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CHAPTER 1

ANTIMICROBIAL RESISTANCE AS MAJOR PUBLIC HEALTH THREAT

The discovery of antimicrobials was one of the greatest medical revol tions of the th cent ry. 

With the introd ction of antibiotics into clinical se, effective treatments for bacterial infections 

became available, which vastly red ced fatalities ca sed by common illnesses, s rgery and 

childbirth. Alexander Fleming, who discovered penicillin in , already warned abo t the risk 

of antimicrobial resistance AMR  development thro gh excessive se of antibiotics. Yet today, 

almost one cent ry later, AMR is globally on the rise and poses a ma or p blic health threat. 

Worldwide, an estimated .  million deaths were ca sed directly by AMR in , meaning 

that those deaths wo ld not have occ rred when the ca sative pathogen wo ld have been 

s sceptible to treatment1. When taking deaths associated with AMR into acco nt as well, this 

estimation wo ld be more than twice as high. Moreover, these are most likely nderestimations 

beca se of the lack of s rveillance in low- and middle-income co ntries, which are the co ntries 

with the highest AMR b rden . The World Health Organi ation WHO  has taken several steps 

to control AMR, incl ding the p blication of a list of m lti-dr g resistant bacteria for which 

treatment options are scarce and the development of new antibiotics is rgent . The sex ally 

transmittable bacteri m Neisseria gonorrhoeae is one of the high priority pathogens on this list. 

NEISSERIA GONORRHOEAE INFECTION AND DISEASE

PREVALENCE
N. gonorrhoeae ca ses the sex ally transmitted infection STI  gonorrhoea, of which the 

prevalence is globally on the rise4. The WHO estimated that .  of the world s female pop lation 

and .  of the male pop lation had rogenital gonorrhoea in 1 , corresponding to .  million 

cases worldwide, with highest prevalence estimates in the African region and lowest estimates 

in E rope5. National data on case rates are only available for high-income co ntries that have 

p blic health agencies with comprehensive s rveillance systems, s ch as the USA, A stralia, 

Canada and m ltiple co ntries in E rope. For these co ntries, increasing gonorrhoea case rates 

have been observed over the last years with disproportionally high percentages of cases among 

men who have sex with men MSM 1 . 

PATHOGENESIS
N. gonorrhoeae - the gonococc s - is a fastidio s Gram-negative, oxidase positive diplococc s, 

belonging to the Neisseriaceae family. Altho gh most species of this family are commensals 

residing in the h man nasopharynx, N. gonorrhoeae and its close relative Neisseria meningitidis 

are h man pathogenic species, with the latter being a ma or ca se of bacterial meningitis11,1 . 

N. gonorrhoeae is a m cosal coloniser, able to infect h man rethral, endocervical, rectal, 

oropharyngeal and oc lar m cosa. Transmission occ rs between m cosa via direct contact 
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with infected secretions. Adherence to m cosal cells is mediated thro gh distinct bacterial 

o ter membrane str ct res, incl ding opacity Opa  proteins, the ma or o ter membrane porin 

protein porB  and type IV pili1 . These pili are able to adhere to the h man epithelial cell s rface 

and can s bse ently retract to bring the gonococc s closer to the cell s rface. Type IV pili 

also play cr cial roles in nat ral competence, motility and imm ne evasion thro gh phase- 

and antigenic variation14–16. After cell adherence, the gonococci form microcolonies on the cell 

s rface and invade the epitheli m, thereby activating the innate imm ne response. Thro gh 

activation of in ammatory transcription factors and the release of pro-in ammatory cytokines 

and chemokines, large n mbers of ne trophils are recr ited to the infection site. The ne trophils 

phagocytose the gonococci, followed by e x of ne trophils from the epitheli m which makes 

p a p r lent ex date reviewed in17 . Since part of the phagocytosed gonococci s rvive and 

replicate inside ne trophils, this is arg ably an important transmission ro te for N. gonorrhoeae18. 

SYMPTOMS 
The word gonorrhoea comes from the translation of the Greek words gonos seed  and rhoe 

ow , as mentioned already in the Bible Levitic s 15 . The ow of seed  re ects the fre ent 

manifestation of gonococcal colonisation of the male tractus urogenitalis, which in most cases 

res lts in rethritis with penile discharge as a common symptom mimicking semen . Other 

symptoms of male rogenital N. gonorrhoeae infection can be dys ria, bleeding or swelling and 

pain of the foreskin and testicles. In women, rogenital N. gonorrhoeae infections often stay 

asymptomatic, however they can lead to vaginal discharge, dys ria, bleeding and abdominal 

pain. The same holds for male and female anal- or pharyngeal infections, which can come with 

b rning or itching b t often stay asymptomatic and therefore nnoticed. When left ntreated, 

these infections provide an important reservoir for f rther N. gonorrhoeae transmission19. 

Untreated rogenital infections potentially lead to epididymitis in men and pelvic in ammatory 

disease in women. Rarely, gonorrhoea can evolve into a systemic infection disseminated 

gonococcal infections  when N. gonorrhoeae enters the bloodstream, ca sing septic arthritis, 

endocarditis, or in very rare cases meningitis4, . 

DIAGNOSTICS
The oldest method for the detection of N. gonorrhoeae is microscopy, sed for the identi cation 

of Gram-negative diplococci in a Gram staining. Altho gh m ltiple diagnostic tools with higher 

sensitivity have been developed over the last decade, microscopy is still sed to detect 

gonococci in male rethral samples, d e to the short time to res lt. C lt ring has long been 

sed for N. gonorrhoeae detection, and its sensitivity improved marginally after the introd ction 

of selective gonococcal c lt re medi m in the 196 s 1. However, more sensitive methods that 

detect gonococcal genetic material became available from the 199 s onwards . These methods 

entail n cleic acid ampli cation NAAT  tests, s ch as the polymerase chain reaction PCR  and 

the transcription mediated ampli cation TMA  assay. The latter is c rrently the most sensitive 

1
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test and works by amplifying bacterial ribosomal RNA rRNA , which occ rs in a m ch higher 

starting amo nt than DNA in a bacterial cell. C lt ring is still part of the diagnostic toolset 

albeit no longer for detection, b t mainly for phenotypic characterisation. For this p rpose, 

p re c lt res are exposed to different concentrations of antibiotics, enabling the determination 

of the minim m inhibitory concentration MIC  which re ects the s sceptibility of the isolate 

to the antibiotic. In high-reso rce settings, antimicrobial s sceptibility pro les are ro tinely 

determined to collect data for N. gonorrhoeae AMR s rveillance .

