(average N50 untyped = 59578.6 vs. average N50 typed = 78270.6, two sample t-test p <0.001). 

This suggests the pbla variants in these isolates could not be identified due to poor sequencing 

quality, rather than due to the presence of novel variants.  

Of the typed isolates (2 054), only six and three isolates carry pbla.4 and pbla.5, respectively. 

Therefore, pbla.1 (1 433/2 054, 69.7 %), pbla.3 (326/2 054, 15.8%) and pbla.2 (286/2 054, 13.9%) 

account for >99% of all typeable pbla in the PubMLST database. Having implemented Ng_pblaST 

and identified the major pbla variants, I next analysed whether these variants are associated with 

distinct alleles of pbla genes and investigated their distribution in the gonococcus.  
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3.2.2 pbla variants are associated with distinct TEM variants 

All pbla variants carry blaTEM, conferring resistance to penicillins. There are 59 blaTEM alleles in the 

2 157 pbla sequences with assigned blaTEM allele in the PubMLST database (cutoff date: 28th July 

2022, 78.2% of all pbla sequences). TEM-1 (encoded by alleles 3, 9, 16, 18, 19, 21, 22, 25, 29, 31, 

41, 44, 53, 55, 70, 80, 91, 93 and 105) is the most prevalent TEM variant, accounting for 59.6% 

(1 286/2 157) of sequences, followed by TEM-135 (alleles 2, 8, 26, 42, 43, 60, 65; 24.3%, 525/2,157) 

and allele 6 (11.1%, 240/2157). Together, these three TEM variants account for 95% of TEM 

encoded by pbla. TEM-135 differs from TEM-1 by an M182T substitution, located outside of the 

active site (Figure 12A and B). The M182T substitution was found to slightly reduce penicillin 

resistance in E. coli285. However, it is often present in ESBLs from E. coli, K. pneumoniae and 

Salmonella spp.368, and compensates for the destabilising effects of mutations in the active site, so 

it is considered a 'stepping stone' mutation to becoming an ESBL368,369. Individual gonococcal 

isolates carry alleles with substitutions at positions P14, R61, L201, A224 and A248 in addition to 

M182T. These substitutions have not been characterised to date. The third most prevalent 

gonococcal TEM, encoded by allele 6, has a P14S substitution (Figure 12A) which is in the leader 

peptide, and is found in a subpopulation of pbla.1. 

pbla variants are associated with distinct TEMs (Figure 12C). For example, 98.3% of pbla.3 encode 

TEM-135, while pbla.2 harbours TEM-1 or TEM-135 at an approximately equal frequency (44.5% 

and 49.5%, respectively). pbla.1 mainly encodes TEM-1 (76.5% of isolates with this pbla), TEM-1P14S 

(17.7%) and rarely TEM-135 (1.78%). The associations of pbla variants with distinct TEM variants, 

especially pbla.3 with the ESBL-permissive TEM-135 (OR = 66.9, chi2-test p <0.001), highlight the 

importance of understanding their global spread. 
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Figure 5
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Figure 12: TEM-1, TEM-135 and TEM-1P14S are the major TEMs encoded by pbla. 
(A) Alignment of TEM-135, TEM-1 and TEM-1P14S. Amino acid sequences were aligned with COBALT3 and 
visualised with ESprit5, displaying secondary structure elements (i.e. a-helices and b-sheets) of TEM-1 (PDB: 
1ZG4) above the alignment. (B) Structure of TEM-135 (PDB: 1NY0) with key ac%ve site residues indicated in 
purple. The M182T subs%tu%on is shown in orange. (C) Propor%on of pbla variants (lel) and their TEMs (right). 
pbla.3 is significantly associated with TEM-135. pbla.2 carries TEM-1 and TEM-135 at equal frequencies, whilst 
pbla.1 mainly carries TEM-1 and TEM-1P14S. 
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3.2.3 pbla variants are associated with geographic regions 

Next, I analysed the distribution of pbla variants in a global dataset of 15 532 N. gonorrhoeae 

isolates from 66 countries and isolated from 1928 to 2022 (Appendix, Supplementary Table S1). 

pbla is present in 17.8% of the isolates (2 758/15 532) and its prevalence varies between 

geographic region (chi2-test, p <0.001, Figure 13). pbla-carriage is highest in isolates from Africa 

(46.4%, 185/399; OR = 5, chi2-test p <0.001) and lowest in North America (6.9%).  

Furthermore, pbla variants differ in their global distribution. The most prevalent variant, pbla.1, is 

found worldwide. In contrast, pbla.2 is associated with isolates from China (OR = 32.0, chi2-test 

p <0.001), while pbla.3 is more frequently found in isolates from HICs (OR = 3.0, chi2-test p <0.001).  
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Figure 7

Figure 8
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Figure 13: pbla prevalence in different geographic regions.  
The size of pie charts depicts pbla prevalence in each region with pbla variants indicated in colours. The 
percentage of isolates with pbla and absolute numbers are given below the pie chart. pbla.1 is the most 
prevalent variant in all regions except Asia, where pbla.2 dominates. pbla.3 is more frequently found in Europe 
and North America. 
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3.2.4 pbla variants are associated with distinct lineages  

I next assessed whether the high plasmid prevalence in certain geographical regions is driven by 

distinct lineages in those locations. The gonococcal population structure can be resolved by 

clustering isolates according to 1 668 loci that constitute the N. gonorrhoeae core genome (i.e. loci 

that are present in >95% of gonococci)2. A cut-off of 400 allelic differences has been used previously 

to group N. gonorrhoeae isolates into core genome clusters (Ng_cgc400) that are stable over time2, 

and was employed here. Isolates from Ng_cgc400 21 and 34 are prevalent in Africa but also present 

in Asia, Europe and North America. Isolates from these lineages have a high pbla prevalence (>50%) 

in all geographical regions, indicating that pbla carriage is a feature of a Ng_cgc400, rather than an 

isolate's country of origin.  

pbla.3 is predominantly found in the Ng_cgc400s 25, 298 and 391, which cluster together on the 

minimum spanning tree (Figure 14, Table 5). pbla.2 is mainly present in Ng_cgc400 122 and 29 

(Figure 14, Table 5). While pbla.1 is found across the gonococcal population, TEM-1P14S encoding 

pbla.1 is confined to Ng_cgc400 33 (Table 5), which is associated with high income countries.  
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Figure 7

Figure 8
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Figure 14: Minimum spanning tree of 15  532 gonococcal isolates showing the associa%on between 
pbla variants and gonococcal lineages.  
Isolates were clustered according to allelic differences in their core genome. Individual isolates are displayed 
as dots that are coloured according to the pbla variant they carry. 
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Table 4: Associa%ons of pbla variants with dis%nct lineages. 
The odds ra%os (OR) of pbla variants in par%cular Ng_cgc400s are given. The OR represents the odds that a 
pbla-carrying isolate within a given Ng_cgc400 harbours the indicated variant, divided by the odds that any 
pbla-carrying isolate (regardless of Ng_cgc400) harbours the same variant. The 95% confidence intervals (in 
brackets) and the p-values are given. 

pbla variant lineage 

 Ng_cgc400 33 Ng_cgc400 29, 122 Ng_cgc400 25, 298, 391 

pbla.1 TEM-1P14S 509.8 (267.0, 1083.7) 
p <0.001 

0.2 (0.2, 0.3)        
p <0.001 

0.004 (0.001, 0.01) 
p <0.001 

pbla.2 0.02 (0.001, 0.1) 

p <0.001 

14.0 (9.7, 19.2) 
p <0.001 

0.1 (0.1, 0.3)      
p <0.001 

pbla.3 0 0.1 (0.002, 0.03) 
p <0.001 

92.25 (64.8, 133.3) 
p <0.001 
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3.2.5 pbla variants co-occur with certain pConj variants 

pbla is not mobile on its own but can be mobilised by IncP conjugative plasmids such as pConj. 

Therefore, I next analysed the co-occurrence of pbla with the gonococcal conjugative plasmid. pbla 

is significantly associated with pConj presence (OR = 40.4, chi2-test p <0.001), as would be expected 

for a mobilisable plasmid. Only 15.4% (425/2758) of all pbla-carrying isolates do not harbour pConj. 

Most of these isolates are from Ng_cgc400s that have low (<30%) pbla carriage, although Ng_cgc400 

377 has a high pbla prevalence (52.8%, 140/265) and does not carry pConj. 

pConj can be grouped into seven variants according to differences in encoded toxin-antitoxin 

systems, parts of the conjugation apparatus, and the presence and allele of tetM290. pConj variants 

1 and 2 carry tetM allele 2 (also referred to as American tetM293), while variants 3 and 4 carry tetM 

allele 1 (also referred to as Dutch tetM293). pConj variants 5, 6 and 7 lack tetM, and are referred to 

as markerless290. While pConj variants 1, 3, 5 and 6 are distributed across the gonococcal 

population, pConj.2, pConj.4 and pConj.7 are associated with distinct Ng_cgc400s290. To further 

investigate the interplay between pbla and pConj, I assessed the co-occurrence of pbla with 

different pConj variants. pbla co-occurs most frequently with pConj.1 (30.0%), pConj.5 (29.4%) and 

pConj.3 (24.0%). I will examine some of the factors underlying the association of pbla with 

particular pConj variants in Chapter 4. 
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3.3 Origin and evolution of pbla 

3.3.1 Tn2 and pbla-related plasmids in Haemophilus spp. and Neisseria spp. 

In the laboratory, pbla has been transferred into E. coli, Salmonella enterica serotype Minnesota, 

H. influenzae and a range of Neisseria spp.370,371. Therefore, pbla can replicate in a broad range of 

species. To examine the distribution of the plasmid in naturally occurring bacteria, I searched the 

NCBI non-redundant nucleotide collection9 (BLASTn, word size = 28, expect value = 0.05, 

match/mismatch scores = 1/-2, gap costs = 0, 2.5) for NEIS2960, which is conserved between pbla 

variants, and verified the presence of pbla in hits (alignment length >50%, identity >80%) by aligning 

NEIS2960-harbouring contigs to pbla.2. This showed that the pbla host range is restricted to 

Neisseria and Haemophilus spp., so I further investigated pbla presence in isolates deposited in the 

PubMLST Neisseria (n = 41 129 from 37 species) and Haemophilus (n = 6 896 isolates from 12 

species) databases321. Potential pbla-carrying isolates were identified by the presence of NEIS2960 

(alignment length >50%, identity >80%), and the presence of the plasmid was verified by the 

presence of repA and blaTEM. 

Despite the ability of pbla to replicate in diverse Neisseria spp.371, NEIS2960 was only detected in 

three out of 39 372 N. meningitidis, and in no non-invasive Neisseria spp. isolates (n = 1 757 isolates, 

36 species). Further sequence analysis of the three N. meningitidis isolates (PubMLST ids: 26543, 

54730, 54823) revealed that their plasmids were identical to gonococcal pbla.1. The pbla-carrying 

meningococcal strains were from patients in Chad, Burkina Faso and Norway, regions with a high 

prevalence of pbla in gonococci, and belong to distinct clonal complexes (i.e. CC-5, CC-11 and CC-

32 complex, respectively). This suggests that pbla has been transferred occasionally into the 

meningococcus in regions where pbla is prevalent in the gonococcus, with no evidence of sustained 

pbla carriage by N. meningitidis. 
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Previous reports suggest pbla is related to small β-lactamase plasmids in Haemophilus spp.372,373. 

However, these studies predate available WGS and do not provide insights into the prevalence of 

pbla in Haemophilus spp.. I detected NEIS2960 together with repA in 0.3% of H. influenzae 

(19/6 403), 1.5% H. parainfluenzae (4/296) and 22.6% H. ducreyi (7/31). blaTEM was present in 12.5% 

of H. influenzae (802/6 403), 19.3% H. parainfluenzae (52/296 isolates) and 22.6% H. ducreyi (7/31). 

However, only two H. influenzae (PubMLST ids: 23482 and 33361) and H. parainfluenzae isolates 

(PubMLST ids: 16289 and 34872) carried NEIS2960, repA and blaTEM. In contrast, blaTEM was present 

in all the NEIS2960 and repA-harbouring H. ducreyi isolates, suggesting pbla carriage. blaTEM on 

gonococcal pbla lies within a partial Tn2 (34% of sequence) that has a truncated TnpR resolvase 

and lacks the Tn2 transposase TnpA303. BLASTn search (sequence identity >97%, alignment length 

>50%) of Tn2 (GenBank accession: LC091537.1), against blaTEM -carrying Haemophilus spp. isolates 

and subsequent confirmation of tnpA, and tnpR, revealed that all isolates carry intact Tn2. Taken 

together, pbla could have emerged through transposition of Tn2 into a pbla-like replicon in 

Haemophilus spp.. 

  



 

 

 91 

3.3.2 Impact of host niche on pbla carriage 

While N. meningitidis and H. influenzae rarely carry pbla, the related N. gonorrhoeae and H. ducreyi 

have a relatively high pbla prevalence (15.6% and 22.6%, respectively). Interestingly, 

N. meningitidis and H. influenzae are present in the nasopharynx and can cause meningitis, while 

N. gonorrhoeae and H. ducreyi are STI pathogens present in the urogenital niche. The difference in 

pbla prevalence in pathogens that typically reside in these sites suggests a benefit of pbla carriage 

in the urogenital tract. To further investigate the association of pbla with this niche, I assessed the 

prevalence of pbla in gonococcal isolates from different infection sites. Besides urethral infections, 

N. gonorrhoeae can also infect mucosal tissues of the uterine cervix, conjunctiva, pharynx and 

rectum156. On PubMLST, 5 585 isolates have attached metadata indicating the sites of infection. 

Isolates were from cervical (5.5%), rectal (18.3%), urethral (65.8%), and pharyngeal (10.1%) swabs, 

and 0.3% of isolates were from eye infections. Of the isolates, 20.3% and 34.7% carried pbla and 

pConj, respectively. Both pbla and pConj were significantly associated with isolates from the 

urogenital tract (OR = 3.1, chi2-test p <0.001 and OR = 4.0, chi2-test p <0.001, respectively). Taken 

together, the high prevalence of pbla in the two STI pathogens N. gonorrhoeae and H. ducreyi and 

the association of pbla with gonococcal isolates from the urethra suggest selection for pbla carriage 

in this niche.  
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3.3.3 Comparison of pbla.1 and pbla.2 in H. ducreyi and N. gonorrhoeae 

The common infection site of N. gonorrhoeae and H. ducreyi provides opportunities for plasmid 

transfer, and I further characterised the H. ducreyi pbla-like sequences to assess their relationship 

to gonococcal pbla. H. ducreyi strains are divided into two clades, which diverged 1.9 million years 

ago374. I detected potential pbla.1 and pbla.2-like gene presence/absence patterns in Class I and 

Class II isolates, respectively (Appendix, Supplementary Table S6). Analysis of published closed 

genomes375 suggested that pbla is integrated into the chromosome of these strains. To verify the 

chromosomal integration of pbla in H. ducreyi, I selected HD183 and DMC64, representing Class I 

and Class II H. ducreyi strains375, respectively, and performed PCR of genomic DNA (a kind gift from 

Prof. S. Spinola) with primers binding to sequences within the chromosomal flanking region and 

pbla. However, these PCRs did not yield any products. In contrast, when using pbla-specific primers 

that generate overlapping fragments, I obtained PCR products indicating the presence of circular 

pbla-like plasmids in both strains (Figure 15A and B). Sequencing of the PCR products identified 

plasmids of 9.1 and 10.9 kb in HD183 and DMC64, respectively. I next aligned the sequences of 

pbla.1 and pbla.2 to the b-lactamase plasmids from H. ducreyi HD183 and DMC64376. Of note, the 

9.1 and 10.9 kb H. ducreyi plasmids are highly related to pbla.1 and pbla.2. pbla.1 and the 9.1 kb H. 

ducreyi plasmid carry repB and one copy of NEIS2964 (Figure 15C). In contrast, the 10.9 kb H. 

ducreyi plasmid and gonococcal pbla.2 carry two rep genes, repA and repB, and two copies of 

NEIS2964 (Figure 15C). In contrast to the truncated Tn2 on gonococcal pbla, H. ducreyi pbla have a 

full-length (4.95 kb) copy of Tn2, suggesting H. ducreyi pbla is ancestral to gonococcal pbla.  
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Figure 9
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Figure 15: H. ducreyi DMC64 and HD183 carry two dis%nct pbla variants.  
(A) Agarose gel of pbla-specific PCRs using H. ducreyi DMC64 and HD183 and N. gonorrhoeae WHO N, 
WHO M and NG296 DNA as templates. (B) Schema%c of pbla.2 with loca%on of pbla-specific primers 
indicated. The primer pairs generate overlapping fragments, confirming the presence of circular pbla. (C) 
Representa%on of alignment of gonococcal and H. ducreyi pbla variants to H. ducreyi pbla.2. Aligned 
regions are shown as black bars, with nucleo%de polymorphisms indicated in white. Inser%ons are indicated 
as black triangles above the bars. ORFs on H. ducreyi DMC64 pbla.2 are coloured according to gene func%on: 
yellow, mobilisa%on proteins; orange, Tn2-derived genes including blaTEM; blue, replica%on ini%a%on 
proteins; grey, unknown func%on. 