THE HISTORY OF ANTIMICROBIAL THERAPY AND RESISTANCE IN  
N. GONORRHOEAE 

SULFONAMIDES 
The rst antibiotic s lfanilamide was discovered in 19 8 and m ltiple other antibiotics belonging 

to the gro p of s lfonamides were discovered afterwards. S lfonamides were the rst 

antibiotics sed for gonorrhoea treatment in the 19 s 4. This class of antibiotics has a similar 

chemical str ct re as para-aminoben oic acid PABA  and binds to the bacterial dihydropteroate 

synthase DHPS  en yme, thereby competing with PABA in binding to these en ymes. Antibiotic 

binding to DHPS enzymes inhibits synthesis of folic acid, which is needed for bacterial RNA and 

DNA synthesis 5. Overprod ction of PABA overr les antibiotic activity and ca ses resistance to 

s lfonamides in N. gonorrhoeae. S lfonamide resistance in N. gonorrhoeae can also be mediated 

by point m tations or mosaicism in the folP gene, encoding the target DHPS enzyme Fig re 1 6, 7. 

Resistance emerged rapidly with the ma ority of strains being resistant by the late 194 s 4, 8.

PENICILLIN
Penicillin replaced s lfonamides for the treatment of gonorrhoea and stayed the preferred 

treatment ntil the mid-197 s, when doses had already been increased to a level ca sing high 

in ection discomfort and penicillinase-prod cing strains were circ lating 9, . Penicillin belongs 

to the gro p of β-lactam antibiotics, which have chemical str ct res containing a β-lactam ring. 

Its bactericidal activity occ rs thro gh binding of the β-lactam ring to transpeptidase enzymes 

penicillin-binding proteins , which inhibits the peptidoglycan cross-linking in the bacterial cell 

wall. Resistance to penicillin in N. gonorrhoeae can be mediated thro gh carriage of a plasmid 

encoding a TEM-1 type β-lactamase Fig re 1 , also referred to as penicillinase, which inhibits 

β-lactam activity thro gh hydrolyzing the cyclic amide bond in the β-lactam ring . This so-

called β-lactamase plasmid is pres mably ac ired from aemophilus in uen ae and has rapidly 

spread internationally after its introd ction 1. Different types of the plasmid and the β-lactamase 

enzyme have been evolving since, with the TEM-1 type β-lactamase still being widely distrib ted 

among gonococci carrying the plasmid . 
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Chromosomally-mediated penicillin resistance mechanisms incl de m tations that prevent  

target protein binding in interplay with m tations that lead to increased e x- or decreased 

in x of penicillin . The strongest decrease in penicillin s sceptibility is ca sed by m tations 

in its main target, the penA encoded penicillin-binding protein-  Fig re 1 4. More recently, in 

the context of extended-spectr m cephalosporin resistance, mosaic penA str ct res have 

been described with p to 7  amino acid changes that can also confer high-level resistance 

to penicillin 5. A m tation in the second penicillin target, the ponA encoded penicillin-binding 

protein-1, is additionally fo nd in high-level resistant strains, however its impact is less de ned 6. 

Penicillin s sceptibility can decrease f rther thro gh m tations in the o ter membrane 

porin protein PorB encoded by porB1b, also known as penB) which decrease the membrane 

permeability and thereby the penicillin in x, or thro gh preg lated penicillin e x, ca sed 

by overexpression of the m ltiple transferable resistance CDE MtrCDE  e x p mp 7–4 . 

TETRACYCLINE
D ring the emergence of high-level resistance to penicillin, tetracycline was introd ced 

as treatment for gonorrhoea. Tetracyclines inhibit protein synthesis by binding to the S 

ribosomal s b nit and s bse ently inhibiting the binding of aminoacyl-tRNA to the mRNA-

ribosome complex. The s sceptibility to tetracycline soon decreased after ac isition of the 

tetM gene on the gonococcal con gative plasmid, which is the largest gonococcal plasmid that 

can be transferred between gonococcal strains by con gation41. This tetM gene, described for 

different bacterial species4 , encodes the tetracycline resistance protein TetM, which competes 

with tetracycline for binding to the ribosome and s bse ently restores the protein synthesis 

Fig re 1 4 . Remarkably, gonococcal strains carrying the con gative plasmid with tetM are 

signi cantly more prevalent in low- and middle-income co ntries, indicating that factors in 

these co ntries stim late maintenance of this plasmid-mediated resistance . Chromosomally-

mediated resistance mechanisms involve m tations in the ribosomal protein target str ct re 

rpsJ , red ced in x porB) or increased e x MtrCDE 44,45.

SPECTINOMYCIN
Another antibiotic sed for gonorrhoea treatment when high-level penicillin resistance emerged 

was the aminocyclitol spectinomycin, commercialised for gonorrhoea treatment in the 196 s46. 

Spectinomycin targets the S ribosomal s b nit by binding to 16S rRNA and s bse ently 

inhibits bacterial protein synthesis47. Resistance to spectinomycin in N. gonorrhoeae is ca sed 

by blocking antibiotic binding to the ribosomal target, initially mediated by a missense m tation 

in the 16S rRNA target, and later by missense m tations in the rpsE gene encoding the S 

ribosomal protein S5 Fig re 1 48,49. Spectinomycin was abandoned as rst-line gonorrhoea 

therapy once nacceptable levels of spectinomycin resistance were reached in the early 198 s5 . 

Despite resistance c rrently being very rare, the fear for rapid resistance development and  the 

1
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FIGURE 1. SCHEMATIC REPRESENTATION OF AMR MECHANISMS IN N. GONORRHOEAE TO FORMERLY- OR CURRENTLY

USED ANTIBIOTICS FOR GONORRHOEA TREATMENT.

s boptimal treatment e cacy for pharyngeal gonorrhoea hampers its reintrod ction as rst-

line gonorrhoea treatment51.  

FLUOROQUINOLONES
From mid- to late 198 s, the oro inolone cipro oxacin was widely sed to treat gonorrhoea.

However, resistance arose soon and in the mid-199 s already, the rst co ntries abandoned

cipro oxacin as rst-line therapy for gonorrhoea5 . Many Asian and E ropean co ntries 

followed in early- to mid- s d e to the high prevalence of oro inolone-resistant 

strains globally5 . Fl oro inolones inhibit DNA gyrase and topoisomerase IV, which are both 

type II topoisomerases that play important roles in bacterial DNA metabolism by breaking

and oining do ble-stranded s percoiled DNA in order to relax its str ct re. M tations in gyrA

encoding DNA gyrase s b nit GyrA  and parC encoding topoisomerase IV s b nit ParC  genes,

prevent cipro oxacin from binding to the primary target proteins and inhibit its action Fig re 

1 54. Speci cally, missense m tations at positions S91 and D95 in gyrA ca se cipro oxacin

resistance and co-occ rrence of missense parC m tations even f rther increase cipro oxacin

resistance55. The global prevalence of cipro oxacin resistant isolates is high, with meas red

prevalences of 5  in the American Gonococcal Isolate S rveillance Pro ect GISP  in 19, 57
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in the E ropean Gonococcal Antimicrobial S rveillance Pro ect E ro-GASP  in 19 and 5  

in the D tch Gonococcal Resistance to Antibiotics S rveillance GRAS  pro ect in 156–58. The 

global WHO-GASP reported cipro oxacin resistance in all co ntries for which data was available 

in 18, even ranging to a prevalence of 7  in co ntries in Asia and So th-America59. Despite 

the high resistance prevalence, British g idelines recommend treatment with cipro oxacin in 

case s sceptibility is known prior to treatment, since cipro oxacin is orally administered and 

has relatively few side effects6 . To enable rapid s sceptibility testing, several NAAT assays for 

the detection of the predominant resistance determinant, the gyrA-S91F m tation, have been 

developed61–67. 

MACROLIDES
In many co ntries, the macrolide azithromycin has been sed from the 198 s onwards for 

the treatment of bacterial STIs, incl ding Chlamydia trachomatis infection and gonorrhoea. 

Macrolides inhibit protein synthesis by binding to the 5 S ribosomal s b nit and s bse ently 

preventing peptidyltransferase from adding tRNA-bo nd amino acids to the peptide chain as well 

as blocking the peptide exit channel thro gh interaction with the S rRNA68. Altho gh a single 

oral dose of  grams azithromycin is effective against azithromycin-s sceptible rogenital, 

rectal and oropharyngeal N. gonorrhoeae infections, empirical monotherapy with azithromycin 

has never been recommended as rst-line treatment d e to possible adverse effects and rapid 

resistance development69,7 . Resistance to azithromycin arose from mid- to late 199 s in Latin 

America, where azithromycin treatment for STIs was introd ced early71–7 . Resistance spread 

globally and the prevalence of isolates with MICs above the epidemiological c t-off became 

highest in E rope, with a worrying increasing trend from 4  in 16 to 9  in 1957,59. This high 

prevalence can potentially be explained by the relationship between antimicrobial cons mption 

and resistance prevalence, since E rope has the highest reported macrolide cons mption of the 

world74. In the Netherlands, the prevalence increased even to 18  in 1, despite macrolides 

not being sed for gonorrhoea treatment58. 

In the past, genomic presence of erythromycin ribosome methylase (erm) genes encoding rRNA 

methylases ca sed low-level azithromycin resistance, by blocking binding to the S rRNA 

target gene Fig re 1 75. In more recent azithromycin-resistant isolates, resistance is either 

ca sed by m tations in the S rRNA target gene, or by an increased macrolide e x76,77. The 

A 59G or C 611T m tations in S rRNA can ca se respectively high- or low-level azithromycin 

resistance78,79. The level of resistance ca sed by S rRNA m tations is also dependent on the 

n mber of S rRNA alleles that have the m tation, as a single m tated allele does not lead 

to resistance8 . E x of macrolides is predominantly mediated by the MtrCDE e x p mp 

system, as for other previo sly mentioned antimicrobials. MtrCDE gene expression is reg lated 

by the MtrR repressor, which binds to the promoter of the mtrCDE operon81. The G45D or A 9T 

m tations in the mtrR gene or the alanine deletion in its repetitive region inhibit MtrR activity, 

1
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res lting in overexpression of the MtrCDE e x p mp and a s bse ent increased e x of 

azithromycin8 . MtrR m tations are often reported in azithromycin intermediate-resistant 

isolates. More recently, mosaic mtr gene se ences have been fo nd in low-level azithromycin 

resistant isolates8 –85. This mosaicism is a res lt of the mtrR and mtrCDE genes being hotspots for 

interspecies recombination, with parts of the N. meningitidis and N. lactamica mtr genes being 

incorporated in the N. gonorrhoeae mtr genes86. Strains with mosaic mtr genes are globally on the 

rise, re ecting the increasing trend in low-level azithromycin resistance over the last years85,87–91. 

Other e x p mps have also been reported to affect the azithromycin s sceptibility, altho gh 

to a lower extent or only when co-occ rring with mtr m tations. These incl de an overexpressed 

MacAB e x p mp or the presence of a mef gene encoded e x p mp9 ,9 . Interestingly, a 

GC deletion in the repetitive region of the mtrC gene has been identi ed as a m tation that 

leads to increased azithromycin s sceptibility94. However, the effect of these m tations is 

overshadowed by m tations with greater impact on azithromycin s sceptibility.

EXTENDED-SPECTRUM CEPHALOSPORINS
Cephalosporins are a class of β-lactam antibiotics that consists of different gro ps with certain 

modi cations of the β-lactam ring str ct re, referred to as generations. Like other β-lactam 

antibiotics, cephalosporins inhibit bacterial cell wall synthesis see Penicillin . Extended-

spectr m cephalosporins have an increased a nity to the transpeptidase enzymes and 

thereby an enhanced activity against Gram-negative bacteria95. Different dosing regimens have 

been sed since the introd ction of oral extended-spectr m cephalosporins for gonorrhoea 

treatment in the late 199 s ntil early s. In Japan, low-dose regimens of oral ce xime were 

fre ently sed and a remarkable decrease in s sceptibility was reported in the early s, 

probably a res lt of s boptimal antibiotic concentrations96,97. Ce xime resistance increased and 

treatment fail res have been described worldwide98–1 . C rrently, a single intram sc lar dose 

of ceftriaxone is recommended for gonorrhoea treatment, whether or not in combination with 

azithromycin. However, a global decrease in ceftriaxone s sceptibility has been observed d ring 

the last decade and ceftriaxone-resistant isolates have already been reported, initially in Japan 

in 9 and later in m ltiple other co ntries 5,59,1 –1 8. In 15, the ceftriaxone resistant FC4 8 

strain was identi ed in Japan and isolates belonging to this strain were later also sporadically 

fo nd in Canada, A stralia, several co ntries in E rope and Singapore1 9–117. Altho gh s stained 

transmission of the FC4 8 strain is reported in China, this strain has not extensively spread so 

far and ceftriaxone resistance is globally still very rare118,119. 

The primary determinant for extended-spectr m cephalosporin resistance and red ced 

s sceptibility is the mosaic penA gene, encoding the main target penicillin-binding protein  

Fig re 1 . Mosaic penA genes have p to 7  amino acid alterations as they contain parts of 

the penA gene of commensal Neisseria spp., obtained thro gh interspecies horizontal gene 
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transfer1 . Compared to mosaic penA genes of red ced s sceptible isolates, mosaic penA genes 

of ceftriaxone-resistant isolates contained additional m tations conferring high-level ceftriaxone 

resistance1 1. Whereas most m tations in the mosaic penA gene need co-occ rrence of other penA 

m tations to red ce ceftriaxone s sceptibility, a change in the amino acid A5 1 in a non-mosaic 

penA gene can s bstantially red ce the s sceptibility on its own1 –1 4. Despite penA m tations being 

the primary extended-spectr m cephalosporins resistance determinants, a decreased in x- or 

increased e x can f rther red ce the s sceptibility in a stepwise manner. Decreased in x is 

mainly ca sed by amino acid changes at positions G1  and A1 1 in PorB Fig re 1 7. Previo sly 

described mtrR m tations are responsible for preg lated cephalosporin e x 9. More recently, 

m tations in the RNA polymerase encoding rpoB and rpoD genes were s ggested to be involved in 

red ced s sceptibility, altho gh these are not widely fo nd among red ced s sceptible isolates1 5. 