 

 

 94 

Two alternative scenarios could explain the occurrence of pbla.1 and pbla.2-like plasmids in H. 

ducreyi and N. gonorrhoeae: i) Independent introductions of the two variants into the gonococcus, 

both associated with a truncation of Tn2, or ii) introduction of pbla.2 into the gonococcus, with 

pbla.1 emerging independently in H. ducreyi and N. gonorrhoeae through deletion of repB and one 

copy of NEIS2964.  

In an attempt to distinguish between the two scenarios, I first examined the similarity of the 

plasmid backbone sequences (i.e. without Tn2 and the NEIS2964/repB/NEIS2964 sequence) of 

gonococcal and H. ducreyi pbla.1 and pbla.2. Higher sequence divergence between pbla.1 and 

pbla.2 than between H. ducreyi and N. gonorrhoeae pbla would support independent introductions 

of the variants into the gonococcus, whereas independent emergence of pbla.1 in both H. ducreyi 

and N. gonorrhoeae would be implied by a higher similarity between pbla sequences within a 

species. However, multiple sequence alignments revealed all plasmid backbones were highly 

similar; H. ducreyi plasmids were identical except for the repB/NEIS2964 deletion (100% nucleotide 

identity), and gonococcal plasmids shared 99.92% nucleotide identity. The similarity of pbla.1 and 

pbla.2 between H. ducreyi and N. gonorrhoeae was 99.96% and 99.92%, respectively.  

I next examined the Tn2 deletion site in gonococcal pbla.1 and pbla. 2, as differences in the 

truncation sites would support their independent introduction into N. gonorrhoeae. Sequence 

alignment of the pbla Tn2 sequence reveals an additional nucleotide at the truncation of pbla.2 in 

comparison to pbla.1 (Figure 16A), resulting in two distinct tnpR alleles (alleles 3 and 2 in pbla.1 

and pbla.2, respectively). Of note, 92.3% of gonococcal pbla.2 sequences (264/286) carry tnpR 

allele 2, while 92.3% pbla.1 (1323/1433) have allele 3. 
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Figure 10
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Figure 16: Comparison of tnpR and NEIS2964 sequences of H. ducreyi and N. gonorrhoeae pbla. 
(A) Analysis of the Tn2 dele%on region: tnpR in gonococcal pbla.1 and pbla.2 differs by a single nucleo%de at 
the site of the tnpA/tnpR dele%on. Schema%c representa%on of tnpR sequences of gonococcal and H. ducreyi 
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I also tested the hypothesis of two independent emergences of pbla.1 by investigating the pbla.1 

deletion site spanning repB. Two copies of NEIS2964 flank repB on pbla.2, and pbla.1 has been 

suggested to have emerged following homologous recombination between the repeated 

sequences300. Therefore, I examined the repertoire of NEIS2964 in the different plasmids. The two 

copies of NEIS2964 (alleles 2 and 3) on H. ducreyi pbla.2 differ by three nucleotides (Figure 16B). 

Gonococcal pbla.2 carries alleles 1 and 2, which differ in 2 nucleotides. Of note, H. ducreyi pbla.1 

carries allele 3, whereas gonococcal pbla.1 is associated with allele 2. As both gonococcal and 

H. ducreyi pbla.2 carry NEIS2964 allele 2, the difference in NEIS2964 cannot distinguish whether 

gonococcal pbla.1 emerged from H. ducreyi or N. gonorrhoeae pbla.2, however, the difference in 

NEIS2964 allele carried by H. ducreyi and N. gonorrhoeae pbla.1 suggests the pbla.1 emerged twice 

through independent deletions of repB and one copy of NEIS2964. 

Taken together, based on available WGS, the presence of pbla with intact Tn2 in Haemophilus spp. 

indicates pbla arose in Haemophilus through the transposition of Tn2 into a mobilisable plasmid 

and was transferred from H. ducreyi into N. gonorrhoeae; the transfer is associated with a 

truncation of Tn2. Due to the high sequence conservation of pbla and the limited number of 

confirmed H. ducreyi pbla sequences, it is not possible to exclude the hypothesis of independent 

introductions of pbla.1 and pbla.2 into the gonococcus. However, the most parsimonious 

explanation for the differences in NEIS2964 alleles carried by H. ducreyi HD183 pbla.1 and 

N.  gonorrhoeae pbla.1 is that gonococcal pbla.1 emerged independently following the 

introduction of pbla.2 into the gonococcus. 
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3.3.4 Adaptation to the gonococcus through gene loss and TEM 

diversification 

Finally, I examined the evolution of pbla following its introduction into the gonococcus. I assembled 

pbla sequences from a subset of 414 pbla-carrying N. gonorrhoeae isolates on PubMLST (15% of 

the 2 758 isolates with pbla, Appendix, Supplementary Table S4) using the 10.9 kb H. ducreyi pbla 

as the reference and constructed a maximum likelihood phylogeny. The gonococcal plasmids in the 

subset include the same proportion of variants as in the database (i.e. 70% pbla.1, 14% pbla.2, 16% 

pbla.3) and were isolated between 1979 and 2022. The phylogeny (Figure 17) distinguishes the 

three pbla variants into distinct clades, indicating monophyletic origins of the variants.  

Two TEM variants appear to have emerged in pbla after its introduction into the gonococcus; TEM-

1 with the P14S substitution arose in pbla.1. TEM-135 emerged in pbla.2 and pbla.3 evolved from 

TEM-135 carrying pbla.2 following the loss of NEIS2961 and NEIS2962. Individual instances of TEM-

135 are found across the tree due to synonymous amino acid changes, indicating independent 

appearance of TEM-135, however, without clonal expansion of strains with these plasmids. 
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Figure 17: Maximum likelihood tree of 414 gonococcal pbla sequences.  
The tree is rooted at the H. ducreyi DMC64 pbla. Tips are coloured according to pbla variant, and circles show 
the tnpR allele (outer circle) and the encoded TEM variant (inner circle). The scale bar indicates the 
subs%tu%ons per site. 
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3.4 Summary  

The potential of the pbla-encoded TEM β-lactamase to become an ESBL highlights the importance 

of monitoring the spread and diversity of pbla in the gonococcal population. Previously, pbla 

variants have been characterised by restriction digestion patterns300 or by PCR-based assays317,319, 

which only allow small-scale analyses and lack information about sequence variation. Large 

amounts of WGS data are available on public databases such as PubMLST321, offering an untapped 

resource to understand the epidemiology of pbla in gonococci. However, repeat regions on the 

plasmid300 have hindered de novo assembly from short-read sequences. Therefore, I devised and 

implemented the Ng_pblaST typing scheme which identifies plasmid variants from short-read WGS 

through their characteristic gene presence/absence and enables analysis of large datasets. I did not 

include the pbla insertion variants into the typing scheme, as I was not able to detect their insertion 

or duplication sequences in N. gonorrhoeae isolates on PubMLST. However, while the absence of 

IS5 from gonococcal sequences suggests the reported IS5 insertion pbla variant318 is an 

experimental artefact, the inability to detect the duplication sequence of pbla.6364 may also be due 

to issues with de novo assembly of repetitive sequences from short-read WGS. This could be 

resolved by combining short and long-read sequences to generate hybrid assemblies, however, 

long-read sequences of N. gonorrhoeae isolates are sparse. To date, the pbla duplication variant 

has only been reported in a single occasion and was indicated to be unstable364. Therefore, I focused 

my analysis on the pbla deletion variants. 

I validated the typing scheme using short-read sequences from pbla-containing WHO reference 

strains, for which hybrid assemblies of plasmid sequences are available. As only three WHO 

reference strains carry pbla320, I also manually extracted and aligned pbla contigs from 16 pbla-

carrying isolates. This confirmed the typing result in every case. Ng_pblaST is available on PubMLST, 

allowing further independent evaluation by the research community. The typing scheme identifies 
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the five reported deletion variants but will also classify novel variants as untypeable; these should 

be investigated by PCR or plasmid-specific long-read sequencing to monitor for the emergence of 

novel variants which are not included in the current scheme.  

Albeit simple in itself, the implementation of Ng_pblaST enabled the first population-wide analysis 

of the distribution of pbla variants. Analysis of the occurrence of pbla variants across 15  532 

isolates demonstrated that pbla.1, pbla.2 and pbla.3 are the major variants, accounting for >99% 

of typeable pbla sequences; the remaining two previously described deletion variants were found 

in only nine isolates. My dataset is the largest quality-checked collection of publicly available 

isolates at the time. It includes strains from 66 countries and spans almost 100 years. However, 

isolates from LMICs, especially Africa, are underrepresented in this and all datasets.  

Consistent with the previously reported negative correlation between a country’s GDP and plasmid 

carriage290, pbla prevalence was highest in LMICs. For example, 58.3 % of isolates from countries in 

Africa harbour pbla, compared with only 7.9 % of isolates from North America and 20 % of isolates 

from Europe. The high plasmid prevalence in LMICs has been suggested to result from the extensive 

spread of resistance plasmids in isolates290. However, I found that plasmid prevalence is lineage-

specific and independent of the country of origin (Figure 14). This suggests pbla forms long-term, 

stable relationships with certain lineages, which could differ in their ability either to acquire and/or 

maintain the plasmid.  

I found that NEIS2960 on pbla is a potential VbhA antitoxin and identified NEIS1357 as a potential 

VbhT toxin on the chromosome. A split toxin-antitoxin system has been indicated to be involved in 

the maintenance of pConj in N. gonorrhoeae294. However, NEIS1357 is highly similar to NmFic of N. 

meningitidis for which no antitoxin has been described. Instead, NmFic is tightly regulated by 

autoregulatory mechanisms359,360. Therefore, it is unclear if NEIS2960/NEIS1357 play a role in 

maintaining pbla. Future work should assess the stability of pbla in the presence and absence of 
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NEIS1357 and investigate the presence and distribution of NEIS1357 in the gonococcal population 

to clarify whether interplay between NEIS2960 and NEIS1357 could impact the stability and 

distribution of pbla in gonococci. 

Several other factors might contribute to the association of pbla with certain lineages. For example, 

compensatory mutations that reduce the burden of plasmid carriage could occur in certain 

lineages67,142. In contrast, barriers to horizontal gene transfer could prevent plasmid uptake into 

other lineages. I will further explore the impact of fitness costs, mobilisation and barriers to 

horizontal gene transfer in Chapters 4 and 5. 

As described previously290, I found that pbla is significantly associated with pConj. However, my 

analysis revealed that pbla co-occurs with specific variants of pConj. pbla is rarely found with pConj 

variants 2, 4, 6 and 7 (only 17% of pbla-carrying isolates), which are present at lower frequencies 

than the pConj variants that co-occur with pbla290. Therefore, the co-occurrence between pbla and 

pConj variants could merely reflect the wider distribution of pConj variants 1, 3, and 5. 

Alternatively, specific interactions between pbla and pConj variants could explain their co-

occurrence, and I will explore the interplay between pbla and variants of pConj in Chapter 4.  

pbla.3 is associated with TEM-135 and is confined to three Ng_cgc400s that cluster together on a 

minimum spanning tree (Figure 14), suggesting this variant might not be mobile. This matches the 

lack of mob genes on pbla.3, which could limit its mobilisation by pConj. However, pbla.3 transfer 

has been reported314, and co-integration into pConj, mediated by IS1, was described as a transfer 

mechanism of pbla.3 in E. coli312,313. I will further investigate the mobility of this pbla variant in 

Chapter 4.  

TEM-135 is the second most prevalent TEM variant encoded by pbla (24.3 % of plasmids) and has 

an M182T substitution relative to TEM-1. The M182T substitution is considered a 'stepping stone' 
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mutation towards an ESBL368, due to its stabilising effect285, facilitating amino acid changes in the 

active site. I found TEM-135 in two of the major pbla variants and at almost twice the frequency 

described before in gonococcal pbla290. Previous reports had indicated an association of pbla.3 with 

TEM-135315, while TEM-135 carrying pbla.2 has only been described on a few occasions377,378. My 

results confirm these observations but show that almost half of pbla.2 carry TEM-135. In contrast, 

pbla.1 encodes mainly TEM-1, with TEM-1P14S present in a subpopulation of pbla.1 associated with 

Ng_cgc400 33. 

The host range of pbla is largely restricted to the two STI pathogens N. gonorrhoeae and H. ducreyi. 

I identified two distinct pbla variants in H. ducreyi that are highly similar to gonococcal pbla.1 and 

pbla.2 but carry intact Tn2 sequences. H. ducreyi strains are divided into two classes374 and pbla.1- 

and pbla.2-like plasmids are associated with Class I and Class II isolates, respectively. The intact Tn2 

sequence in H. ducreyi pbla indicates that pbla was introduced from H. ducreyi into the gonococcus 

and this was associated with a truncation of Tn2. Besides anecdotal reports that transposons are 

not active in N. gonorrhoeae341, little is known about transposition in this organism. It would be 

interesting to address this in future studies. 

In women, N. gonorrhoeae primarily causes cervicitis, while H. ducreyi causes ulcers at the vaginal 

entrance and cervix. In men, N. gonorrhoeae primarily causes urethritis and H. ducreyi mainly 

causes penile ulcers379. However, ~ 3.5% of men with chancroid also have urethritis379. Therefore, 

the two species can occupy the same niche, providing opportunities for gene transfer. Interestingly, 

pbla carriage is negligible in the related pathogens H. influenzae and N. meningitidis which inhabit 

the nasopharynx. Further, pbla carriage was low for H. parainfluenzae, which is primarily found in 

the oropharynx380, and pbla was not detected in any non-invasive Neisseria spp., which are part of 

the nasopharyngeal microbiome. The distribution of pbla might reflect the renal excretion of b-

lactams381, favouring pbla carriage in bacteria inhabiting the urogenital tract compared with other 
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sites. This is supported by the association gonococcal plasmids with isolates from urethral swabs. 

Of note, like penicillin, tetracycline is excreted via the urine382, and, similar to pbla, the host range 

of pConj is mostly limited to N. gonorrhoeae, with rare occurrences in N. meningitidis296. However, 

recently, the meningococcal urethritis clade (NmUC) evolved from ST-11 N. meningitidis by 

acquiring genetic elements from N. gonorrhoeae383,384. So far, no pConj or pbla-carrying NmUC 

isolates have been reported, however, co-infection of N. gonorrhoeae and NmUC could lead to the 

transfer of pbla in this environment. 

There are two alternative scenarios explaining the emergence of pbla.1 and pbla.2-like plasmids in 

H. ducreyi and N. gonorrhoeae; i) independent introductions of pbla.1 and pbla.2 into the 

gonococcus, both associated with a truncation of Tn2, or ii) a single interspecies transfer of pbla.2 

with independent emergence of pbla.1 in H. ducreyi and N. gonorrhoeae. While I cannot reject 

either scenario, the independent emergence of pbla.1 in the two organisms through the deletion 

of repB/NEIS2964 allele 2 and repB/NEIS2964 allele 3, is the most parsimonious explanation. 

In summary, in this chapter, I have characterised pbla variants and analysed their evolutionary 

relationships and spread in the gonococcal population. The three major pbla variants differ in gene 

presence/absence patterns and are associated with distinct TEM variants. In the following chapter, 

I will investigate how these genomic differences affect the phenotype of the pbla variants and 

whether phenotypic differences can explain their distribution in gonococci.  
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4 Impact of fitness cost, resistance patterns, and 
mobilisation on the spread of pbla in gonococci 

The introduction of TEM-1 encoding pbla in 19764,299 and the subsequent spread of the plasmid in 

the gonococcal population led to the emergence of high-level penicillin resistance in 

N. gonorrhoeae and has contributed to the cessation of penicillin treatment for gonorrhoea385. 

TEM-1 only differs in a few amino acid substitutions from ESBLs found in other pathogens282, which 

would be active against ceftriaxone, the current treatment of gonorrhoea239,297. In the previous 

chapter, I have characterised the diversity and epidemiology of pbla in the gonococcal population 

and described distinct associations of pbla variants with TEM variants, gonococcal lineages and 

variants of the gonococcal conjugative plasmid pConj. Here, I will investigate the interplay between 

pbla and pConj in the transfer of β-lactamase resistance in gonococci and assess how the genotypic 

differences between pbla variants are reflected in their resistance levels, fitness costs and mobility. 

Linking the characteristics of pbla variants to their epidemiology provides insights into molecular 

mechanisms underlying their distribution in the gonococcal population and aids in anticipating 

future trends in plasmid-mediated β-lactam resistance in N. gonorrhoeae. 
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4.1 Plasmid-mediated b-lactam resistance in N. gonorrhoeae 

4.1.1 pbla variants with TEM-135 confer increased resistance to penicillin 

pbla variants have been suggested to confer different levels of resistance to penicillin377. However, 

as resistance levels were measured in a range of non-isogenic clinical isolates, the differences could 

be due to the associated strain background, the plasmid variant, or the TEM variant encoded by 

the plasmid. To distinguish between these factors, I introduced pbla variants into FA1090 and 

measured the penicillin minimal inhibitory concentrations (MICs) of the strains. For all pbla 

variants, introduction of the plasmid increased the MIC above the resistance breakpoint 

(1 µg/ml)386. However, while pbla.1 and 2 conferred MICs of 8 µg/ml, pbla.3 led to a significantly 

higher MIC of 32 µg/ml (Tukey multiple comparison of means, p = 0.003, Figure 18A). 