Since m tations do not always res lt in the same phenotype, it is tho ght that the mechanisms of 

resistance or red ced s sceptibility to extended-spectr m cephalosporin contain a still nknown 

factor , implying that the mechanism is not completely resolved yet ,4 . 

The development of cephalosporin resistance is a ma or p blic health concern, as cephalosporins 

are last resort antibiotics. D ring recent years it has been tho ght that resistance wo ld arise 

soon, either thro gh f rther spread of resistant strains with the mosaic penA gene or thro gh 

the emergence of novel resistant strains. For instance, the β-lactamase TEM-1 gene, which 

is responsible for tetracycline resistance, differs from an extended-spectr m β-lactamase 

gene with only two single n cleotide polymorphisms SNPs 1 6. Also, high recombination rates 

in N. gonorrhoeae indicate high probability of incorporation of resistance determinants in the 

gonococcal genome1 7. To prevent the spread of cephalosporin-resistant strains, empirical 

d al therapy with ceftriaxone and azithromycin is c rrently recommended by the WHO and 

the E ropean International Union on STIs1 8,1 9. However, the added val e of d al therapy on 

treatment e cacy is do bted and azithromycin resistance is globally on the rise. Several 

co ntries, incl ding the Netherlands, therefore attempted to red ce the se of macrolides by 

changing the treatment recommendation to ceftriaxone monotherapy 6 ,1 –1 .  

GENOMICS AND BIOINFORMATICS

The genome is the bl eprint of life. Bacterial genomes contain information needed to nderstand 

emergence and spread of strains, mechanisms of AMR, infection- and transmission dynamics 

and bacterial pop lation biology. To extract this information from the genome, several reso rces 

are available. 

1
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MOLECULAR TYPING
Molec lar typing enables st dying genetic diversity in bacterial pop lations in a reprod cible 

and portable manner, based on se ences of genes or gene fragments. Each ni e se ence 

is assigned an allele n mber and the combinations of allele n mbers res lt in genetic barcodes, 

referred to as se ence types. Each typing scheme is developed for a de ned p rpose and has 

a certain resol tion, depending on the genetic diversity of the typing genes and the n mber 

of genes incl ded. The M lti-Loc s Se ence Typing MLST  scheme ses the se ences 

of fragments of ho sekeeping genes nder stabilising selection1 . For N. gonorrhoeae, the 

MLST scheme incl des se ences of seven gene fragments abcZ, adk, aroE, fumC, gdh, pdhC 

and pgm , which together have eno gh discriminatory power to separate Neisseria spp. and 

to infer phylogenetic relationships between isolates1 4. The N. gonorrhoeae M lti-Antigen 

Se ence Typing NG-MAST  scheme has been developed as a high-thro ghp t method for 

the identi cation of recent N. gonorrhoeae transmission chains within a comm nity1 5. This 

scheme incl des fragments of two hypervariable genes: the o ter membrane porin encoding 

porB gene, and the tbpB gene, encoding the s rface-exposed part of the transferrin-binding 

protein. Both genes are nder strong diversifying selection press re by the h man imm ne 

response, making NG-MAST highly discriminative. To track global emergence of antimicrobial 

resistant N. gonorrhoeae strains, the N. gonorrhoeae Se ence Typing for Antimicrobial 

Resistance NG-STAR  scheme was set p, incl ding gene fragments involved in resistance to 

β-lactam antibiotics, oro inolones and macrolides penA, mtrR, porB1b, ponA, gyrA, parC and 

S rRNA  see The history of antimicrobial therapy and resistance in N. gonorrhoeae . M ltiple 

NG-STAR types have been associated with AMR, demonstrating the val e of this typing scheme 

for AMR s rveillance1 6.

Before the era of whole-genome se encing WGS , MLST was the method of choice for 

bacterial typing. However, resol tion improves dramatically by taking the whole genome into 

acco nt, instead of only several gene fragments1 7. To increase resol tion while retaining the 

reprod cibility and portability of typing, a N. gonorrhoeae core genome MLST was developed, 

containing 1668 genes present in nearly all 95  gonococcal isolates1 8. S bse ent cl stering 

of isolates that have allelic pro le difference below a certain threshold constit te core genome 

gro ps, representing the gonococcal pop lation str ct re. Interestingly, certain core genome 

gro ps are associated with AMR, which indicates predisposition to- or ancestral inheritance of 

AMR determinants in certain lineages.

WHOLE GENOME SEQUENCING 
As a res lt of the improved cost-e ciency of WGS, this method has become the method of 

choice for genomic st dies d e to its high resol tion1 9. Ill mina platforms are widely sed for 

high-thro ghp t short-read se encing, s ally yielding se ence reads of 15  or  base 

pairs. Analysis pipelines incl ding m ltiple bioinformatic tools are sed to translate the raw 
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se ences into interpretable information several available tools are reviewed in14 . Since the 

information that comes o t is only as good as the data inp t, data analysis starts with a ality 

control step to remove too short- or bad ality reads from the raw data Fig re . The raw reads 

s bse ently are de novo assembled to reconstr ct the genome141. D e to repetitive regions 

of the genome being hard to assemble, this step yields a draft genome consisting of m ltiple 

segments, referred to as contigs14 . Altho gh draft genomes are s cient for most analyses, 

complete genomes co ld be obtained by sing additional long-read se ence data, prod ced 

by the MinION Oxford Nanopore Technologies  or PacBio Paci c Biosciences  platforms14 . 

To extract gene information, genomes can be searched for open reading frames and these 

predicted protein se ences can be annotated by comparing them to large p blic protein 

databases144. One can either annotate the whole genome or, more speci cally, only annotate 

typing genes or AMR genes. M ltiple annotated genomes can be compared in a gene-by-gene 

manner, to st dy gene se ence diversity or to assess the prevalence of genes among a selection 

of isolates. The latter can be done to identify the core- and the accessory genome, with the core 

genome containing genes essential for s rvival and therefore present in nearly all isolates in 

a selection, and the accessory genome containing genes present in only a s bset of isolates 

since these provide the genetic exibility needed for phenotypic variation or environment 

adaptation145. The core- and accessory genome together form the pangenome, which is the 

complete gene pool of a set of isolates146. 

Besides gene-by-gene approaches for comparative analyses, SNP-based approaches are 

sed to compare whole genomes incl ding the intergenic regions Fig re 147. SNP-based 

comparisons between isolates can be done by mapping raw se ence reads of each isolate to 

the same reference genome. The genomic regions shared between all isolates and the reference 

genome can be compared and SNPs can be determined in an alignment of the shared regions. 