In the previous chapter, I showed that the three major TEM variants (TEM-1, TEM-1P14S and TEM-

135) are associated with distinct pbla variants. Whilst the pbla.1 and pbla.2 tested carried TEM-1, 

pbla.3 harboured TEM-135. To establish whether the observed difference in MIC was due to the 

TEM or pbla variant, I modified TEM-135 on pbla.3 by introducing a T182M substitution, resulting 

in pbla.3TEM-1. This reduced the MIC of pbla.3 to the level of pbla.1 and pbla.2 carrying TEM-1 (Figure 

18B), indicating that TEM-135 is responsible for the elevated MIC seen with pbla.3TEM-135.  

I also compared resistance levels conferred by TEM-1, TEM-1P14S and TEM-135 (which account for 

>95% of TEMs in gonococci) by introducing them into pbla.2 and measuring MICs in FA1090. Again, 

TEM-135 led to a significant increase in penicillin MIC (128 µg/ml compared to 8 µg/ml with TEM-

1, Tukey multiple comparison of means of log2-transformed MIC values, p <0.001, Figure 18C), while 

TEM-1P14S resulted in a minor, non-significant increase in MIC to 16 µg/ml. Therefore, TEM-135 

might increase the benefit of pbla carriage due to elevated penicillin resistance levels.  
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Figure: pbla-mediated resistance
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Figure 18: TEM-135 confers increased penicillin MIC.  
(A) Benzylpenicillin MICs of different pbla variants in FA1090 (one-way ANOVA on log2-transformed MIC values 
with Tukey mul%ple comparisons of means; *** p <0.001). (B) MICs of TEM-1 in different pbla variants. (C) 
MICs of different TEMs in pbla.2 (one-way ANOVA on log2-transformed MIC values; *** p <0.001). (D) Western 
blot of cellular levels of different TEM variants with RecA included as a loading control. The Western blot shown 
is representa%ve of three independent repeats. (E) TEM/RecA ra%os of whole cell lysates were quan%fied with 
the LI-COR system (one-way ANOVA with Tukey mul%ple comparisons, n.s. p >0.05; *** p <0.001). 
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The M182T substitution in TEM-135 is not in the active centre of the enzyme and has no impact on 

enzyme activity285. To define the basis for the MICs conferred by different TEMs, I measured their 

cellular levels by Western blot analysis. This revealed that the MICs correlate with cellular levels of 

each TEM, with levels of TEM-135 significantly higher than of f TEM-1 and TEM-1P14S (29 kDa, Figure 

18D and E). TEM b-lactamases are synthesised in the cytoplasm with an N-terminal signal sequence 

(31.5 kDa). After translocation through the Sec secretion system, the signal sequence is cleaved off 

by membrane-anchored signal peptidases, resulting in the release of mature TEM (29 kDa) into the 

periplasm387-389. Changes in the signal peptide can affect b-lactamase secretion390. Therefore, I also 

assessed the levels of unprocessed TEM (31.5 kDa, Figure 18D). Relative to TEM-1, I found increased 

levels of unprocessed TEM-135, while there were reduced amounts of unprocessed TEM-1P14S, 

consistent with the P14S substitution affecting secretion. However, this substitution had no 

obvious effect on the periplasmic TEM levels. In conclusion, MICs conferred by pbla variants 

correlate with levels of mature TEM.  
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4.1.2 Plasmid-mediated resistance is influenced by the strain background 

Interactions between a plasmid and its strain background can modify plasmid-mediated 

resistance391-393, potentially altering the benefit a plasmid confers to a particular strain. To test 

whether pbla.1-mediated penicillin resistance differs between strains, I introduced pbla.1TEM-1 into 

isolates from lineages with low pbla prevalence (i.e. NG015, Ng_cgc400 3, 4.5% pbla and FA1090, 

Ng_cgc400  286, 0% pbla) or associated with certain pbla variants (i.e. 2086_K, pbla.1; NG064, 

pbla.1/ pbla.2; NG114, pbla.3), and measured their MICs. pbla.1TEM-1-mediated resistance differed 

significantly between strains (one-way ANOVA on log2-transformed MIC values, p <0.001, Figure 

19A), with significantly increased MICs for isolates NG015 and 2086_K. 

I hypothesised that chromosomal resistance mutations could influence plasmid-mediated 

resistance and examined the genomes of the isolates for chromosomal determinants associated 

with penicillin resistance. ResFinder394 identified the resistance-associated PorB G120K mutation in 

isolate NG015, while isolates NG064 and 2086_K have a L421P substitution in PBP1 (encoded by 

ponA). The outer membrane porin PorB forms a homotrimeric β-pleated barrel with each monomer 

consisting of 16 transmembrane-spanning segments and 8 extracellular loops395. The G102K 

substitution is in loop 3 (Figure 19B) and has been associated with intermediate-level penicillin 

resistance396. Previous investigations indicated slightly lower b-lactam permeation rates of 

PBP1L421P compared to the wild type; however, the effect was not statistically significant and 

changes in MIC were only apparent in strains that also have mutations in the multidrug efflux pump 

regulator MtrR and altered PBP1263. The L421P substitution in PBP1 is in the C-terminal 

transpeptidase domain and reduces the affinity of PBP1 for penicillin267. Of note, neither PorBG120K 

nor PBP1L421P co-occurred with mutations in mtrR or the mtrR promoter in the tested isolates. 
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Figure 19: Impact of strain background on pbla-mediated resistance.  
(A) Penicillin MICs of strains from plasmid-free (dark grey) and plasmid-associated lineages (light blue, 
pbla.1-associated; purple, pbla.2-associated; yellow, pbla.3-associated) without (light grey) or with pbla.1 
(light blue). MICs of plasmid-carrying and plasmid-free strains were compared to corresponding FA1090 
strains (one-way ANOVA with Tukey mul%ple comparisons; n.s. p >0.05, * p <0.05, ** p <0.01, *** p <0.001). 
(B) Alphafold3 predic%on of NG015 PorB with the G120K subs%tu%on in loop 3 indicated in orange. (C) TEM 
levels of whole cell lysates were examined by Western blot analysis and quan%fied with the Li-COR system. 
TEM levels were measured on three independent occasions, and results were standardised to FA1090 TEM. 
(D) TEM mRNA levels were measured by RT-ddPCR on four occasions and standardised to recA mRNA levels 
strains.  
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PorBG120K and PBP1L421P were associated with a one-fold increase in penicillin MICs in the plasmid-

free isolates (Figure 19A). However, only isolates NG015 and 2086_K had amplified MICs in the 

presence of pbla, suggesting that the L421P substitution in PBP1 does not amplify plasmid-

mediated resistance. NG015, which has PorBG102K, shows increased penicillin MICs both in the 

presence and absence of pbla. However, as NG015 is the only isolate with PorBG102K, it is unclear 

whether the increased resistance in the presence of pbla is due to synergism between TEM-1 and 

PorBG102K.  

If plasmid and chromosomally-encoded resistance act synergistically, pbla might be found more 

often in strains harbouring these chromosomal resistance mutations. Therefore, I assessed the co-

occurrence of pbla with the PBP1L421P and PorBG120K across the population as well as within 

individual pbla-associated Ng_cgc400s (i.e. Ng_cgc400 21 and 29). Both on the population level and 

within lineages, pbla is less likely to be found together with PBP1L421P (OR <1). In contrast, pbla is 

more likely found together with PorBG120K in the pbla-associated Ng_cgc400s 21 and 29 (OR = 2.2, 

chi2-test p = 2 e-5 and 2.1, chi2-test p = 1.6 e-4, respectively), supporting a synergistic effect of 

PorBG120K and pbla-encoded TEM. However, there was no signal on the population level (OR = 1, 

chi2-test p = 0.65) 

While synergistic effects of PorBG120K might account for the increased resistance provided by pbla.1 

in NG015, they do not explain the increased MIC of 2086_K with pbla.1. Other factors such as 

differences in cellular enzyme levels could result in increased resistance, and I also measured 

cellular TEM of different strains by Western blot analysis. TEM-1 levels in strains correlate with 

their penicillin MICs (R2 = 0.99, p <0.001, Figure 19C), with significantly elevated levels in NG015 

and 2086_K. To determine whether these differences were caused by changes in transcript levels, 

I assessed TEM mRNA levels by RT-ddPCR. However, I did not detect differences in expression levels 

(Figure 19D), indicating post-transcriptional mechanisms (e.g. changes in enzyme stability) can 

modify plasmid-mediated resistance. 
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Taken together, plasmid-mediated resistance is modified by the strain background, potentially 

through synergistic effects with chromosomal resistance determinants and post-transcriptional 

mechanisms affecting enzyme levels. 
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4.2 Impact of copy number and fitness costs on the stability of 
pbla in the gonococcal population 

4.2.1 pbla has remained in the gonococcal population after the cessation of 

penicillin treatment 

The dynamics of chromosomally and plasmid-encoded resistance differ within a population. While 

plasmid-encoded resistance genes can spread rapidly within bacterial populations if the plasmid is 

mobile, plasmids can be unstable within individual hosts or populations, leading to the loss of the 

resistance gene from the population67. While penicillin is no longer used for treating gonorrhoea, 

understanding the stability of pbla within the gonococcal population is critical due to the potential 

of the encoded TEM b-lactamase to evolve into an ESBL.  

I first assessed the prevalence of pbla-carrying isolates in PubMLST between 2010 and 2019 (n = 

12 914). The dataset consists of isolates from 44 countries, although isolates from the UK and the 

US dominate. Results show that even 30 years after the cessation of penicillin treatment385, pbla 

has remained at a prevalence between 10.9% and 18.3% (Figure 20). The dataset consists of isolates 

from different studies and is not a representative longitudinal study; therefore, it cannot resolve 

the prevalence of pbla over time. Nonetheless, the data indicate that pbla is maintained in the 

gonococcal population, which is in line with recent studies reporting pbla-carriage in isolates from 

Kenya, China and Italy397-399.  



 

 

 113 

  

0

25

50

75

100

absent
undefined
pbla.1
pbla.2
pbla.3

%
 a

ll 
N

g_
cg

c 40
0
iso

la
te

s

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
10

448 777 1401 2776 1276 1203 2430 1096 500 1007
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Figure 20: pbla prevalence in isolates on PubMLST between 2010 and 2019. 
Percentage of isolates carrying pbla in gonococcal isolates deposited on PubMLST between 2010 
and 2019 (n = 12 914 isolates) is shown. Colours indicate pbla variants, and the numbers of isolates 
each year are indicated above the bars. 
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4.2.2 pbla copy number alone cannot explain its persistence within the 

gonococcal population 

Plasmid copy number influences the stability of a plasmid within a clonal population by affecting 

the likelihood that at least one plasmid copy is inherited by a daughter cell during cell division. 

Higher copy numbers generally increase stability by reducing the chance of plasmid loss129, while 

low copy number plasmids often require active partitioning and TA systems to maintain stability122.  

To assess the probability of the emergence of a pbla-free daughter cell following cell division, I 

measured the pbla copy number in five strains from different lineages (i.e. FA1090, Ng_cgc400 286; 

NG015, Ng_cgc400 3; NG064, Ng_cgc400 29; NG114, Ng_cgc400 25; 2086_K, Ng_cgc400 21) by digital 

droplet PCR (ddPCR). ddPCR enables absolute quantification of nucleic acid targets without 

requiring standard curves400. PCR is partitioned into thousands of nanoliter-sized oil droplets, 

resulting in the random distribution of DNA; droplets can contain zero, one, or more copies of the 

target DNA. PCR amplification occurs independently in each droplet, producing a fluorescent signal 

if the droplet contains at least one target DNA. Following amplification, positive droplets are 

enumerated, and the DNA concentration is calculated from the number of positive droplets using 

a Poisson distribution. To estimate the copy number of pbla, I measured the copy number of tnpR 

(plasmid marker) relative to recA (chromosome marker). Primers were designed to produce a 

~ 200 bp amplicon, and their specificity was confirmed using FA1090 gDNA (pbla-minus control), 

pbla.1 DNA (purified by miniprep, chromosome-minus control) and water as controls. 

An average of 1.6 copies (sd = 0.27, Figure 21) of pbla.1 are present per chromosome. As the 

gonococcus is polyploid, with approximately six chromosomes per diplococcus188, this equates 

~ 10 copies of pbla per diplococcus. Assuming random segregation of plasmids between daughter 

cells, the plasmid loss frequency Ploss is (1/2)10. If plasmid-carrying cells grow at the same rate, the 

fraction of plasmid-free cells (𝑓) after 𝑔 generations is: 
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𝑓()* = 𝑓( +	(1	 −	𝑓()	𝑃&+,, 

Starting with a single plasmid-bearing cell, the fraction of plasmid-free cells after g generations is 

approximately: 

𝑓( = 1 −	(1	 −	𝑃&+,,)( 

If we approximate the number of plasmid-free cells after 100 generations, the expected proportion 

of plasmid-free cells is 9.31%. Therefore, pbla copy number might not be sufficient to maintain the 

plasmid, and other mechanisms such as plasmid transfer or sporadic antibiotic selection are 

required to explain the persistence of pbla in the gonococcal population. 
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Figure 21: pbla.1 copy number in different strains.  
The plasmid copy number was measured by ddPCR and is indicated as 
number of plasmids per chromosomes. 
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4.2.3 pbla.1 carriage imposes minimal fitness costs in different strains  

Plasmid carriage can impose fitness costs on a bacterium, leading to a competitive disadvantage of 

plasmid-carrying isolates vs. their plasmid-free counterparts67. In the absence of selection for 

plasmid-encoded traits, costly plasmids should be eliminated from the population through 

purifying selection. However, plasmid-imposed costs can differ between strains, and variability in 

fitness costs can improve the maintenance of a plasmid within a population132. 

To assess the contribution of pbla fitness costs on the persistence and distribution of the plasmid 

in gonococci, I introduced pbla.1 into a range of plasmid-free isolates from plasmid-associated 

lineages (2086_K, Ng_cgc400 21, 64.3% pbla; NG064, Ng_cgc400 29, 32% pbla; NG114, Ng_cgc400 25, 

56.8% pbla) and from lineages with low pbla carriage (NG015, Ng_cgc400 3, 4.5% pbla and FA1090, 

Ng_cgc400  286, 0% pbla) by electroporation. The number of passages after plasmid introduction 

was kept to one passage after plasmid introduction to limit the emergence of compensatory 

mutations141,142.  

I approximated fitness costs by measuring the growth rates of monocultures and competing pbla.1-

carrying vs. isogenic plasmid-free strains in liquid medium. From the growth curves of 

monocultures, intrinsic growth rate (r) and carrying capacity (K) can be estimated by calculating the 

maximum growth rate (μmax) and maximum optical density (ODmax), respectively132. Additionally, 

the area under the curve (AUC) integrates information about r and K. I compared r, K and AUC 

between each pair of plasmid-carrying and plasmid-free isogenic isolates, which did reveal no 

impact of pbla.1 on the growth of any of the examined strains by these parameters (Figure 22A). 
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Figure 22: pbla.1 imposes no fitness cost in five different strains.  
(A) Growth curves of plasmid-carrying (light blue) and plasmid-free (grey) isogenic strains. pbla was 
introduced into clinical isolates from different pbla-free (grey) or pbla-associated lineages (blue, pbla.1-
associated; purple, pbla.1/pbla.2-associated; yellow, pbla.3-associated). Averages of three independent 
replicates are shown, with SD indicated as error bars. (B) Fitness cost (w) of pbla.1 measured in compe%%on 
assays. w >1 indicates a benefit, whereas w <1 signifies a cost of a plasmid. Each dot represents a single 
experiment; n.s., not significantly different from 1 (t-test with Bonferroni correc%on for mul%ple 
comparisons). 
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I also performed competition assays to assess the relative fitness (w) of strains utilising shared 

resources401. In the assays, plasmid-carrying isolates with pilD::ermC were grown together with 

isogenic plasmid-free isolates with pilD::aph for 24 hours. The resistance marker allowed the 

enumeration of plasmid-carrying and plasmid-free isolates. To control for potential fitness costs of 

the chromosomal resistance markers, plasmid-free pilD::ermC and pilD::aph strains were also 

competed. In line with the results from the growth curves, w for pbla.1 carriage was not 

significantly different from 1 (t-test with Bonferroni correction for multiple comparisons, p >0.4, 

Figure 22B), indicating that pbla.1 does not impose any fitness cost in any of the strains.  
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4.2.4 Fitness cost of pbla.2 correlates with its decreasing prevalence over 

time 

pbla.1 did not impose a fitness cost in any of the strains tested and is the most prevalent pbla 

variant in gonococci. pbla.2 (7.4 kb) and pbla.3 (5.1 kb) differ in their size and gene content from 

pbla.1 (5.6 kb). I hypothesised that this could affect their fitness costs and introduced the pbla 

variants into isogenic FA1090 pilD::ermC strains. Plasmid-carrying strains were competed against 

FA1090 pilD::aph(3), and fitness costs were compared to the competition of plasmid-free FA1090 

pilD::ermC and FA1090 pilD::aph(3). Like pbla.1, pbla.3 did not impose a significant fitness cost in 

FA1090 (Tukey multiple comparison of means, p = 0.73, Figure 23A). In contrast, pbla.2 inflicts a 

significant fitness cost in FA1090 (w = 0.7, Tukey multiple comparison of means, p = 0.02, Figure 

23A). 

pbla.2 differs from pbla.1 by the presence of repB and ori2/ori3. In E. coli, pbla.2 mostly initiates 

replication from ori2/ori3, and replication is independent of Pol I, while pbla.1 initiates replication 

from ori1 and is unable to replicate in a host lacking Pol I306. Differences in replication strategy 

might affect the copy number and fitness costs of variants. Therefore, I measured the copy number 

of pbla variants in FA1090 by ddPCR. Results show that pbla.2 has an increased copy number (>6 

vs. 1-2 plasmids/chromosome, Figure 23B) compared to pbla.1, suggesting different replication 

strategies leading to changes in copy number could explain the fitness cost of pbla.2. 
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Figure 23: pbla.2-imposed fitness cost is reflected by its decreasing prevalence in gonococci.  
(A) Fitness cost of pbla variants in FA1090 were assessed in four independent replicates and compared to 
the compe%%on of FA1090 pilD::ermC vs. FA1090 pilD::aph (one-way ANOVA with Tukey mul%ple 
comparisons, n.s. p >0.05; * p <0.05). (B) Copy number of pbla variants in FA1090 was assessed by ddPCR 
(one-way ANOVA with Tukey mul%ple comparisons; *** p <0.001). (C) pbla.1 and pbla.2 carriage in 
Ng_cgc400 29 between 2011 and 2019 (n = 433 isolates). Bar colours indicate the pbla variant and numbers 
above the bars specify the number of isolates in each year.  
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I next assessed whether the competitive disadvantage of pbla.2 is reflected in the gonococcal 

population. My previous analysis of pbla prevalence in isolates on PubMLST between 2010 and 

2019 (Figure 20), suggested a decreasing prevalence of pbla.2 in gonococci. However, this result 

could also reflect bias in the sampling of isolates or associations of plasmid variants with successful 

lineages. Fitness effects of a plasmid correlate with the phylogeny of a strain132, and lower genetic 

diversity within a lineage should reduce the impact of strain-specific fitness, thereby increasing the 

relative influence of plasmid-specific fitness costs on population dynamics. Therefore, I also 

examined the prevalence of pbla variants within a single lineage, Ng_cgc400 29, which carries both 

pbla.2 and pbla.1. Between 2010 and 2020, there was a shift from pbla.2 to pbla.1, accompanied 

by an increase in pbla prevalence from <20% to >80% (Figure 23C).  

Further evidence of the relative success of the pbla variants comes from their abundance within 

lineages. If a plasmid is costly, plasmid-carrying strains are outcompeted by plasmid-free strains, 

resulting in low plasmid prevalence. In contrast, strains harbouring a beneficial plasmid can 

undergo clonal expansion, increasing plasmid prevalence within a lineage. To test whether the 

fitness costs of pbla.2 correlate with a lower plasmid prevalence in pbla.2-associated lineages, I 

compared the percentage of isolates carrying pbla in the three largest Ng_cgc400 that carry each 

pbla variant (Table 5). More than 50.1% and 39.0% of isolates carry pbla in pbla.1 and pbla.3-

associated lineages, respectively. In contrast, pbla.2 is only present at comparably low frequency 

(18%, 8.5% and 0.5% in Ng_cgc400s 29, 175 and 3, respectively) within lineages, indicating a 

competitive disadvantage of carrying pbla.2, and a lack of clonal expansion of isolates with this 

variant. Taken together, the fitness costs imposed by pbla.2 are consistent with the shift to pbla.1 

within lineage Ng_cgc400 29, and its low prevalence within lineages in comparison to pbla.1 in the 

gonococcal population.  
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Table 5: The percentage of isolates carrying pbla in the three largest Ng_cgc400 that are associated with a 
given variant. 

 

  

pbla variant(s) Ng_cgc400 Number of isolates pbla carriage (%) 

1 21 574 64.3 

1 33 476 51.9 

1 187 94 62.8 

1 / 2 / 3 3 4 545 1.2 / 0.5 / 0.3 

1 / 2 29 473 14 / 18 

2 175 318 8.5 

3 25 346 56.8 

3 298 101 39.6 

3 391 31 87.1 
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4.3 Impact of mobilisation on the spread of pbla in gonococci 

4.3.1 pbla.1 transfer in isogenic matings 

Horizontal transfer of plasmids can enhance their presence within bacterial populations by 

compensating for plasmid loss during cell division and introducing them into novel genetic 

backgrounds. Therefore, I next examined pbla transfer by the gonococcal conjugative plasmid 

pConj. Previous studies reported highly variable transfer frequencies of pbla308,314,402,403, which 

could be due to different donor and recipient strains, pbla and pConj variants used. To minimise 

the variables that could affect pbla transfer, I first focused on pbla.1 and pConj.1, the most 

prevalent and widely distributed pbla/pConj combination (Chapter 3.2.5), and assessed their 

transfer in matings between isogenic strains of FA1090. ermC and aph(3) were inserted into the 

pilD locus of donors and recipients, respectively, to eliminate transfer by transformation294,340,404 

and enable quantification by selective plating. pConj.1 and pbla.1 were introduced by conjugation 

and transformation, respectively. 

A conjugation assay to measure pConj transfer has previously been established by Dr Wearn-Xin 

Yee296, and I optimised the assay for pbla transfer. Initially, I determined the minimal amount of 

time required to detect transconjugants, as shorter mating times limit bias due to fitness effects of 

plasmid carriage or different growth rates of strains, and ensure the dynamics are dominated by 

donors and recipients rather than by transconjugants and recipients405. Briefly, donors and 

recipients were sub-cultured to mid-exponential phase, mixed at a 1:1 ratio, spotted onto agar at 

an inoculum of 106 CFU in 10 µl and incubated for 4, 6, 20 and 24 hours, after which donors, 

recipients and transconjugants were enumerated. Mobilisation rates were calculated as number of 

transconjugants / total number of recipients, and the ratio of donors to recipients was measured 

at the start and the end of the mating to detect differences in growth rates of donors and recipients. 

The mating between FA1090 pilD::ermC pbla.1 and FA1090 pilD::aph(3) served as a control. No 
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pbla.1 transfer was detected in the absence of pConj, confirming the dependence of pbla on the 

conjugative plasmid for its transfer. In the presence of pConj, pbla mobilisation was consistently 

observed after six hours of conjugation, with no significant difference in the proportion of 

transconjugants per recipients between the 6, 20 and 24 hour time points (one-way ANOVA, p = 

0.33, Figure 24A). Therefore, subsequent matings were performed for 6 hours. 

As the donor to recipient ratio could affect the frequency of plasmid transfer by impacting the 

likelihood of contact between donors and recipients, I next measured pbla transfer across different 

donor to recipient ratios (1:10, 1:2, 1:1, 2:1 and 10:1), while keeping the inoculum constant at 

106 CFU. pConj transfer plateaued at ~ 80% at a 1:1 ratio, suggesting a saturation of the transfer 

due to the remarkably high conjugation frequency of pConj (Figure 24B). In contrast, pbla 

mobilisation increased from 0.08% (sd = 0.04%) to 1.2% (sd = 0.36%) when increasing the donor to 

recipient ratio from 1:10 to 10:1 (Figure 24B), and subsequent matings were performed at a 10:1 

ratio.  
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Figure: a model to study pbla transfer
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Figure 24: Mobilisa%on of pbla.1 by pConj.1 in isogenic ma%ngs. 
(A) pbla.1 mobilisa%on by pConj.1 over %me at a 1:1 donor to recipient ra%o and an inoculum of 106 bacteria. 
The mobilisa%on frequency was calculated as the number of pbla-carrying transconjugants / recipients (one-
way ANOVA of t = 6, 20 and 24 hour %me points, p = 0.33). (B) pbla.1 and pConj.1 transfer at different donor 
to recipient ra%os; the total number of bacteria was kept constant. (C) pbla mobilisa%on into a pConj-free 
and pConj-carrying recipient (Welch two-sample t-test, p = 0.87). 
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4.3.2 Lack of entry exclusion by pConj permits pbla acquisition 

Conjugative plasmids can block the acquisition of other plasmids by expressing entry exclusion 

proteins406; entry exclusion could impede pbla mobilisation, as the initial transfer of pConj during 

conjugation could block subsequent acquisition of pbla. pConj encodes a predicted lipoprotein 

annotated as TrbK entry exclusion protein293, with 21% amino acid similarity with Agrobacterium 

fabrum Ti plasmid TrbK (locus tag: ATU_RS23180, Genbank: NC_003065.3). I examined whether 

pConj in a recipient can impair the transfer of pbla by comparing the mobilisation rate of isogenic 

matings where the recipient either did or did not harbour pConj. Results show no difference in pbla 

transfer into pConj-free and pConj-containing recipients (1.1% and 0.9%, respectively, Welch two-

sample t-test, p = 0.87, Figure 24C), indicating that surface exclusion mediated by pConj is unlikely 

to limit pbla spread in the gonococcal population.  
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4.3.3 Differences in pbla mobilisation by pConj variants explain their co-

occurrence 

While pbla is significantly associated with pConj, only isolates with pConj variants 1, 3, 4 and 5 also 

commonly carry pbla (Chapter 3.2.5 and Figure 25A). This could be due to the abundance and 

geographical distribution of these plasmids; pConj 1, 3 and 5 are the most prevalent variants in the 

gonococcal population, while pConj.4 is associated with isolates from Africa, where pbla is most 

prevalent (Chapter 3.2.3). Alternatively, the co-occurrence of plasmid variants could reflect 

interactions between them. For example, pbla MobA has a relaxase domain which nicks 

the oriT sequence on pbla309, but then must interact with the pConj-encoded T4SS for its transfer6. 

Therefore, differences in the T4SS of pConj variants286 may lead to distinct interactions with 

pbla and favour their co-transfer. Therefore, I evaluated whether pConj variants differ in their 

ability to mobilise pbla. I selected pConj variants that frequently co-occur with pbla (i.e. pConj.1, 

pConj.3, and pConj.4 with 59%, 37.9%, and 88.1% co-occurrence, respectively, Figure 25A) and 

pConj variants that do not (pConj.2 and pConj.7, with 26.3% and 9.0% co-occurrence, respectively). 

I then assessed the conjugation frequencies of the pConj variants and their ability to mobilise 

pbla.1. In FA1090, the conjugation rate of pConj variants differed significantly (Figure 25B, one-way 

ANOVA, p <0.001) with pConj.1, 3 and 4 having conjugation frequencies of >79%. The conjugation 

frequencies of pConj.2 and pConj.7 (which are not highly associated with pbla) were three to four 

orders of magnitude lower (Figure 25B). pbla mobilisation mirrored the conjugation frequencies 

and was 1 to 2% in the presence of pConj variants 1, 3 and 4, while pbla mobilisation by pConj.7 

was three orders of magnitude lower (Figure 25B); pbla transfer by pConj.2 was not detected in 

these assays (limit of detection = 0.001%). Therefore, results indicate that within the gonococcal 

population, pbla is particularly associated with pConj variants that can mobilise it efficiently. 
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Figure: pbla transfer by differnt pConj variants
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Figure 25: pbla co-occurrence and mobilisa%on by pConj variants.  
(A) Sankey plot of pConj carrying isolates (n = 4 883 isolates), displaying the presence of pbla (lel) and co-
occurrence of pbla with individual pConj variants (right). (B) Conjuga%on rates of pConj variants (top) and 
the mobilisa%on rates of co-located pbla.1 (bo_om). Plasmid transfer rates were calculated as the number 
of pbla or pConj-containing transconjugants / number of recipients; the limit of detec%on (L.O.D.) is 
indicated as a dashed line. 
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4.3.4 The limited distribution of pbla.3 correlates with its immobility  

There are conflicting data about the mobility of pbla.3, which lacks the mobilisation region312-314,407. 

Therefore, I next assessed the mobilisation of wild-type pbla (pblawt) variants by pConj.1 in FA1090. 

Results demonstrate that pbla.1wt and pbla.2wt are mobilised efficiently with no significant 

difference between these variants (Figure 26A, 1.4% and 1.3%, respectively, Tukey multiple 

comparison of means, p = 0.99). Of note, pbla.3 mobilisation was not detected in any of these 

assays (limit of detection = 0.001%). To determine whether pbla variant deletions are responsible 

for the differences in mobilisation, I generated isogenic pbla variants (pbla.1iso and pbla.3iso) by 

introducing the variant-specific deletions into pbla.2wt. The mobilisation frequency of pbla.1iso did 

not differ from pbla.1wt (Tukey multiple comparisons of means, p = 0.82). Furthermore, no transfer 

of pbla.3iso was detected, showing that the variant-specific deletion is responsible for its immobility.  

The inability of pbla.3 to be transferred by pConj correlates with its restricted distribution in the 

gonococcal population, with pbla.3 only found in the closely related Ng_cgc400 lineages 25, 298 and 

391 (Chapter 3.2.4), consistent with the clonal expansion of pbla.3-carrying strains. 
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Figure 26: pbla.3 is immobile due to the lack of NEIS2961 (mobA) and NEIS2962 (mobC). 
(A) Mobilisa%on rates of wild-type and isogenic pbla variants (pblaiso) by pConj.1. (B) The impact of single 
mob gene knockouts in pbla.2 on pbla mobilisa%on frequencies. Three biological repeats were performed 
for all assays, and results were analysed by one-way ANOVA with Tukey mul%ple comparisons of means; n.s. 
p >0.05, *** p <0.001. (C) Alignment of MobC from E. coli plasmid RSF1010 (Genbank accession: S96966.1) 
and NEIS2962 from pbla.2 (Genbank accession: NZ_LT591911). Amino acid sequences were aligned with 
COBALT3,4, and the alignment was visualised with ESprit4,5. Iden%cal residues are shown in white on a red 
background, residues with a similarity score >0.7 are framed in blue, and the remaining residues are shown 
in black. (D) Superimposed AlphaFold3 structure predic%on of MobC from the E. coli plasmid RSF1010 
(salmon, Genbank accession: S96966.1) and NEIS2962 (blue) dimers (Match Align: 677.7, RMSD: 0.775 Å) 
(E) Electrosta%cs predic%on of NEIS2962 homodimer with pbla oriT sequence using the APBS Electrosta%cs 
Plugin. Nega%vely and posi%vely charged regions are shown in red and blue, respec%vely. 
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4.3.5 pbla requires its own MobA relaxase and MobC for its mobilisation 

To further investigate the mechanism of pbla mobilisation, I deleted individual genes that are 

absent from pbla.3 (NEIS2961, NEIS2962 and NEIS2964) from pbla.2 and quantified the transfer of 

the resulting pbla.2DNEIS2961, pbla.2DNEIS2962, pbla.2DNEIS2964 by pConj.1. Deletion of NEIS2961, which 

encodes a MobA-family relaxase309, abolished pbla transfer (Figure 26B), indicating that the pConj 

relaxase cannot recognise pbla oriT and compensate for the absence of the pbla relaxase. In the 

absence of NEIS2362, there was a significant reduction in pbla mobilisation (Tukey multiple 

comparisons of means, p <0.001, Figure 26B). NEIS2962 encodes a protein with 26% amino acid 

similarity to MobC from the E. coli plasmid, RSF1010 (Figure 26C). E. coli MobC forms a homodimer 

that aids mobilisation by unwinding DNA at oriT, improving access of the relaxase to the adjacent 

DNA408.  

To assess whether NEIS2962 might act in a manner similar to RSF1010 MobC, I evaluated their 

predicted structural similarity using AlphaFold3 and characterised surface charge distributions 

using the APBS Electrostatics Plugin in PyMOL. RSF1010 MobC and NEIS2962 homodimers are 

closely related at a structural level (Figure 26D, pTM = 0.76 and pTM = 0.67, for RSF1010 MobC and 

NEIS2962, respectively, Match Align score: 677.704, Executive RMSD: 0.775 Å). Analysis of the 

distribution of electrostatic charges revealed a pronounced electropositive groove formed by 

RSF1010 MobC and NEIS2962 dimers, consistent with a putative DNA binding site. To evaluate the 

sequence specificity of the hypothesised MobC-DNA interactions, I incorporated dsDNA 

corresponding to pbla oriT, sequences of identical length and nucleotide composition ('scrambled 

oriT sequences'), and random dsDNA of identical length into the model. Alphafold3 structural 

predictions indicate binding of dsDNA oriT to the electropositive groove of NEIS2962 (Figure 26E), 

but not of random or scrambled oriT sequences. This suggests that NEIS2962 increases pbla 

mobilisation in a manner analogous to RSF1010 MobC408.  
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NEIS2964 is present in two copies on pbla.2, yet deletion of both copies did not impact pbla transfer 

(Figure 26B), indicating that it does not contribute to pbla mobilisation in these assays.  



 

 

 134 

4.4 Summary 

In Chapter 3, I showed that three major pbla variants have distinct patterns of distribution in the 

gonococcal population, raising the question of what molecular mechanisms underlie this 

distribution. Here, I explored the impact of plasmid fitness costs, resistance and mobilisation 

patterns on the distribution of pbla variants in gonococci. 

The spread of a plasmid in a bacterial population is shaped by the complex interplay between 

plasmid and strain-specific, as well as ecological factors. For example, I found that pbla variants 

carry distinct TEMs, which lead to different resistance levels in the same genetic background. 

However, pbla-mediated resistance also varies between strains, probably through the synergistic 

effects of chromosomal resistance mutations and differences in cellular TEM levels. This suggests 

that the benefit offered through the same pbla variant can differ between strains. However, for the 

small sample size of isolates tested, there was no indication that strain-specific resistance levels 

determine the association of pbla variants with certain lineages. Future studies could expand the 

panel of strains tested, examine the interactions between chromosomally- and plasmid-mediated 

resistance in an isogenic background, and determine enzyme stability in different strain 

backgrounds.  

pbla is associated with pConj, which promotes the spread of the b-lactamase plasmid. Here, I 

showed that pConj variants differ in their conjugation rates, and I found that the pbla mobilisation 

frequency in isogenic matings correlates with the conjugation frequency of the co-resident pConj. 