Afterwards, a phylogeny can be inferred from these SNPs to assess the genetic relatedness 

between the compared isolates. A conse ence of this reference-based methodology is that 

regions that are absent in the reference genome are not incl ded in the comparison. Therefore, 

the choice of reference genome strongly in ences the res lts, which is especially challenging 

in comparative analyses of highly genetically diverse species, s ch as Escherichia coli148. For 

these species, a reference genome is selected that is genetically closest to all isolates in a 

certain set149. For N. gonorrhoeae, the genetic diversity is relatively limited and the reference 

genome FA1 9  is widely sed in comparative analyses, which also enables comparison between 

st dies15 . 

Recombination is an important factor to consider when doing comparative analyses, since 

recombination events can lead to high SNP co nts between otherwise closely related isolates. 

Keeping recombination in the analyses co ld res lt in larger branch lengths in the phylogenetic 
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tree and to larger distances to common ancestors compared to a tree witho t recombination151. 

Since N. gonorrhoeae has high recombination rates, it is important to lter o t recombination 

when inferring phylogenetic relationships or when st dying gonococcal evol tion Fig re . 

However, since masking recombination co ld lead to sp rio s cl stering of isolates, this step 

sho ld always be caref lly considered and eval ated in the context of the research estion148.

USING GENOMICS IN AMR SURVEILLANCE
Genomics approaches can be applied in several ways to st dy AMR, with an important application 

being the identi cation of genetic AMR determinants by combining genotypic and phenotypic 

data. De ned AMR determinants can be tracked among pop lations, which forms part of 

AMR s rveillance programmes s ch as E ro-GASP85. Genomic s rveillance also el cidates 

gonococcal pop lation dynamics and thereby enables the identi cation of emerging or 

vanishing lineages associated with AMR. Adding patient reported metadata f rther informs 

abo t gonorrhoea epidemiology and s pports the identi cation of AMR key pop lations and 

transmission networks.

OUTLINE OF THIS THESIS

For this thesis, I have sed genomics to perform AMR s rveillance and to enhance the 

nderstanding of gonococcal biology. Part I of this thesis contains projects on genomic AMR 

s rveillance on the national level in the Netherlands, which s pport global s rveillance efforts. 

Ro tine determination of antimicrobial s sceptibility pro les forms part of AMR s rveillance. In 

chapter 2, a m ltiplex PCR assay is presented that sim ltaneo sly detects N. gonorrhoeae and 

the oro inolone resistance-mediating m tation gyrA-S91F to rapidly obtain oro inolone 

s sceptibility pro les, even for samples that can not be c ltivated. Rapid oro inolone 

s sceptibility testing enables the reintrod ction of oral cipro oxacin for gonorrhoea treatment.

Chapters 3, 4 and 5 describe genomic AMR s rveillance projects that sed isolates obtained 

from visitors of the Centre for Sex al Health in Amsterdam. Chapter 3 contains a genomic 

pop lation analysis of N. gonorrhoeae isolates obtained between 14 and 19 with a foc s on 

ceftriaxone red ced s sceptible isolates, of which the prevalence increased d ring that period in 

Amsterdam. The genotypes associated with red ced s sceptibility and the corresponding AMR 

determinants were characterised. An pdate on the genomic AMR s rveillance of N. gonorrhoeae 

is given in chapter 4, which investigated the dynamics of the N. gonorrhoeae pop lation d ring 

the rst COVID-19 lockdown in  in Amsterdam. N. gonorrhoeae pop lations before- and 

d ring the lockdown were compared by phenotypic and genotypic characterisation of isolates 

obtained in a period before the lockdown and a period d ring the lockdown. In chapter 5, similar 

genomics methodologies are sed for the s rveillance of extended-spectr m β-lactamase-

1
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prod cing Escherichia coli ESBL-Ec , an opport nistic pathogen that can ca se rinary 

tract infections or gastrointestinal symptoms, b t is mainly asymptomatically carried in the 

intestines. ESBL genes confer resistance to extended-spectr m cephalosporins and can be 

horizontally transferred between different bacterial species, making them of great relevance 

to AMR s rveillance. Increased carriage of ESBL-Ec was previo sly observed among MSM 

participating in the Amsterdam Cohort St dies, compared to the general D tch pop lation. This 

chapter describes the genomic characterisation of ESBL-Ec isolates obtained from MSM and 

the investigation on whether increased prevalence co ld be explained by sex al transmission 

between st dy participants. 

In part II of this thesis, similar genomics approaches are sed to nderstand gonococcal 

biology. Chapter 6 describes genomic analyses of isolates obtained d ring the New AntiBiotic 

treatment Options for ncomplicated GOnorrhoea NABOGO  trial, performed from 17 to 

 at the Centre for Sex al Health of Amsterdam. This trial assessed the e cacy of fo r 

different antibiotics for the treatment of gonorrhoea. Treatment fail res were re ected 

by isolates from consec tive time points, whose genomes were genetically compared to 

identify genomic changes that occ rred over the co rse of infection. The insights obtained 

in this chapter enhance the nderstanding of gonococcal infection dynamics. New insights 

into gonococcal pop lation biology are obtained in chapter 7, by characterising the hitherto 

nde ned chromosomally-encoded gonococcal accessory genome. For this p rpose, a large 

comparative analysis was performed of over 8,  N. gonorrhoeae genomes p blicly available 

in the P bMLST database. Associations between the identi ed accessory genes and the core 

genome or AMR were also assessed.

In chapter 8, the insights obtained in this thesis are compared to recent literat re. Aven es 

for f t re treatment and management of gonorrhoea are disc ssed in the context of AMR 

development and spread. Important considerations regarding the genomic and bioinformatic 

analyses sed in this thesis are also described in this chapter.
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CHAPTER 2

ABSTRACT 

BACKGROUND 
Absence of rapid antimicrobial resistance testing of Neisseria gonorrhoeae hinders 
personalised antibiotic treatment. To enable rapid cipro oxacin prescription, a real-
time polymerase chain reaction PCR  for sim ltaneo s detection of N. gonorrhoeae and 

oro inolone resistance-associated gyrA-S91F m tation was eval ated.

METHODS 
Analytical NGRES antitative PCR kit NYtor BV  performance was assessed on 5  N. gonorrhoeae 

transcription-mediated ampli cation TMA -negative and 1  N. gonorrhoeae TMA-positive 

samples. To assess clinical se,  samples were prospectively analysed, in parallel to ro tine 

diagnostic tests. Also, 5  rine, 5  anal, 5  pharyngeal and 5  vaginal N. gonorrhoeae TMA-

positive samples were retrospectively analysed. To assess if patients carried strains with 

different cipro oxacin sensitivity at different anatomical locations, 5  rine anal or vaginal

anal sample pairs collected d ring a single visit were analysed. 