The differences in the ability of pConj variants to mobilise pbla are reflected by a high pbla co-

occurrence with pConj variants that efficiently mobilise it. Unlike many conjugative plasmids, pConj 

lacks entry exclusion, allowing pbla to enter bacteria already containing pConj. This dynamic 

interaction supports the spread of successful pbla/pConj pairs, such as pbla.1/pConj.1, across the 

gonococcal population. 
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Plasmid success in bacterial populations depends on their ability to spread horizontally across 

lineages and/or persist vertically within clonal populations. In the absence of active maintenance 

systems, the probability of pbla being lost during cell division depends on its copy number, i.e. the 

more plasmids are present in a cell, the more likely both daughter cells are to inherit at least one 

copy of the plasmid. pbla.1 and pbla.3 have an intermediate copy number, which should lead to a 

slow decline in pbla in gonococci over time. However, whilst no longer recommended for the 

treatment of gonorrhoea, penicillins are amongst the most consumed antibiotics409. Therefore, 

sporadic bystander selection due to treatment of other diseases may support the persistence of 

these pbla variants in gonococci410.  

pbla.2 imposes significant fitness costs which correlates with its increased copy number. pbla.2 

encodes two distinct replication initiation proteins and origins of replication, whereas the less 

costly pbla.1 only carries one rep and ori. Previous work in E. coli indicates that while pbla.1 initiates 

replication from ori1, pbla.2 preferentially uses ori2/ori3, changing its dependency on PolA and 

incompatibility group306. The expression of distinct Reps might explain the differences in copy 

number and costs, potentially by sequestering host DNA replication machinery67. Of note, the 

replication of pbla.3 has not been explored to date. Compared to the equally mobile pbla.1, pbla.2 

is present at a lower abundance in the gonococcal population, and pbla.2-associated lineages show 

low plasmid prevalence compared to pbla.1 and pbla.3-carrying lineages (Table 5), which could 

reflect the fitness disadvantage of pbla.2-carrying strains. The fitness cost of pbla.2 is further 

illustrated by the change from pbla.2 to pbla.1 in Ng_cgc400 29, and reports of an epidemic of pbla.1-

carrying isolates in Guangdong, China398, a region previously associated with pbla.2.  

pbla.3 has undergone clonal expansion, demonstrating its successful adaptation to gonococci. 

TEM-135 initially arose in pbla.2 and confers higher resistance levels. However, the fitness cost of 

pbla.2 may have hindered its spread. Through gene loss, pbla.3 evolved from TEM-135 carrying 

pbla.2, eliminating mobility but concomitantly avoiding obvious fitness costs. Due to the lack of 
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mobility, pbla.3 is not widely disseminated but has promoted the expansion of related lineages, 

potentially due to the enhanced b-lactam resistance conferred by TEM-135. 

In summary, multiple factors contribute to the distribution of pbla in gonococci, including strain 

background, co-resident pConj, and pbla-specific characteristics such as mobility, fitness costs and 

TEM variant. It would be interesting to use the established parameters for pbla as inputs for agent-

based modelling approaches to assess contributions of fitness, mobilisation and resistance to the 

spread of pbla and test different selection scenarios to predict future trends in plasmid-mediated 

resistance in gonococci. 
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5 Impact of restriction modification systems on 

plasmid transfer 

5.1 Distinct associations of RMSs and plasmid carriage 

Restriction modification systems (RMSs) are bacterial defence modules that recognise and cleave 

dsDNA based on its methylation profile. The methyltransferase of an RMS protects self-DNA by 

methylating sequences recognised by the restriction endonuclease. Incoming DNA that lacks this 

modification is restricted, and RMSs can act as a barrier to phages, transformation and plasmid 

acquisition411. N. gonorrhoeae possesses a remarkably large number of RMSs given the size of its 

genome (2.2 Mb); individual strains have 13 - 16 RMSs, while only 3 - 4 are present in other 

organisms with a similar sized genome220,222.  

I found that pbla is associated with certain lineages but absent from others (Chapter 3.2.4). A 

similar uneven distribution of pConj is seen, although pConj is more prevalent and widely 

distributed than pbla412 (Figure 27A and B). Plasmid variant-specific mobility patterns provide some 

insights into their distribution in the population. For example, the restricted spread of pbla.3 and 

pConj.2 in the population (Chapter 3.2.4 and 286) correlates with their lack of mobility and low 

transfer (Chapter 4.3.4 and 296), respectively. However, variant-specific mobility patterns do not 

explain the absence of plasmids from certain lineages. I hypothesised that lineage-specific RMSs 

could limit plasmid transfer within the gonococcal population and explain the patchy distribution 

of plasmids. 
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Figure 27: Associa%on of plasmid carriage with features of RMSs. 
Minimum spanning trees of 3 761 gonococcal isolates showing the distribu%on of pConj (A) and pbla (B) in 
gonococci. Isolates were clustered by core genomic allelic differences (cgMLST v1) using GrapeTree and coloured 
according to their plasmid carriage. The number of isolates carrying pConj and pbla is given in brackets. (C, D) 
Logis%c regression of the correla%on of individual features of RMS genes with plasmid presence (posi%ve logis%c 
regression coefficient) or absence (nega%ve logis%c regression coefficient). The y-axis indicates the nega%ve 
logarithm of the p-value of the respec%ve predic%on, i.e. the higher the value, the more confident the predic%on. 
Dots represent individual features of RMSs. Features of NEIS2765 (cyan), nlaIV_E and nlaIV_M (green) and 
NEIS2362 (magenta) are indicated for pConj (C) and pbla (D). Different poly-T tract lengths within nlaIV_E result 
in inac%ve NlaIV_E and are indicated as separate datapoints. The logis%c regression analysis was performed by 
Dr Aden Forrow and Dr Sam Palmer. 
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To identify RMSs that potentially influence the distribution of pbla and pConj in gonococci, a dataset 

of 3 760 isolates with available WGS was used, representing 154 distinct Ng_cgc400s. pbla is present 

in 440 (11.7%) and pConj in 1 032 (27.45%) of isolates. Dr Ana Cehovin had curated the RMS loci in 

these strains in PubMLST and identified a total of 16 RMSs, encoded by 33 loci (Table 6). Type II 

RMSs were the most frequent (12/16), with examples of type I (2/16) and type III (2/16) RMSs also 

present. Notably, 28/33 loci are core to the gonococcus, i.e., present in more than 95% of isolates 

in the population. Besides the presence/absence of systems, changes in the activity or specificity of 

RMSs could also affect plasmid acquisition. Therefore, for each RMS locus, features such as 

premature stop codons and homo- or polynucleotide tracts were identified. Of the 33 RMS loci, 15 

had features which could affect the activity of the RMS (Table 6). 

Next, the correlation between variation in RMS loci and the presence or absence of pbla and pConj 

was examined to identify RMSs that are likely to affect plasmid transfer. For this, we collaborated 

with Dr Aden Forrow and Dr Sam Palmer (Mathematical Institute, University of Oxford), who 

conducted a logistic regression analysis, a statistical modelling approach used for predicting binary 

outcomes413. In this case, the model predicts whether a strain carries pConj or pbla based on the 

presence and features of RMS loci. Each RMS feature (e.g. presence of NlaIV endonuclease with a 

premature stop codon) was a potential predictor in the model, and the logistic regression estimated 

a regression coefficient for each feature that quantified how much a feature contributes to the 

likelihood of the plasmid being present414. A positive regression coefficient indicates the feature is 

associated with the presence of pbla or pConj, while a negative coefficient indicates an association 

with the absence of a plasmid. 

The analysis suggested features of NEIS2765 (NgoAII endonuclease), NEIS1181 (NlaIV 

endonuclease), NEIS1180 (NlaIV methyltransferase), and NEIS2362 (hsdS of NgoAV) correlate with 

plasmid presence (Figure 27C and D). I have therefore investigated the impact of the NgoAII, NlaIV 

and NgoAV RMSs on the transfer of pbla and pConj in N. gonorrhoeae.  
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Table 6: RMS loci in the dataset. Loci present in >95% of gonococci (core) and loci with variable features that 
were included in the logis%c regression are indicated. 

Locus Product RMS RMS type Core Variable 
features 

NEIS0328 DpnIIB methyltransferase NgoAXI II Yes Yes 

NEIS0678 
NmeDIP very-short-patch-repair 
endonuclease 

NgoAXIII II Yes Yes 

NEIS1158L Methyltransferase  NgoAXVII I Yes Yes 

NEIS1180 BanIM methyltransferase NgoAXV II Yes Yes 

NEIS1181 Restriction endonuclease NlaIV NgoAXV II Yes Yes 

NEIS1193 StyLTI restriction endonuclease NgoAX III No No 

NEIS1194 ModB methyltransferase NgoAX III No Yes 

NEIS1310 ModA methyltransferase NgoAXII III No Yes 

NEIS1311 Restriction endonuclease NgoAXII III Yes No 

NEIS1990 Very short patch repair protein NgoAXIV II Yes No 

NEIS1992 
DNA (cytosine-5-)-
methyltransferase 

NgoAXIV II Yes No 

NEIS2361 
HsdM; DNA methyltransferase 
subunit M 

NgoAV I Yes Yes 

NEIS2362 HsdS; specificity subunit S NgoAV I Yes Yes 

NEIS2391 
HsdR; restriction enzyme 
EcoR124II R protein 

NgoAV I Yes Yes 
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NEIS2477 Restriction endonuclease DpnC NgoAXI II Yes Yes 

NEIS2534 HsdR; RM R protein NgoAXVII I Yes Yes 

NEIS2535 HsdS; specificity subunit S protein NgoAXVII I Yes No 

NEIS2593 
BcgIA restriction-modification 
enzyme 

NgoAVIII II Yes No 

NEIS2594 BcgIB specificity unit NgoAVIII II Yes No 

NEIS2596 
Restriction endonuclease 
R.NgoVII 

NgoAVII II Yes No 

NEIS2597 
Methyltransferase BspRIM; 
M.NgoVII 

NgoAVII II Yes No 

NEIS2664 
HaeIII methyltransferase; 
M.NGOI 

NgoAIV II Yes No 

NEIS2665 
NgoMIVR restriction 
endonuclease; R.NGOI 

NgoAIV II Yes No 

NEIS2691 
Eco29kI restriction endonuclease; 
R.NgoMIII 

NgoAIII II No No 

NEIS2692 
ApIIM_2; DNA cytosine 
methyltransferase M.NgoMIII 

NgoAIII II No No 

NEIS2722 Methyltransferase  NgoAII II Yes No 

NEIS2725 FokIM methyltransferase  NgoAXVI II Yes No 

NEIS2727 HhaIM methyltransferase  NgoAI II Yes No 

NEIS2728 HaeII restriction endonuclease NgoAI II Yes No 
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NEIS2765 NgoPII restriction endonuclease NgoAII II Yes Yes 

NEIS2910 HaeIII methyltransferase  NgoAVI II Yes No 

NEIS3175 HpaII methyltransferase  NgoAIII II Yes Yes 

NEIS3176 Restriction endonuclease NgoAIII II Yes Yes 
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5.2 The type I RMS NgoAV has a minimal impact on plasmid 

transfer 

Variation in the HsdS specificity subunit of the type I RMS NgoAV can alter the recognition motif of 

the system222,227. Logistic regression analysis showed a correlation between variation in hsdS and 

the presence/absence of pConj (Figure 27C). Type I RMS form multi-subunit complexes of the 

specificity (HsdS), methyltransferase (HsdM), and DNA restriction-translocation (HsdR) subunits. 

The methyltransferase complex is composed of two HsdM and a single HsdS (M2S1), and NgoAV 

catalyses the addition of a methyl group to the N6 position of adenosine (m6A) within its bipartite 

recognition sequence222. The addition of two HsdR subunits to the M2S1 complex forms the 

functional restriction complex (R2M2S1). Sequence recognition by HsdS is essential for both 

methylation and restriction by the type I RMS70; therefore, changes in HsdS affect both restriction 

and methyltransferase activity of the system. 

NgoAV hsdS has three variable regions (Figure 28A)222: i) an indel at position 186, ii) a region with 

different numbers of repeats of the nucleotide sequence encoding for the amino acids 'LEAT' and 

iii) a poly-G tract in the middle of the ORF (starting at position 612 for hsdS encoding 2 LEATs). Both 

indel and changes in the lenght of the poly-G tract alter the length of HsdS. Insertion of a T at 

position 186 results in a premature stop codon and an inactive HsdS of 63 amino acids (HsdS63)222; 

different lengths of the poly-G tract translate into full-length HsdS (~ 400 amino acids, HsdS400) or 

a shorter version of ~ 200 amino acids (HsdS200) due to a premature stop codon. 
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Figure 28: NgoAV hsdS has three regions of variability. 
(A) Gene organisa%on of the NgoAV locus, where hsdM (NEIS2361), hsdS (NEIS2362) and hsdR (NEIS2391) 
are flanked by the genes encoding an ADP-D-beta-D heptose epimerase (NEIS0073) and a puta%ve ATP-
dependent protease (NEIS0074). NEIS2599 encodes the DNA damage-inducible protein D. Shown below are 
the three variable regions within hsdS: an indel at posi%on 186 (leading to an inac%ve enzyme), a region 
with repeats of the nucleo%de sequence encoding the amino acids 'LEAT' (purple rectangle) and a poly-T 
tract (pink rectangle). (B, C) Minimum spanning trees of 3 760 gonococcal isolates displaying HsdS length in 
amino acids (B) and the number of LEAT repeats (C) in the popula%on. Incomplete hsdS loci, where the 
number of LEAT repeats and HsdS length could not be determined, are indicated as NA. 



 

 

 145 

I investigated the prevalence and distribution of HsdS features in the dataset of 3 760 gonococcal 

isolates. Sequences encoding for HsdS63, HsdS200 and HsdS400 were present in isolates at 

approximately equal frequency (35.3%, 27.2% and 35.0%, respectively, Figure 28B). hsdS in the 

dataset encoded for zero to eight copies of LEAT; two (55.8%) and one copy (24.0%) were the most 

common number of repeats (Figure 28C). Of note, isolates that cluster together on the tree encode 

HsdS of the same length (Figure 28B). In contrast, the number of encoded LEAT repeats varied 

between closely related isolates, suggesting this feature is phase-variable (Figure 28C). The only 

exception to this was isolates with no HsdS LEAT, which clustered together on the tree; logistic 

regression analysis indicated HsdS with no LEAT is associated with pConj presence (regression 

coefficient = 0.86, -log10(p) = 23.98, Figure 27C), but pbla absence (regression coefficient = -0.29,    

-log10(p) = 31.51, Figure 27D) 

To analyse how the variation in hsdS affects HsdS, I predicted the structures of HsdS400 and HsdS200 

using AlphaFold3 (Figure 29A and B, pTM = 0.66 and pTM = 0.77, respectively). Similar to other type 

I RMS HsdS, NgoAV HsdS400 has two target recognition domains (TRD1 and TRD2, amino acids 18 - 

153 and 219 - 356, respectively) that are separated by two a-helices (Figure 29A)72. HsdS200 has a 

single TRD1 and one a-helix (Figure 29B). TRD1 and TRD2 share 26.45% amino acid identity, and 

comparison of structure predictions of individual TRDs in PyMOL indicated a Root Mean Square 

Deviation (RMSD) of 1.736 Å. The RMSD indicates the average distance between atoms after the 

structures have been aligned to minimise this distance415; an RMSD of 1.736 Å suggests a small to 

moderate level of structural difference416. The LEAT repeats lie within the a-helix that is present in 

both HsdS400 and HsdS200 (Figure 29A and B). Comparison of HsdS400 with different numbers of LEAT 

repeats revealed that the number of LEATs alters the spacing and pitch of the TRDs (Figure 29C). 

For example, the spacing between the TRDs in predicted structures of HsdS400 with 0, 1 and 2 LEAT 

repeats was 68.2 Å, 72.8 Å and 76.5 Å (measured between S154 and N210/214/218), respectively.   



 

 

 146 

 

  

A B

TRD1
TRD2

LEAT repeats

TRD1

LEAT repeats

0 LEAT < 1 LEAT < 2 LEAT

C
D

90°

Figure 29: AlphaFold3 predic%ons of HsdS variants. 
(A, B) AlphaFold3 predic%ons of HsdS400 (A) and HsdS200 (B). LEAT repeat regions are indicated in purple. (C) 
Superimposed HsdS400 with 0 (red), 1 (orange) and 2 LEAT (yellow) repeats. (D) HsdS200 dimer with dsDNA 
containing the palindromic mo%f GCAN8TGC (shown in red). 
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In the dataset, the most prevalent combination was HsdS400 with two LEAT repeats (23.6% of 

isolates), followed by HsdS200 with two LEAT repeats (13.5%) and HsdS400 with one LEAT repeat 

(10.0%). No repeats were mostly found in HsdS200 (96.9% of sequences without LEAT). To 

understand how these changes in HsdS affect methylation, I generated isogenic FA1090 strains with 

the four most prevalent HsdS variants, and with hsdS replaced by aph(3)-galK. Strains were 

sequenced with Nanopore, and sequencing data were processed with Dorado and Modkit to detect 

m6A methylation and identify motifs (Table 7). All strains showed methylation of the NgoAXVI 

GGTGA recognition sequence, as well as GCAGA, recognised by NgoAXII. Both RMSs are predicted 

to be active in FA1090. Strains encoding HsdS400 also showed methylation of GCANxGTC and 

GACNxTGC motifs, with >99.5% of motifs in the genome modified. Of note, the spacer length (Nx) 

between the methylated motifs differed between HsdS400 with one LEAT (six nucleotides) and two 

LEATs (seven nucleotides), consistent with an increase in spacing between the TRDs in the two 

HsdS400 structures (Figure 29C). 

In contrast, HsdS200 with 2 LEAT repeats methylated the palindromic sequence GCAN8TGC (99.3% 

of motifs modified). The first part of the sequence is conserved between the HsdS400 and HsdS200 

methylation motifs, indicating TRD1 recognises GCA, whereas TRD2 (only present in HsdS400) 

recognises the TGC sequence. The palindromic sequence methylated in the strain encoding HsdS200 

with 2 LEATs, suggests HsdS200 might dimerise to recognise the bipartite sequence. HsdS200 

dimerisation is supported by AlphaFold3 predictions of HsdS200 with dsDNA containing the 

GCAN8TGC motif, indicating that two HsdS200 reconstitute the two TRD structure of HsdS400 (Figure 

29D, ipTM = 0.55). Of note, no additional m6A methylation was detected in the strain encoding 

HsdS200 without LEAT repeats, suggesting that this HsdS variant is inactive. 
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Table 7: HsdS of strains constructed with their methyla%on mo%fs and number of target sequences on pbla 
and pConj. 

HsdS 
length 

# LEAT motif fraction of 
modified 

motifs (%) 

# sites on 
pConj.1 
(34 kb) 

# sites on 
pbla.1 

(5.6 kb) 

200 0 -  0 0 

200 2 GCAN8TGC 99.3 15 1 

400 1 

GCAN6GTC 

GACN6TGC 

99.5% 

100% 

6 1 

400 2 

GCAN7GTC 

GACN7TGC 

100% 

100% 

21 2 
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To examine the effect of NgoAV on conjugation, I performed isogenic matings with FA1090-based 

donors and recipients with different versions of HsdS (Figure 30). As in Chapter 4, donor strains 

contained pilD::ermC, pbla.1 and pConj.1 and recipients pilD::aph(3). Results show that plasmid 

transfer was only slightly reduced in matings between strains with different hsdS; conjugation rates 

were reduced by less than 50% compared to matings where donor and recipient had identical hsdS, 

and all conjugations yielded >34.2% of transconjugants. Similarly, pbla mobilisation was only 

minimally affected.  

The logistic regression revealed a correlation between strains encoding HsdS without LEATs and 

pConj carriage (Figure 27C). The methylation analysis did not reveal any NgoAV methylation in the 

strain with HsdS200 without LEAT, indicating NgoAV is inactive. As expected in the absence of 

restriction barriers, the strain with no LEAT was an efficient recipient (conjugation rates >74.2%, 

mobilisation rates >2.4%). However, the absence of the NgoAV methylation pattern in the donor 

would be expected to result in a reduction in the transfer of plasmids into strains with an active 

NgoAV system. Counterintuitively, the strain with HsdS200 and no LEAT was also an efficient donor 

(Figure 30). The activity of an RMS with an overlapping motif could explain the high transfer rates 

observed for the donor with inactive HsdS; NgoAV HsdS400 shares a GAC in its recognition motif 

with the motif of NgoAVII (GACN5TGA)222. However, the base modified by NgoAVII remains 

undetermined, and I did not detect any methylation of NgoAVII motif in the strain with an inactive 

NgoAV system, indicating that the NgoAVII might not be active. 

In summary, HsdS variants differ in their recognition motif due to changes in the number of LEAT 

repeats, which is predicted to alter the spacing of the TRDs, and the number of TRDs (2x TRD1 in 

HsdS200 dimers vs. TRD1 and TRD2 in HsdS400, Figure 29). However, isogenic matings between 

strains with different HsdS showed only minimal effects of NgoAV on plasmid transfer in 

N. gonorrhoeae. 
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Figure 30: Heatmaps displaying the transfer rates of pConj (A) and pbla (B) in ma%ngs between isogenic FA1090 
strains with different hsdS.  
Darker colours indicate higher plasmid transfer, and numbers in boxes give the average of ma%ngs performed 
on three occasions. Isogenic ma%ngs along the diagonal are highlighted. 
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5.3 The NlaIV endonuclease impacts plasmid acquisition 

NlaIV is a type II RMS which recognises the 5'-GGNNCC-3' motif417. Type II RMSs have separate 

enzymes for DNA methylation and restriction, and the NlaIV locus consists of NEIS1180 (nlaIV_M) 

and NEIS1181 (nlaIV_E, Figure 32A). Both nlaIV_M and nlaIV_E are predicted to undergo ON : OFF 

switching due to homopolymeric tracts within their ORFs. nlaIV_M has a poly-A tract starting at 

position 793 (Figure 31A). An active NlaIV_M (423 amino acids) is expected to be encoded by 

nlaIV_M with a poly-A tract of 9 nt. Homonucleotide tracts leading to a +1 or +2 frameshift result 

in truncated proteins of 273 or 291 amino acids due to premature stop codons. Furthermore, a 

two-base pair insertion at position 231 (GGCGC, inserted bases underlined) can result in a 

premature stop codon at position 271. However, only 49 of 3 760 isolates (1.3%) in the dataset 

have a truncated methyltransferase due to changes in poly-A tract length or the GC insertion. 

Therefore, most N. gonorrhoeae strains are predicted to be methylated by NlaIV_M, indicating that 

the system might not influence intra-species HGT. Notably, inactivation of the methylase alone 

could lead to restriction of self-DNA, and 96% of isolates with inactive NlaIV_M also have a 

truncated NlaIV_E.  

OFF switching of NlaIV_E occurs due to a poly-T tract within the 5' end of the gene, which varies 

between eight and twelve nucleotides (Figure 32A). nlaIV_E with poly-T stretches of nine and 

twelve nucleotides translate to full-length NlaIV_E (424 and 425 amino acids, respectively); shorter 

and longer homopolymeric tracts result in +1 or +2 frameshifts, leading to truncated proteins of 75 

or 78 amino acids. NlaIV_E belongs to the PD–(D/E)XK superfamily of endonucleases and acts as a 

dimer to cleave its palindromic recognition sequence GGNNCC412,418. The structure of the NlaIV_E 

dimer has been solved418, and the catalytic residues D74, E87, and K89 have been confirmed by 

site-directed mutagenesis412. Truncated NlaIV_E lacks the catalytic residues E87 and K89 (Figure 

31A, B), leading to the inactivation of the enzyme.   
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NEIS1179
(leuD)

NEIS1180
(nlaIV_M)

NEIS1181
(nlaIV_E)

NEIS1182
(leuB)

E87 K89

nlaIV_E ON

nlaIV_E OFF

E87

K89

D73

A

B

Figure 31: Impact of phase varia%on on NlaIV_E. 
(A) Gene organisa%on of the NlaIV locus, where nlaIV_M (NEIS1180) and nlaIV_E (NEIS1181) are flanked 
by leuD (NEIS1179) and leuB (NEIS1182). Homopolymeric tracts within nlaIV_M and nlaIV_E are indicated 
with orange boxes. Shown below are the three types of polyT tract in nlaIV_E. Premature stop codons due 
to changes in the length of the poly-T tract are indicated in black, and codons for the ac%ve site residues 
E87 and K89 are highlighted in orange boxes. (B) AlphaFold3 predic%on of NlaIV_E (pTM = 0.96) with ac%ve 
site residues D73, E87 and K89 indicated in orange. 



 

 

 153 

I investigated the distribution of nlaIV_E poly-T tracts within the gonococcal population to gain 

insights into the correlation between NlaIV_E activity and plasmid presence. Despite the potential 

of nlaIV_E to undergo phase-variation, isolates with tracts that lead to nlaIV_E ON and nlaIV_E OFF 

cluster separately on the minimum spanning tree (Figure 32A). Furthermore, in 68.2% of isolates, 

the poly-T tract is interrupted by a cytosine (5'-TTTCTTTTT-3', Figure 31A and 32A), which is a silent 

mutation (TTT and TTC encode for phenylalanine). However, the T/C substitution reduces the 

length of the homonucleotide tract and could reduce or even eliminate phase variation at this 

locus, maintaining the endonuclease in an ON state. pConj and pbla are more likely to occur in 

isolates with inactive NlaIV_E (OR = 3.7, chi2-test p <0.001 for pConj and OR = 4.8, chi2-test p <0.001 

for pbla, Figure 32B and C), suggesting active NlaIV_E hinders plasmid uptake. 

To define the impact of the NlaIV RMS on plasmid transfer, I used isogenic FA1090 strains 

constructed by Dr Ana Cehovin and Dr Wearn Xin-Yee with active/inactive NlaIV_M (nlaIV_MON / 

nlaIV_MOFF) and NlaIV_E (nlaIV_EON / nlaIV_EOFF). Wild-type FA1090 carries phase-on nlaIV_E with 

an interrupted poly-T tract (5'-TTTCTTTTT-3'). For the corresponding nlaIV_EOFF strain, an additional 

T was introduced at the end of the nlaIV_E poly-T tract (5'-TTTTCTTTTT-3'); the 10 nucleotide poly-

T tract results in a truncated, inactive NlaIV_E. Strains with NlaIV_M modifications were derived 

from FA1090 nlaIV_EOFF. To limit phase variation of NlaIV_M, the poly-A tract was interrupted by a 

synonymous A to G substitution at position 6 of the tract (5'-AAAAAGAAA-3', both AAA and AAG 

encode for lysine), in the nlaIV_MON strain; the removal of an A at the end of the tract (5'-

AAAAAGAA-3'), resulted in an nlaIV_MOFF strain. As before, pilD was replaced by aph(3) to generate 

nlaIV_EON / nlaIV_EOFF recipients; nlaIV_MON / nlaIV_MON donors have pilD::ermC and carry pbla.1 

and pConj.1. 
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Figure 32: Presence of ac%ve NlaIV_E correlates with plasmid absence in the gonococcal popula%on and 
hinders plasmid transfer in isogenic ma%ngs 
(A) Minimum spanning tree depic%ng the distribu%on of nlaIV_E features in the popula%on. (B, C) pConj (B) 
and pbla (C) prevalence in isolates that have nlaIV_E ON or OFF. (D) Plasmid transfer rates in isogenic ma%ngs 
between donor strains with the methyltransferase ON (M+) or OFF (M-) and a recipient carrying an ON (E+) or 
OFF (E-) endonuclease. 
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I performed matings between donors with an active or inactive methyltransferase, and recipients 

with the NlaIV endonuclease OFF and methyltransferase either ON or OFF (Figure 32D). In matings 

with an nlaIV_MON donor, there was no difference in plasmid transfer into the nlaIV_EON or 

nlaIV_EOFF recipient. However, in the absence of NlaIV methylation (nlaIV_MOFF) in the donor, 

transfer of both pbla and pConj into recipients with nlaIV_EON was reduced to below the limit of 

detection (<0.0001%, Figure 32D). In contrast, there was no reduction in the transfer of plasmids 

from the nlaIV_MOFF donor into a recipient with inactive endonuclease. These findings demonstrate 

that an active NlaIV_E effectively hinders the uptake of unmethylated pbla and pConj. 
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5.4 NEIS2765 has no detectable effect on plasmid transfer 

The type II RMS NgoAII recognises the palindromic sequence 5'-GGCC-3' and consists of the 

endonuclease NgoAII_E, encoded by NEIS2765, and the methyltransferase NgoAII_M encoded by 

NEIS2722. NEIS2765 and NEIS2722 are arranged in tandem, with the 3' end of NEIS2765 

overlapping with the 5' end of NEIS2722 (Figure 33A). The NgoAII restriction endonuclease is 

present in two versions in the gonococcal population: full-length (278 amino acids, NgoAII_E278) or 

truncated (134 amino acids, NgoAII_E134). The truncation of NgoAII_E occurs due to an A insertion 

at position 388, resulting in a premature stop codon at position 403 (Figure 33A). NgoAII_E has 

been classified as a class P PD-(D/E)XK phosphodiesterase based on unpublished experimental 

data419, with no available structure of this enzyme. Therefore, I used AlphaFold3 to predict the 

structures of NgoAII_E278  and NgoAII_E134. NgoAII_E278  shows the conserved folds of a mixed b-

sheet flanked by two a-helices with E36, D73, E83, K85 active site residues (Figure 33B)419,420, 

consistent with NgoAII_E being a member of PD-(D/E)XK phosphodiesterase superfamily of 

endonucleases. The truncation of NgoAII_E134 conserves the active site residues (Figure 33C), but 

results in the loss of parts of the second a-helix. Most class P PD–(D/E)XK REases act as dimers421. 

Therefore, I also investigated the impact of the NgoAII_E134 truncation on its ability to dimerise. 

AlphaFold3 predictions indicate that NgoAII_E278 dimerisation is facilitated by an C-terminal domain 

of the protein, forming a two-stranded antiparallel b-sheet and an a-helix (Figure 33D). As 

NgoAII_E134 lacks the dimerisation region, this version of the enzyme is likely inactive despite the 

presence of active site residues.   

NgoAII_E278  and NgoAII_E134 are present at approximately equal frequency in the gonococcal 

population (47.8% and 52.2% of isolates, respectively, Figure 34A), with full-length NEIS2765 

associated with the presence of pConj and pbla (Figure 27C and D; pConj regression coefficient = 

1.31, -log10(p) = 70.52; pbla regression coefficient = 0.96, -log10(p) = 36.41).  
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Figure 33: Two versions of NgoA_E are found in gonococci. 
(A) Gene%c organisa%on of the ngoAII locus. NEIS2765 (ngoAII_E) and NEIS2722 (ngoAII_M) are flanked by 
NEIS0179, encoding a puta%ve inner membrane protein, and NEIS0178, encoding a ribosome recycling 
factor. An adenine inser%on at posi%on 388 (pink box) results in a frameshil muta%on and a premature stop 
codon (highlighted in black). (B, C) AlphaFold3 predic%ons of NgoaAII_E278 (B) and NgoAII_E134 (C). The 
secondary structure elements of the conserved core fold of PD-(D/E)XK nucleases are shown in purple (a-
helices) and violet (b-sheet), and the key ac%ve site residues E36, D73, E83, K85 are shown in orange. (D) 
AlphaFold3 predic%on of dimeric NgoAII_E (ipTM = 0.76) with structure elements absent from NgoAII_E134 
depicted in grey. 
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Figure 34: Characterisa%on of NgoAII and the RMS' impact on plasmid transfer in gonococci. 
(A, B) Minimum spanning tree of 3 760 isolates that were clustered according to core genomic allelic 
differences (cgMLST v1). Individual isolates are represented as dots that are coloured according to the 
NgoAII_E variant (A), or the ngoAII_M (B) allele carried. ngoAII_M alleles encoding iden%cal protein 
sequences are shown in the same colour. (C) AlphaFold3 predic%on of NgoAII_M with GGCC mo%f-
containing dsDNA. The first C of the GGCC mo%f is flipped into the ac%ve site of the methylase. Secondary 
structure elements conserved between class I MTases are indicated in yellow (a-helices) and orange (b-
sheet). (D) APBS surface charge predic%ons of NgoAII_M. Regions with posi%ve surface charge are indicated 
in blue, electronega%ve regions in red. (E) NgoAII_M with the G145R subs%tu%on is indicated in yellow. (F) 
Plasmid transfer into isogenic recipients that either harbour full-length or truncated NEIS275. Wt FA1090, 
which carries NEIS2722 allele 1, served as the donor. There was no significant difference in pConj or pbla 
transfer into the different donors (Welch two-sample t-test p = 0.28 and 0.41, respec%vely). 
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The NgoAII methyltransferase (NgoAII_M) is encoded by NEIS2722 and shows minimal variation in 

the population. The prevalent alleles 1, 4, 7, 8, 11, 12 and 31 have synonymous mutations, so they 

encode an identical protein, and together account for 77.8% of sequences (2 926 / 3 760, Figure 

34B). Allele 3, the second most common allele, is present in 15.7% of isolates and has a G145R 

substitution compared with the most prevalent NgoAII_M sequence. Alleles 114 and 116 have 

premature stop codons resulting in inactive proteins of 46 and 67 amino acids but are rare 

(3 / 3 760 isolates). Of note, isolates with ngoAII_M with a premature stop codon also encode a 

truncated NgoAII_E. 

As NgoAII_M has not been structurally characterised to date, I used AlphaFold to assess the 

potential effects of the G145R substitution. NgoAII_M shows the conserved fold of Class I MTases, 

consisting of a seven-stranded b-sheet flanked by a-helices forming an aba motif (Figure 34C)422. 

APBS surface charge modelling of NgoAII_M with dsDNA containing the GGCC motif reveals an 

electropositive groove that is predicted to interact with the dsDNA, resulting in the flipping of the 

first C within the GGCC motif into the adjacent electropositive pocket (Figure 34C and D). The 

G145R substitution is located on the surface of the enzyme, distant from the DNA-binding groove 

(Figure 34E), so it is unlikely to affect the methyltransferase activity of the enzyme.  