RESULTS 
The NGRES PCR kit showed 97  sensitivity and 1  speci city for N. gonorrhoeae detection 

and 9  sensitivity and 99  speci city for gyrA-S91F detection. Relative to TMA res lts, 

85  N. gonorrhoeae detection sensitivity and 99  speci city were fo nd. Regarding the  

prospectively analysed clinical samples, 1  were N. gonorrhoeae positive, of which 1  were 

also tested for antibiotic s sceptibility by c lt re. The kit showed concordance for GyrA-S91F 

detection in 9 of 1  samples. N. gonorrhoeae was detected in 96  and 94  of vaginal and 

rine TMA-positive samples, in 84  of anal samples and only in  of pharyngeal samples. 

Discordant cipro oxacin sensitivity was fo nd for  of 6 characterised rine anal sample pairs. 

CONCLUSION 
The NGRES PCR kit can be implemented in diagnostic testing for vaginal, rine and anal N. 

gonorrhoeae TMA-positive samples to enable rapid prescription of oral cipro oxacin. 
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INTRODUCTION

Gonorrhoea, the sex ally transmitted infection STI  ca sed by Neisseria gonorrhoeae, is 

one of the most common bacterial STIs worldwide1. N. gonorrhoeae infection is treated with 

antimicrobial therapy  however, antimicrobial-resistant N. gonorrhoeae is a major global 

p blic health concern . Treatment recommendations are based on antimicrobial resistance 

s rveillance data and change according to the prevalence of resistant N. gonorrhoeae strains. 

Beca se of the high genomic plasticity of N. gonorrhoeae and the expos re to antibiotics witho t 

s sceptibility testing before treatment, N. gonorrhoeae antimicrobial resistance develops 

contin o sly . The World Health Organization reg larly pdates their g idelines for the treatment 

of N. gonorrhoeae infection to red ce the spread of m lti dr g-resistant gonococcal strains. 

G idelines of 16 incl ded the recommendation of single-dose intram sc lar ceftriaxone 

and oral azithromycin as rst-choice treatment4. However, azithromycin- or ceftriaxone-

resistant N. gonorrhoeae strains have been reported all over the world ,5-8. Beca se alternative 

antimicrobial treatment options are scarce, the c rrent treatment needs to change towards a 

more personalised approach9. 

In the past, oro inolones s ch as cipro oxacin were effectively sed as treatment of N. 

gonorrhoeae infection. Cipro oxacin treatment had several advantages over other antimicrobials 

s ch as oral administration and relatively few adverse effects. However, oro inolones were 

eliminated as rst-choice treatment once the World Health Organization -de ned threshold for 

the prevalence of oro inolone resistant N. gonorrhoeae strains was reached1 . Nevertheless, 

still large proportions of N. gonorrhoeae strains remain s sceptible to cipro oxacin: 7  in the 

United States, more than 7  in A stralia and 5  in E rope11-1 . In the Netherlands, 65  of all 

N. gonorrhoeae strains collected in 18 were cipro oxacin sensitive14. Beca se cipro oxacin 

is highly e cacio s in s sceptible N. gonorrhoeae infections of any anatomic site, the British 

Association for Sex al Health and HIV BASHH  g idelines still s ggest the se of cipro oxacin 

when s sceptibility is known before treatment15. Rapid detection of s sceptibility stat s of 

clinical N. gonorrhoeae isolates co ld therefore reintrod ce treatment with oral cipro oxacin 

and provide tailor-made therapy. 

The mechanism of cipro oxacin resistance in N. gonorrhoeae is well de ned by the presence of 

m tations in serine codon 91 of the DNA gyrase s b nit A gyrA) gene16,17.  Previo s st dies have 

demonstrated the potency of targeting the gyrA gene by sing a real-time PCR assay to assess 

cipro oxacin s sceptibility of clinical N. gonorrhoeae isolates18- . For even faster analysis, 

m ltiplex real-time PCR assays were developed to sim ltaneo sly detect N. gonorrhoeae 

and gyrA m tations 1, . However, most of these assays are not easily available beca se of 

in-ho se development or beca se extensive validation for se in ro tine diagnostics has not 

been performed. In this st dy, we extensively assessed the performance of the NGRES PCR kit, 
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developed by the D tch company NYtor BV, for sim ltaneo s detection of N. gonorrhoeae and the 

cipro oxacin resistance-associated gyrA-S91F m tation for se in diagnostic ro tine. The NGRES 

PCR kit enables rapid cipro oxacin s sceptibility testing and co ld allow for the prescription 

of oral cipro oxacin based on the res lts of a single PCR assay.

METHODS

SAMPLE SELECTION
NGRES PCR kit NYtor BV, N megen, the Netherlands  performance was assessed on clinical 

samples obtained from patients visiting the STI o tpatient clinic of Amsterdam and on samples 

obtained from general practitioners who re ested N. gonorrhoeae testing. For samples of 

STI clinic visitors, ro tine diagnostic tests consisted of a transcription mediated ampli cation 

TMA  test on the Aptima Combo  CT NG assay Hologic, Marlboro gh, MA . N. gonorrhoeae 

c lt re was performed when gram-negative diplococci were present in a gram-stained smear 

or with material collected at a ret rn visit when the TMA test showed an N. gonorrhoeae-positive 

res lt. For N. gonorrhoeae c lt re, the clinical sample was inoc lated on a plate with BBL  GC-

Lect  Agar Becton, Dickinson and Company, Franklin Lakes, NJ . A p re N. gonorrhoeae colony 

was picked for growth on a GC agar plate, enriched with 1  IsoVitale  BioTRADING Benel x 

BV, M drecht, the Netherlands , and cipro oxacin minim m inhibitory concentration MIC  

val es were ro tinely determined with an e-test according to the man fact rer s instr ctions 

bioM rie x SA, Marcy l toile, France . According to the E ropean Committee on Antimicrobial 

S sceptibility Testing EUCAST , an MIC .  g mL is considered as sensitive and an MIC . 6 

g mL as resistant to cipro oxacin. Samples obtained from general practitioners were only 

tested with the TMA according to ro tine diagnostics beca se c lt res co ld not be performed 

on samples from TMA collection t bes and additional c lt re material was navailable.

Analytical performance of the NGRES PCR kit was assessed with 1  N. gonorrhoeae TMA-

positive and 5  N. gonorrhoeae TMA-negative samples from STI clinic visitors that were randomly 

selected and retrospectively analysed. Samples were r n at the P blic Health Laboratory in 

Amsterdam on the Rotorgene iagen, Holden, Germany  PCR platform. The same samples 

were also r n on the CF 96 Bio-Rad, Herc les, CA  by NYtor BV, and res lts were compared. 

S ccessf l c lt res were performed with additional material from these 1  N. gonorrhoeae-

positive patients so MIC val es were available.

To compare res lts from the NGRES PCR kit and ro tine diagnostic tests, 1  rine and 1  anal 

samples were selected from male visitors of the STI clinic and prospectively analysed with the 

kit in parallel to ro tine diagnostic tests and c lt re. Res lts from the Rotorgene PCR platform 

were compared with TMA and c lt re-based res lts. 
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To assess NGRES PCR kit performance on samples from different anatomical locations,  

N. gonorrhoeae TMA-positive samples 5  rinal, 5  anal, 5  vaginal, 5  pharyngeal  were 

retrospectively analysed with the kit on the Rotorgene PCR platform. All samples were obtained 

from general practitioners and collected in TMA collection t bes. Beca se additional c lt re 

material was navailable, MIC val es were nknown. 