To define the effect of the NgoAII RMS on plasmid transfer, I used isogenic FA1090 strains with 

ngoAII_E278 and ngoAII_E134. Wild-type FA1090 encodes NgoAII_E134; Dr Ana Cehovin generated an 

FA1090 strain encoding NgoAII_E278 by replacing the FA1090 ngoAII_E with ngoAII_E from isolate 

60755, which lacks the A388 insertion. I performed matings using FA1090 pilD::ermC pConj.1 and 

pbla.1, which has the dominant NEIS2722 allele 1, as the donor, and FA1090 pilD::aph(3) with 

ngoAII_E278 or ngoAII_E134 as the recipient. As expected from a donor with an active 

methyltransferase, there was no difference in pConj and pbla transfer rates into FA1090 expressing 

full-length NgoAII_E or the truncated enzyme (Figure 34F, Welch two-sample t-test p = 0.28 and 
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0.41, respectively). Given that 99.9% of isolates in the dataset are predicted to encode an active 

methylase, these results suggest that NgoAII does not limit plasmid transfer between gonococci. 
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5.5 Plasmid transfer occurs in most mixed-strain matings 

Characterisation of NgoAV, NlaIV and NgoAII suggests that these individual RMSs have a limited 

impact on intraspecies transfer of pConj and pbla. However, this does not rule out the possibility 

that the strain background, either due to effects of combined RMSs or other factors, influences 

plasmid transfer. To investigate this, I quantified the transfer of pConj and pbla between clinical 

isolates from Ng_cgc400s that have high (i.e. Ng_cgc400s 21, 25) or low (i.e. Ng_cgc400 3) pbla and 

pConj carriage (Table 8, Figure 35). Furthermore, I included isolate NG149 from Ng_cgc400 377; this 

lineage is unusual as it has a high pbla (52.8%, 140/265) but low pConj (1.9%, 5/265) prevalence. 

For each strain, I generated a donor by introducing pbla.1 and pConj.1, as well as pilD::ermC, into 

a plasmid-free clinical isolate. Recipients were constructed by replacing pilD with aph(3). 

Subsequently, I performed matings between all combinations of donors and recipients, including 

matings between isogenic strains and with FA1090, and measured the frequency of transfer of both 

pbla and pConj. This generated a matrix of plasmid transfer rates for 25 donor/recipient 

combinations (Figure 36A and B). 

Plasmid transfer differed significantly between different pairs of donors and recipients. Isogenic 

matings of FA1090, NG149 and 2086_K gave high pConj (>69%) and pbla (>2.99%) transfer. In 

contrast, plasmid transfer in isogenic matings with NG015 or NG114 was an order of magnitude 

lower (conjugation rates <7.4% and mobilisation rates <0.38%).  
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Table 8: Gonococcal lineages with percentage of isolates with pbla and pConj indicated. 

Ng_cgc400 number of isolates isolates with pConj 
(%) 

isolates with pbla 
(%) 

isolate 

21 574 80.0% 74.0% 2086_K 

25 346 99.1% 56.5% NG114 

3 4 552 0.1% 0.5% NG015 

286 8 0% 0% FA1090 

377 265 1.9% 52.8 % NG149 

 

25

21

377

3

286

Figure 35: Minimum spanning tree of 3 760 gonococcal isolates clustered by core genome allelic differences 
(cgMLST v1), with isolates coloured according to their Ng_cgc400.  
Ng_cgc400s represented by isolates in the mixed strain ma%ngs are indicated. 
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Figure 36: Plasmid transfer between strains from different lineages.  
Heatmaps of the pConj conjuga%on (A) and pbla mobilisa%on frequency (B) between different donor and 
recipients. Isogenic ma%ngs along the diagonal are highlighted. Darker colours indicate higher plasmid 
transfer and numbers in boxes give the average of ma%ngs performed on three occasions. (C) Correla%on 
between mobilisa%on and conjuga%on rates. Dots represent ma%ngs; donor (d) and recipient (r) are given 
for outliers. 
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If RMSs or other defence systems are the limiting factor for plasmid transfer, isogenic matings, in 

which the donor and recipient have the same defence systems, should produce the highest plasmid 

transfer rates compared with mixed-strain matings. However, several mixed-strain matings 

produced equivalent or even higher plasmid transfer rates than isogenic matings. Most notable, 

pConj and pbla transfer from NG114 into FA1090 was 79.6% and 3.8%, respectively, while NG114 

isogenic matings resulted in conjugation and mobilisation frequencies of only 7.4% and 0.38%; 

overall, NG114 stood out as an inefficient recipient (pConj transfer <7.4%, pbla transfer <0.4, Figure 

36A and B, respectively) in isogenic and in mixed-strain matings. In contrast, FA1090 was an 

efficient recipient, with mixed-strain matings with FA1090 as the recipient yielding comparable or 

higher rates of transfer compared with the mating of the donor strain with itself in isogenic matings 

(Figure 36A and B). This suggests other, strain-specific factors impact the ability of some strains to 

act as donors or recipients.  

However, transfer rates also varied depending on the donor. This is illustrated by matings with 

FA1090 as the recipient; pConj and pbla transfer from 2086_K was an order of magnitude higher 

than from NG015 (pConj transfer = 65.5 and 6.2%, pbla transfer = 5.8% and 0.3, respectively, Figure 

36A and B). Similarly, pConj transfer was higher from 2086_K (7.3%) than from NG015 

(undetectable) with NG114 as the recipient. Indeed, in all matings (including isogenic matings), 

NG015 was an inefficient donor, with the lowest plasmid transfer rates with every recipient. 

Matings with 2086_K as the donor resulted in comparable or higher plasmid transfer to recipients 

as observed with their isogenic donors, indicating that 2086_K is an efficient donor. Taken together, 

plasmid transfer frequency in mixed-strain matings depended on both donor and recipient.  

In addition, the direction of plasmid transfer also had a major effect. For example, plasmids were 

efficiently transferred from 2086_K to FA1090 and NG149 (pConj transfer >65%, pbla transfer 

>2.8%, Figure 36A and B), while plasmid transfer from FA1090 and NG149 into 2086_K resulted in 
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reduced transfer rates (pConj transfer = 5.5 and 35.5%, pbla transfer = 0.59 and 0.64% into NG149 

and FA1090, respectively, Figure 36A and B).  

Of note, of the 25 matings, only the matings between NG015 (donor) and 2086_K (recipient), and 

NG149 (donor) and NG015 (recipient) did not result in any transconjugants (Figure 36A and B). 

Furthermore, the pairing between NG015 (donor) and NG149 (recipient) yielded pConj 

transconjugants without pbla, and transconjugants from matings between NG114 (donor)/NG149 

(recipient) and NG015 (donor)/NG114 (recipient) carried pbla, but not pConj. The latter was 

surprising, as pConj transfer is usually a magnitude higher than pbla, and pbla mobilisation rates 

correlated with conjugation rates of different pConj variants in previous assays (Chapter 4.3.3). 

However, the emergence of transconjugants carrying pbla in the absence of pConj would be 

consistent with the presence of an RMS that recognises sequences on pConj but not pbla. In line 

with this, pConj conjugation rates only weakly correlated with pbla transfer (adjusted R2 = 0.4, 

p <0.001, Figure 36C). 

Even with the limited number of strains tested, different patterns of plasmid transfer were 

detected in mixed-strain matings. Comparison of isogenic and mixed-strain matings indicates the 

situation is complex and cannot be explained only by host-encoded barriers such as RMS. However, 

strain-specific patterns (with NG114 an inefficient, and FA1090 an effective recipient, and NG015 

an inefficient and 2086_K an efficient donor) are observed that affect the transfer of plasmids 

between clinical isolates. Of note, within this limited sample size, there was no obvious correlation 

between plasmid transfer rates and the plasmid prevalence in the lineage of the donor or recipient 

strain, suggesting the ability to acquire pConj and pbla via conjugation might not be a major 

determinant of the distribution of plasmids in gonococci.  
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5.6 Summary  

Plasmid carriage is lineage-specific in gonococci, consistent with barriers hindering plasmid transfer 

between phylogenetically distinct isolates. N. gonorrhoeae strains can harbour up to 16 different 

RMSs, and the DNA methylation of an E. coli donor has been shown to affect plasmid transfer into 

N. gonorrhoeae76. Therefore, based on correlations of features of RMS loci with the presence of 

pbla and pConj, I have characterised the effect of three RMSs, NgoAV, NlaIV and NgoAII, on the 

transfer of these plasmids in gonococci. 

Changes in the type I RMS NgoAV hsdS alter the recognition sequence of this RMS, suggesting 

differences in hsdS sequences of isolates could limit plasmid transfer. The logistic regression had 

shown a correlation between HsdS lacking the LEAT repeat sequence and pConj carriage (Figure 

27C). Methylation analysis revealed that strains with HsdS without LEAT repeats lack NgoAV 

methylation, indicating that the absence of a LEAT sequence inactivates the RMS. However, results 

with FA1090 engineered to express different versions of NgoAV HsdS show that the presence of 

distinct HsdS only minimally affects plasmid transfer in isogenic matings. Intriguingly, FA1090 

without inactive NgoAV was an efficient recipient independent of the donor. However, this strain 

was also an effective donor, which was surprising as the lack of plasmid methylation should lead to 

their elimination from recipients with active NgoAV. The presence of a type IV RMS in the recipient 

degrading methylated DNA could explain the high transfer rates of the unmethylated donor. 

However, to date, no type IV RMS has been described in N. gonorrhoeae. While RMS are usually 

considered to limit HGT, methylation by certain RMS can also impact gene expression223,225,226, and 

the absence of NgoAV methylation has been associated with transcriptional changes228. Therefore, 

expression of genes required for conjugation might differ between strains with distinct hsdS, 

resulting in increased conjugation rates. Future studies could compare the transcriptome of the 
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different strains using RNAseq or study the expression of distinct T4SS genes using RT-ddPCR to 

test this hypothesis.  

Both methyltransferase and endonuclease genes of the type II RMS NlaIV have homopolymeric 

tracts in their gene sequences, which could allow ON : OFF switching of enzyme activity. In 

conjugation experiments with isogenic donors and recipients with NlaIV methyltransferase and 

endonuclease phase-locked ON or OFF, the NlaIV endonuclease is highly effective at preventing 

plasmid acquisition from a donor lacking NlaIV methylation. No effect was observed if the donor 

carries a functional methyltransferase. Therefore, NlaIV can efficiently block pbla and pConj 

transfer. However, while gonococcal plasmids are more frequently found in strains with nlaIV_E 

OFF, nlaIV_M is in the ON state in the overwhelming majority of isolates in the dataset. Therefore, 

while NlaIV_E could limit plasmid transfer from other species that lack the NlaIV methylation 

pattern, NlaIV is unlikely to limit pbla and pConj transfer between gonococci. 

Logistic regression analysis also correlated truncated NgoAII endonuclease (NEIS2765) with the 

absence of plasmids, whilst the full-length version of the enzyme was associated with plasmid 

presence. This is counterintuitive, as a functional endonuclease should protect a strain from 

plasmid invasion by restricting incoming DNA. Furthermore, my analysis showed that the NgoAII 

methyltransferase is highly conserved across gonococci, with only three of 3 760 isolates with 

ngoAII_E with premature stop codons resulting in a truncated methyltransferase. Thus, similar to 

NlaIV, most plasmids circulating in gonococci should be methylated by NgoAII, and consequently, 

the NgoAII endonuclease should not affect plasmid transfer in the gonococcal population. This was 

supported by my plasmid transfer data.  

A recent study showed that the number of restriction sites on the plasmid affects the efficiency of 

restriction enzymes in preventing plasmid acquisition77. Furthermore, plasmid-encoded anti-

restriction systems and type of RMS affect the ability of the systems to limit HGT77. I found a marked 
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effect of the type II RMS NlaIV on plasmid transfer, while NgoAV, a type I RMS, only minimally 

affected plasmid transfer. Type I and II RMS not only differ in their components (REase and MTase 

vs. complex of HsdS, HsdM and HsdR), but also where and how they cleave DNA. Type II RMSs cut 

within the recognition sequence, whereas for type I RMSs, the DNA restriction occurs at a variable 

distance from the recognition site. Following binding of the type I restriction complex to the 

unmethylated recognition site, DNA is pulled towards the bound complex from both directions in 

an ATP-dependent manner. DNA is cleaved upon halting of DNA translocation due to collision with 

other translocating enzymes or DNA secondary structure423,424. These differences in the 

mechanisms of restriction could explain why the efficiency of inhibiting plasmid transfer varied 

between the two systems.  

Due to the large number of RMSs in gonococci, we used a logistic regression to identify RMSs that 

could impact plasmid transfer. A weakness of logistic regression is that it does not take population 

structure into account i.e. it assumes independence of observations. Without correcting for 

population structure, the logistic regression may incorrectly attribute lineage-driven patterns to a 

causal association between plasmid carriage and RMS. Other population structure-aware methods, 

such as a genome-wide association study (GWAS), could be applied in the future to determine 

genetic features associated with pConj and pbla presence or absence. 

Individual RMSs can only provide an initial barrier to HGT. Once a plasmid is established in a 

bacterium, it will be modified by the resident RMSs and recognised as 'self' DNA by other bacteria 

with the same repertoire of RMSs. As such, the timing of restriction and methylation will determine 

whether an RMS prevents plasmid acquisition. Modelling predicts that even in the presence of 

bacterial defence systems, beneficial plasmids can spread in bacterial populations, with high 

conjugation rates increasing the ability of a plasmid to overcome barriers imposed by RMSs425. 

Therefore, the high conjugation rates of pConj.1 (conjugation rates of up to 80% in mixed-strain 
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matings) might favour plasmid transfer between hosts. In contrast, the smaller pbla.1 (5.6 kb) may 

have evolved to avoid restriction sites in its sequence80.  

Of note, while N. gonorrhoeae strains carry several RMSs, many of these systems are present in 

>95% of gonococci and are part of the core genome2. While variation in the activity of RMSs could 

limit the transfer of plasmids between gonococci, most of the variation in the three RMSs I studied 

affects the activity of the endonuclease. This indicates that gonococcal RMSs are more likely to be 

effective against DNA from other bacterial species, rather than against preventing plasmid transfer 

within gonococci.  

Other factors could prevent plasmid transfer between gonococci and explain the patchy 

distribution of the plasmids in the population. However, I detected transconjugants in 18 of the 20 

mixed-strain matings, suggesting only limited barriers preventing plasmid transfer under laboratory 

conditions. Nevertheless, plasmid transfer varied significantly between strains. NG015 and NG114 

emerged as inefficient donor and recipient and could be further examined to better understand 

factors limiting plasmid transfer. For example, the low efficiency of NG015 plasmid donation could 

be due to low expression of the pConj MPF, which could be investigated by RT-ddPCR of target mpf 

genes or RNAseq. Low plasmid transfer into NG114 could be due to the presence of defence 

systems other than RMS, or the absence of surface structures stabilising the MPF. To explore these 

scenarios, NG114 (inefficient donor) could be transformed with the genomic DNA of FA1090 

(efficient donor), and the resulting NG114 library could be screened for clones with improved 

plasmid acquisition.  

For the limited number of strains tested, the pConj and pbla transfer frequencies did not correlate 

with plasmid carriage in the Ng_cgc400 the isolate belongs to. This suggests that the absence of pbla 

and pConj from certain lineages may not be due to their inability to acquire them.   
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6 Conclusions 

This thesis describes my research on plasmid-mediated AMR in N. gonorrhoeae. I addressed three 

key aspects: i) the evolution and epidemiology of the gonococcal b-lactamase plasmid pbla; ii) the 

molecular characteristics of the three major pbla variants, focusing on resistance, fitness costs and 

mobility patterns; and iii) the impact of gonococcal RMSs on intraspecies plasmid transfer. 

A major challenge in the field of plasmid biology is the inability to assemble complete plasmid 

sequences from short-read WGS, hindering large-scale epidemiological analyses of plasmid-

mediated resistance. I addressed this issue by developing a typing scheme for pbla that identifies 

variants from WGS based on characteristic patterns of gene presence and absence (Chapter 3.2.1). 

The typing scheme is available on the public database PubMLST (https://pubmlst.org/neisseria/), 

which enables further verification of the scheme by the research community and should aid 

monitoring the spread of pbla in gonococci.  

Albeit simple, the typing scheme allowed me to harness the vast amount of publicly available 

genomic data. By analysing a dataset of over 15 000 isolates, I attained an unprecedented view of 

the spread of pbla in the global gonococcal population (Chapter 3.2.4). However, although the 

dataset contains isolates from 66 countries and spans almost a century, it is heavily biased towards 

isolates from Europe and the US where extensive surveillance programs are in place426,427. 

Furthermore, isolates are mostly from urethral swabs from symptomatic patients from MSM 

communities, while samples from other body sites and cisgender women, which often present 

asymptomatic infections428, are underrepresented. Therefore, the dataset cannot fully represent 

the N. gonorrhoeae species diversity. 

A major finding of my analysis was that while seven variants of pbla have been described302,311,429, 

only three commonly circulate in gonococci. Together with recent advances in resolving the 

https://pubmlst.org/neisseria/
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gonococcal population structure2, my analysis further identified distinct associations of pbla 

variants with gonococcal lineages, which is important for monitoring the spread of resistant clones, 

as well as detecting the introduction of pbla into novel genetic backgrounds. Of note, throughout 

this thesis, I used the Ng_cgc400 scheme2, which was the gold standard for resolving the gonococcal 

population structure at the beginning of my work. However, Ng_cgc classifications may not be 

stable i.e. they can change with the addition of further isolates to a database. Recently, Life 

Identification Number (LIN) codes have been implemented for N. gonorrhoeae classification430. The 

LIN code nomenclature builds on a refined cgMLST scheme of 1 430 loci and assigns each isolate a 

multi-position numeric barcode. Each position in the barcode represents clustering at a different 

allelic mismatch threshold, allowing the LIN code to capture hierarchical relationships among 

strains at multiple levels of resolution. LIN codes remain stable over time and provide a consistent 

and scalable framework for genomic surveillance. Therefore, LIN codes should be used in further 

analyses. 

Another discrepancy between the literature and my findings is the host range of pbla. pbla has 

been labelled as a 'broad host range plasmid'431 as it can replicate in diverse bacteria including 

E. coli, S. enterica serotype Minnesota, Haemophilus spp. and Neisseria spp. in the laboratory306,371. 

However, analysis of pbla in public genome databases showed that it is restricted to the two STI 

pathogens N. gonorrhoeae and H. ducreyi (Chapter 3.3.1), highlighting the difference between a 

plasmid's host range in the laboratory and in natural populations. Interestingly, pbla is rarely found 

in the related pathogens N. meningitidis and H. influenzae despite its ability to replicate in these 

organisms. N. meningitidis and H. influenzae are pathogens that largely reside in the upper airways, 

while N. gonorrhoeae and H. ducreyi are found mostly in the urogenital tract, suggesting selective 

pressure for pbla carriage in the urogenital niche. This is further supported by the association of 

pbla with isolates from urethral swabs compared to other sites (Chapter 3.3.2). Similar patterns are 

also observed for pConj, which is present in 0.5% N. meningitidis isolates296, but is found in around 
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one-third of gonococci286. Both penicillin and tetracycline are excreted renally381,382, potentially 

explaining the association of the plasmids with the urethral niche. However, as gonococcal plasmids 

are associated with distinct lineages, the association of pbla with isolates from the urethral niche 

might also be driven by the adaptation of certain strains to the niche, rather than any contribution 

from the plasmids. 

The sequence of pbla is remarkably conserved, and adaptation seems to occur mostly through gene 

loss events. The introduction of pbla from H. ducreyi into N. gonorrhoeae was associated with the 

loss of the tnpA transposase. Again, parallels can be drawn with pConj, where the tetM resistance 

determinant is located on a truncated Tn916 transposon432. The truncation of Tn2 drastically 

reduces the size of the pbla from 10.9 kb (pbla.2) and 9.1 kb (pbla.1) in H. ducreyi to 7.4 kb (pbla.2) 

and 5.6 kb (pbla.1) in N. gonorrhoeae. However, the implications of this change on pbla biology 

remain unknown. My analysis of the phylogenetic relationships of pbla variants in H. ducreyi and 

N. gonorrhoeae could not exclude the possibility of independent introduction of pbla.1 and pbla.2 

into the gonococcus, with both introductions associated with the truncation of Tn2. However, 

analysis of the pbla.1 deletion site indicates independent emergence of pbla.1 from pbla.2 through 

the loss of repB and one copy of NEIS2964 in H. ducreyi and N. gonorrhoeae as the most 

parsimonious explanation. This is further supported by the reduced fitness cost of pbla.1 compared 

to pbla.2 in the gonococcus; however, pbla fitness costs in H. ducreyi have not been explored to 

date. 

Previous studies have characterised pbla in E. coli306,309,433. However, results obtained in E. coli may 

not be relevant for N. gonorrhoeae. For instance, while IS1-mediated integration of pbla.3 into 

gonococcal pConj facilitated the co-transfer of pbla.3 in E. coli433, IS1 is not present in 

N. gonorrhoeae, and pbla.3 was not mobilised by pConj in my assays using N. gonorrhoeae (Chapter 

4.3.4). Another study characterised the pbla mob genes in E. coli and indicated that MobC does not 
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affect pbla transfer309. However, using pbla variants lacking individual mob genes, I detected a 10-

fold reduction in pbla transfer in N. gonorrhoeae in the absence of MobC (Chapter 4.3.5). 

Further differences between N. gonorrhoeae and E. coli were apparent in my analysis of TEM-

mediated resistance. While TEM-135 has been highlighted as a precursor of ESBLs due to the 

stabilising effect of the M182T substitution285,368, the M182T substitution resulted in slightly 

reduced penicillin MICs in E. coli285. In contrast, in N. gonorrhoeae, TEM-135 provided significantly 

increased resistance levels compared to TEM-1, correlating with increased cellular TEM levels 

(Chapter 4.1.1).  

The differences in MICs of TEM-135 and the impact of MobC on pbla transfer in E. coli and 

N. gonorrhoeae highlight the need to broaden investigations to non-E. coli model organisms, as 

results in E. coli may not always be representative. It is also noteworthy that studying narrow host 

range plasmids in the gonococcus has revealed important differences from paradigms that are 

based on well-characterised plasmids such as the F-plasmid. Many F-like plasmids tightly control 

the expression of the conjugative apparatus to reduce associated costs and minimise predation by 

phages targeting conjugative pili434. However, the pConj conjugative apparatus is constitutively 

expressed402, and both pConj and pbla show strikingly high transfer rates in both isogenic and 

mixed-strain matings (Chapter 5.4)294. Furthermore, different from other IncP plasmids86,94, pConj 

does not display entry exclusion (Chapter 4.3.2). Therefore, pConj carriage does not prevent the 

acquisition of pbla, which relies on the conjugative machinery of pConj. This allows the introduction 

of pbla into isolates with different pConj variants and the subsequent spread of successful 

pConj/pbla combinations. This is evidenced by the co-occurrence of pbla with pConj variants that 

mobilise it efficiently in gonococci (Chapter 4.3.3). Finally, while plasmid carriage is often associated 

with a cost to their bacterial host67, which can promote the loss of the plasmid from a bacterial 

population, successful pbla and pConj variants impose no detectable fitness cost on their host 
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(Chapter 4.2.3, 4.2.4 and 294). Both plasmids persist within the gonococcal population (Chapter 4.2.1 

and 294), endangering current treatment and prevention options including Doxy-PEP.  

While I defined the molecular characteristics of the three major pbla variants in their native host, 

results obtained in the laboratory may not accurately reflect the behaviour of the plasmid and its 

host in vivo. Host niche factors such as iron limitation, the spatial organisation of bacteria and 

microbiota can alter plasmid fitness costs, mobility and resistance to antibiotics. Nevertheless, 

some characteristics of pbla variants are consistent with their distribution in the gonococcal 

population. For example, the fitness cost of pbla.2 matches its low prevalence in pbla-associated 

lineages and its decreasing prevalence over time. Results are also supported by a recent study from 

China, a region historically associated with pbla.2, where pbla.2 has been gradually replaced by 

pbla.1 between 2013 and 2022398.  

pbla.3 and pbla.1 have adapted distinct evolutionary strategies that have led to their success in the 

gonococcus. pbla.3 provides increased resistance due to TEM-135 and has reduced fitness costs 

compared to pbla.2TEM-135, with the trade-off of immobility. The high prevalence of pbla.3 in 

associated lineages suggests clonal expansion of pbla.3-carrying isolates, potentially because TEM-

135 increases resistance. In contrast, pbla.1 mostly carries TEM-1 and TEM-1P14S but is mobile, so 

might associate with lineages that carry chromosomal mutations that enhance plasmid-mediated 

resistance. However, it is important to consider the circumstances in which a change is adaptive. 

While increased levels of resistance provided by TEM-135 or combined effects of plasmid and 

chromosomal resistance determinants provide a benefit during antibiotic selection, mobility and 

the absence of fitness costs promote the pbla carriage in the absence of antibiotics. Furthermore, 

due to the co-transfer of pbla with pConj, selection with tetracycline might increase the prevalence 

of pbla. This has important implications for the recent implementation of Doxy-PEP against STIs 

after unprotected sexual intercourse. In June 2024, the US Centres for Disease Control and 

Prevention (CDC) issued guidelines on the use of Doxy-PEP435, and the practice has been adopted 
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in different parts of the US and Europe436-439. The implementation of Doxy-PEP has been associated 

with increased tetracycline resistance in N. gonorrhoeae245, likely through the selection for 

pConjtetM+-carrying isolates. Of note, doxycycline has been used for syndromic treatment of 

gonorrhoea in LMICs such as Kenya, where there is a strikingly high prevalence of plasmid-mediated 

resistance240,286. Taken together, increased doxycycline use will likely further increase the 

prevalence of pConj and, due to their co-transfer, pbla-carrying strains. Higher numbers of 

potential plasmid donors also increase the potential of these plasmids entering new lineages.  

Whilst my analysis of plasmid-mediated resistance in the gonococcal population revealed lineage-

specific plasmid carriage, mixed-strain matings and investigation of the impact of gonococcal RMS 

on plasmid transfer suggested that there are only limited barriers to the transfer of plasmids 

between phylogenetically distinct strains. I only tested transfer between five gonococcal isolates 

and characterised the impact of three of the 16 gonococcal RMSs221 on plasmid transfer. Therefore, 

I cannot exclude the possibility that other RMSs or strain combinations show stronger effects. 

However, RMSs generally are weak barriers to plasmid transfer, having more pronounced effects 

against phage infection and transformation77. Once overcome, plasmid methylation in a new host 

will allow the plasmid to spread to other hosts with the same RMS configuration. Therefore, the 

diversity and co-occurrence of RMSs are important to assess their impact on the spread of plasmid-

mediated resistance. The more diverse the combinations, the more effective the protection should 

be. However, distinct from N. meningitidis, where the presence of distinct RMSs limit HGT between 

clonal complexes440, most gonococcal RMSs are part of the core genome and for the analysed 

systems, variation occurred mostly in restriction endonucleases rather than the methylases. The 

conserved methylase activity within the population should allow HGT within the gonococcus. 

Nevertheless, RMSs may still limit DNA uptake from other species, and it is indeed curious that the 

gonococcus only has three plasmids, while other bacteria can have a plethora of such 

MGEs287,441,442.  
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Throughout this thesis I combined bioinformatics and molecular genetics to investigate plasmid-

mediated resistance in the gonococcus. Both approaches have their shortcomings: unevenly 

sampled datasets can bias epidemiological analyses, and observed associations between distinct 

RMS features and plasmid presence/absence may be due to effects of population structure rather 

than functional interactions. Results obtained in laboratory settings may not represent the 

behaviour in vivo and can differ between lab strains and clinical isolates. However, by combining 

these complementary approaches, I was able to test hypotheses generated by the bioinformatic 

analyses and provide further support for observed trends by offering potential underlying 

molecular mechanisms. For instance, my analysis of the prevalence of pbla variants over time 

indicated a decrease in pbla.2, which was mirrored by the fitness cost of pbla.2. At the same time, 

the bioinformatic analyses complemented my experimental data e.g. AlphaFold predictions of 

NgoAV HsdS variants provided structural insights into methylation patterns. Taken together, the 

combination of bioinformatic analyses and molecular microbiology provides a powerful approach 

to study the interplay between mobile genetic elements and their bacterial host in a public health 

context. 

6.1 Future directions 

The potential of the pbla-encoded TEMs to develop into ESBLs and the increased resistance levels 

of TEM-135, highlight the importance of monitoring pbla in gonococci. However, with most 

sampling efforts limited to high-income countries, knowledge about strains circulating in low-

income countries, especially in Africa, which has the highest incidence of gonorrhoea and high 

levels of plasmid carriage172,240, remains limited. Therefore, future sampling efforts should focus on 

this region to gain a better understanding of the global gonococcal population and plasmids in 

N. gonorrhoeae. 
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The gonococcus is an obligate human pathogen that infects mucosal surfaces of the urethra, 

uterine cervix, conjunctiva, pharynx, and rectum178. My analysis indicates an association of pbla 

with isolates from the urethra, potentially due to the renal excretion of penicillin381,382. Exposure to 

antibiotics may also differ between isolates circulating in distinct sexual networks, which is 

indicated by the association of multi-drug resistant lineages with MSM populations, while 

antibiotic-sensitive strains are largely associated with heterosexual populations443. However, many 

datasets lack high-quality metadata and are biased towards urethral samples from MSM. Future 

studies should also consider different anatomical sites and sexual networks. Knowledge about 

distinct resistance patterns in different populations and infection sites will aid in providing targeted 

treatments and improve our understanding of the spread of resistance. 

My results indicate distinct patterns of pbla variants in the gonococcal population, and 

characterisation of the fitness costs, mobility and resistance of the three major variants improved 

our understanding of the molecular mechanisms underlying their distribution. However, several 

aspects of the interplay between pbla and its bacterial host remain unexplored. Firstly, my analysis 

showed that pbla.1-mediated resistance is modified by strain background. Strain-specific 

differences in plasmid-mediated resistance have been described previously in E. coli, with 

differences in copy number or expression levels correlating with resistance391,392. I did not detect 

differences in pbla copy number and blaTEM expression in different strains. Instead, my results 

suggest synergistic effects with chromosomally-encoded resistance determinants and differences 

in cellular TEM levels modify plasmid-mediated resistance in N. gonorrhoeae. However, the small 

sample size limited the power of this analysis. Future studies should assess the MICs of pbla in a 

broader panel of isolates to identify co-occurring resistance determinants in strains with increased 

plasmid-mediated resistance. Furthermore, investigating the stability of TEM b-lactamases in 

different strains could provide insights into the differences in levels of cellular TEM (Chapter 4.1.2). 
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It would also be interesting to examine whether findings are generalisable to other resistance 

mechanisms such as tetM-mediated tetracycline resistance. 

Secondly, my analysis of the distribution of pbla in the gonococcal population revealed that pbla-

carriage is lineage-specific, consistent with barriers to HGT between gonococci from different 

lineages. With gonococcal RMS a potential explanation, I focused our analysis on these systems to 

assess whether they could impede plasmid transfer. However, the effect of the three systems I 

characterised on plasmid transfer was minimal. While the remaining RMSs could be tested in a 

similar fashion, a GWAS for plasmid carriage would provide an unbiased and population-structure 

aware approach, where both associations with the presence/absence of certain genes and allelic 

variants could be considered.  

While the lineage-specific pattern of plasmid carriage in gonococci could be due to barriers to HGT, 

it is worth remembering that a prerequisite for conjugation is physical contact. Therefore, plasmids 

can only be transferred between co-infecting strains. PorB typing of cervical swabs and urine 

samples indicated that up to 40% of patients are infected with multiple strains444. However, studies 

characterising co-occurring strains are lacking. Investigating the co-occurrence of strains could 

provide insights into spread of plasmids and gene flow between gonococcal strains in general, and 

ultimately, enhance our understanding of the evolution of this pathogen. 

Due to their impact on antibiotic treatment, most research on plasmids in the gonococcus focused 

on pbla and pConj, and the function of the third plasmid, pCryp, remains unknown. However, pCryp 

is present in >90% of gonococci286, suggesting an important role of this plasmid in the gonococcus. 

Therefore, future work could characterise isolates that lack pCryp or attempt to cure the plasmid 

to assess its significance in the gonococcus. 
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Finally, N. gonorrhoeae has developed resistance against all classes of antibiotics, and the 

maintenance of resistance determinants prevents recycling of previously used antibiotics445. In 

recent years, phage therapy has been highlighted as a promising alternative to antibiotic treatment, 

but so far, has not been considered for N. gonorrhoeae. With pConj widespread and expected to 

further increase in prevalence, and pbla depending on pConj for its transfer, the use of phages that 

use conjugative pili as their receptor could be a promising approach to combat plasmid-mediated 

resistance in this WHO priority pathogen. 

6.2 Closing remarks 

This thesis addressed different aspects of plasmid-mediated resistance in N. gonorrhoeae, 

generating a tool to identify pbla variants from short read WGS and providing the first population-

wide analysis of plasmid-mediated b-lactam resistance in the gonococcus. Complementing 

bioinformatic approaches with molecular microbiology, I characterised the three major pbla 

variants and investigated the interactions between the plasmid and its bacterial host, improving 

our understanding of mechanisms underlying the patterns observed at the population level. This 

knowledge should aid designing treatment and intervention strategies and highlights the 

importance of continued surveillance to monitor the evolution of blaTEM, ensuring timely detection 

of potential ESBL evolution.   
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7 Appendices 

7.1 Supplementary Tables 

Seven supplementary tables are provided as separate files. 

Supplementary Table S1: Dataset of 15 532 global gonococcal isolates between 1928 and 2022. 

WGSs are accessible on PubMLST via the isolate id. The Ng_cgc400 and plasmid variants carried are 

specified; plasmid variants that could not be typed are indicated as NA. 

Supplementary Table S2: pbla-carrying isolates used to verify Ng_pblaST. 

Supplementary Table S3: Primers used in this work. 

Supplementary Table S4: Dataset of 414 pbla-carrying gonococcal isolates on PubMLST used for 

the analysis of the phylogenetic relationship of pbla variants. pbla alleles and variant are shown. 

Raw sequencing data is accessible on ENA using the run_accession.  

Supplementary Table S5: NEIS2964 homologs on the NCBI nr protein database determined by 

BLASTp search. 

Supplementary Table S6: pbla gene presence absence patterns of Class I and II H. ducreyi isolates 

carrying pbla-like plasmids. Gene presence is indicated as '1', absence as '0'; the pbla variant was 

assigned according to the pattern. WGSs are accessible on PubMLST via the isolates id. 
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