Lastly, we determined the fraction of patients that carried N. gonorrhoeae strains with different 

cipro oxacin sensitivity at different anatomical locations. From 41 male patients, rine and 

anal samples collected d ring a single visit were selected and paired as well as vaginal and anal 

samples from 9 female patients. All res lting 5  sample pairs were analysed with the NGRES PCR 

kit, and pairwise comparisons were made.

SAMPLE PREPARATION
Previo sly collected samples had been stored in Aptima Combo  collection b ffer Hologic, 

Marlboro gh, USA  at - C according to ro tine storage. Retrospectively analysed samples that 

were taken from storage, thawed and vortexed. DNA was extracted from  L of each sample 

by isopropanol precipitation after lysis with N cliSENS  easyMAG  Lysis b ffer bioM rie x 

SA, Marcy l toile, France  enriched with glycogen 4  g mL . The pellet was washed with 7  

ethanol twice, dissolved in 5 L Tris-HCl at pH 8.  and stored at - C ntil se in ampli cation 

experiments. D ring each DNA extraction experiment, a negative control was incl ded by adding 

 L Aptima Combo  b ffer to the lysis b ffer.

NGRES QPCR KIT 
The NGRES PCR kit, developed by NYtor BV, contained a primer probe mix designed for speci c 

detection of the N. gonorrhoeae adenylate kinase (adk) gene and cipro oxacin resistance-

associated gyrA single n cleotide polymorphism S91F. D ring analytical validation, an additional 

m tation A9 P in the gyrA probe binding region was detected, which prevented the original probe 

from binding. S bse ently, NYtor BV provided an adapted NGRES PCR kit, which effect ated 

probe binding even in the presence of the gyrA-A9 P m tation. The adapted kit was then sed 

for f rther clinical validation. Positive signals were detected in the FAM adk  and VIC gyrA-S91F  

channels. The corresponding internal control was detected in the Cy5 channel, and the positive 

control generated signals in both the FAM and VIC channels. 

A PCR mix was prepared by mixing 1  L master mix sol tion and 5 L primer probe internal 

control sol tion provided in NGRES PCR kit , and 5 L DNA extract was added. PCR reactions 

were performed on the CF 96 and or the Rotorgene with the following program: 1 cycle  min tes 

95 C and 45 cycles 15 seconds 95 C and 6  seconds 6 C. Raw data were man ally checked 

and analysed with Bio-Rad CF  Manager software version .1 or Rotorgene software version 

1.7. .75, respectively. According to diagnostic ro tine g idelines of the P blic Health Laboratory, 
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detection of N. gonorrhoeae and or gyrA-S91F was con rmed in case of well-de ned sigmoidal 

c rves and Ct-val es 6 for both samples and controls. Samples that showed sigmoidal c rves 

with Ct-val es 6 and 4  or badly shaped sigmoidal c rves were repeated, and a Ct-val e 4  

was then determined positive.

RESULTS

CONCORDANCE BETWEEN RESULTS OF CFX96 AND ROTORGENE QPCR PLATFORMS
To assess the analytical performance of the NGRES PCR kit, 1  N. gonorrhoeae TMA-positive and 

5  N. gonorrhoeae TMA-negative samples were randomly selected for retrospective analysis. 

One N. gonorrhoeae-positive sample co ld not be traced back and was excl ded from analysis. 

For all 99 N. gonorrhoeae TMA-positive samples, cipro oxacin MICs were determined on ro tine 

c lt res of additional material from the same patient. All 149 samples were analysed on both the 

CF 96 and the Rotorgene PCR platforms. One sample was inhibited on both PCR platforms. 

The NGRES PCR kit detected N. gonorrhoeae in 96 98 98  and 94 98 96  N. gonorrhoeae TMA-

positive samples on the CF 96 and Rotorgene PCR platform, respectively. Regarding the N. 

gonorrhoeae TMA-negative samples, 5 5  1  were also negative on both platforms Table 1 . 

TABLE 1. COMPARISON OF RESULTS FROM DIAGNOSTIC TESTS AND THE NGRES QPCR KIT. 

Results diagnostic 
tests 

Ng TMA pos 
Culture CIP sensitivea

(n=53b)

Ng TMA pos
Culture CIP resistanta

(n=45)

Ng TMA neg 

(n=50)

CFX96 Ng pos / S91F neg
Ng pos / S91F pos
Ng neg

52 
1e

0

 4c,d

39 
2

0 
0 
50

Rotorgene Ng pos / S91F neg 
Ng pos / S91F pos 
Ng neg

51 
0 
2

3c,d

40 
2

0 
0 
50

a CIP sensitive  MIC 0.03 g mL, CIP resistant  MIC 0.0  g mL
bOf the 100 N. gonorrhoeae TMA positive samples, one sample could not be traced back and one sample was 
inhibited on both qPCR platforms.
cIncluding 2 samples with A92P mutation in probe binding region (see text).
dIncluding samples that showed results in accordance to culture-based results after repetition (see text).
eResistance was not con rmed in cultured strain (see text).
Ng indicates N. gonorrhoeae, CIP indicates cipro oxacin; neg, negative; pos, positive.

Cipro oxacin sensitivity of the N. gonorrhoeae strains in the samples was determined for all 

1  N. gonorrhoeae TMA-positive samples on ro tine c lt res of additional material from the 

same patient. Of all clinical samples that contained a cipro oxacin-sensitive N. gonorrhoeae 
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strain and that were N. gonorrhoeae positive with the NGRES PCR kit CF 96: n 5 , Rotorgene:

n 51 , 5 5  98  and 51 51 1  were also gyrA-S91F negative, so cipro oxacin sensitive,

on the CF 96 or Rotorgene PCR platform. One N. gonorrhoeae sample was gyrA-S91F positive

on the CF 96 b t negative on the Rotorgene Table 1 . C lt red rethra material of the same 

patient was s bse ently tested as cipro oxacin sensitive, indicating gyrA-S91F absence. Of

all 4  clinical samples that contained a resistant N. gonorrhoeae strain and were N. gonorrhoeae

positive with the NGRES PCR kit, gyrA-S91F was detected in 9 4  91  and 4 4  9  samples

on the CF 96 or Rotorgene PCR platform respectively. The gyrA-S91F m tation was th s not

detected in 4 samples on the CF 96 and in the same  samples on the Rotorgene Table 1 . For 

the 4 samples that had shown discordant genotype res lts, DNA was again extracted from fresh

c lt res and analysed by NYtor BV on the CF 96 platform. The gyrA-S91F m tation was detected

in 4 samples after repetition, which was in accordance with the c lt re-based res lts. For the

other  samples, the NGRES PCR kit was still nable to detect the gyrA-S91F m tation, altho gh 

these samples contained cipro oxacin resistant N. gonorrhoeae strains with MIC val es . 6 

g mL. The gyrA genes from the 4 discordant samples were also se enced, and it seemed

that the  samples that remained discordant after repetition carried an additional m tation,

as described hereinafter.

FIGURE 1. SEQUENCES OF THE GYRA PROBE REGION WITHOUT MUTATION (W T) , WITH SINGLE S91F OR WITH BOTH 
S91F AND A92P MUTATIONS.  W T INDICATES WILD TYPE.

GYRA-A92P MUTATION PREVENTED PROBE BINDING
For  samples, no gyrA-S91F m tation was detected by sing the NGRES PCR kit on both PCR

platforms Table 1 , altho gh the MIC val es obtained from concomitant c lt res were . , 

which indicates cipro oxacin resistance. These samples were collected from the an s and vagina 

of the same patient. The gyrA genes of these samples were partly se enced, and an additional 

gyrA-A9 P m tation was fo nd, which prevented probe binding d ring the PCR reaction Fig re 

1 . NYtor BV provided an adapted NGRES PCR kit, which effect ated probe binding even in the

presence of a gyrA-A9 P m tation. The adapted kit was then sed for f rther clinical validation.

2
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TABLE 2. COMPARISON OF RESULTS FROM NGRES QPCR KIT AND ROUTINE DIAGNOSTIC TESTS: TRANSCRIPTION-MEDIATED 
AMPLIFICATION (TMA) TEST AND CULTURE-BASED ANTIBIOTIC SUSCEPTIBILITY TESTING. 

Results TMA/ Ng culture

Ng TMA neg

(n= 187)

Ng TMA pos

(n=13a)

Ng TMA pos
Culture CIP 
sensitiveb

(n=5a)

Ng TMA pos
Culture CIP 
resistantb

(n=5a)

Results 
NGRES qPCR kit 

Ng pos
Ng neg
Ng pos/ S91F neg
Ng pos/ S91F pos

1
186
-
-

11
2
-
-

-
-
4
1

-
-
0
5

a      N. g a   a     a a a   a      a  
   g A g .

b CIP sensitive  MIC 0.03 g mL, CIP resistant  MIC 0.0  g mL
Ng indicates N. gonorrhoeae, CIP indicates cipro oxacin; neg, negative; pos, positive.

COMPARISON OF RESULTS FROM NGRES QPCR KIT AND ROUTINE DIAGNOSTIC TESTS 
NGRES PCR kit performance was compared with ro tine diagnostic test res lts with 1  rine 

and 1  anal samples. These were selected from male visitors of the STI clinic and prospectively 

analysed with the kit in parallel to ro tine diagnostic tests, which incl ded c lt re and MIC 

assessment. Regarding the total n mber of samples, 186 187 99  were negative and 11 1  

85  positive with the kit compared with TMA res lts Table . For 1  N. gonorrhoeae-positive 

samples, c lt res were not available so the cipro oxacin MIC val es co ld not be compared with 

the gyrA genotype. For the other 1  samples, cipro oxacin sensitivity was assessed on ro tine 

c lt res of additional material from the same patient. The kit detected gyrA-S91F in 5 5 1  

samples that contained a cipro oxacin-resistant N. gonorrhoeae strain, and no m tation was 

detected in 4 5 8  samples that contained a cipro oxacin-sensitive N. gonorrhoeae strain. 

For one sample, the kit detected the gyrA-S91F m tation, indicating cipro oxacin resistance, 

altho gh the N. gonorrhoeae strain had been assessed as cipro oxacin sensitive on concomitant 

c lt re Table .

HIGH NGRES QPCR KIT SENSITIVITY IN URINE AND VAGINAL SAMPLES
To assess NGRES PCR kit performance on samples from vario s anatomical locations,  

N. gonorrhoeae TMA-positive samples were retrospectively analysed with the kit. Samples 

were collected from rine n 5 , vagina n 5 , an s n 5  or pharynx n 5 . N. gonorrhoeae 

was detected in 48 5  96  rine samples, 47 5  94  vaginal samples and 4 5  84  anal 

samples. Only 11 5   pharyngeal samples were N. gonorrhoeae positive with the kit. The 

gyrA-S91F m tation was detected in 5 148 4  samples that were N. gonorrhoeae positive 
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Table . Additional material from these patients was not available for c lt re so gyrA-S91F 

detection co ld not be validated.  

PATIENTS MOSTLY CARRIED SIMILAR N. GONORRHOEAE STRAINS AT TWO ANATOMICAL 
LOCATIONS

To determine the fraction of patients that carried N. gonorrhoeae strains with discordant 

cipro oxacin sensitivity at different anatomical locations, rine anal or vaginal anal samples 

that were collected d ring a single clinic visit were selected from 41 men and 9 women. All 5  

sample pairs were analysed with the NGRES PCR kit. For 15 41 men, the kit co ld not detect 

N. gonorrhoeae in the anal sample so these sample pairs co ld not be f rther characterised. 

For the other 6 men, 14 men 54  carried gyrA-S91F m tant N. gonorrhoeae strains and 1  

men 8  carried gyrA wild-type N. gonorrhoeae strains in the rine and an s. In the other  

men, strains with different gyrA types were fo nd in the rine and an s: 1 man carried a gyrA-

S91F m tant strain in the rine and a gyrA wild-type strain in the an s, and 1 man carried a 

gyrA- S91F m tant strain in the an s and a gyrA wild-type strain in the rine. For  of 9 women, 

the kit co ld not detect N. gonorrhoeae in the anal sample so these sample pairs co ld not be 

f rther characterised. The other 7 women carried gyrA wild-type N. gonorrhoeae strains in both 

the vagina and the an s. Regarding cipro oxacin s sceptibility, 1 6 8  men carried only 

cipro oxacin-sensitive N. gonorrhoeae strains in contrast to 7 7 1  women.

TABLE 3. NGRES QPCR KIT ANALYSIS RESULTS OF 200 N. GONORRHOEAE TMA-POSITIVE SAMPLES ORIGINATING FROM 
DIFFERENT ANATOMICAL LOCATIONS.

NGRES qPCR kit results

Ng positive gyrA mutanta

Urine (n=50) 48 (96%) 16 (33%)

Vagina (n=50) 47 (94%) 9 (19%)

Rectum (n=50) 42 (84%) 18 (43%)

Pharynx (n=50) 11 (22%) 7 (64%)

Total (n=200) 148 (74%) 50 (34%)

aCipro oxacin sensitivity as detected with the NGRES qPCR kit because cultures were not available.
Ng a  N. g a
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DISCUSSION

We assessed the performance of the NGRES PCR kit for sim ltaneo s detection of N. gonorrhoeae 

and the cipro oxacin resistance associated gyrA-S91F m tation. Use of this kit may allow for 

the prescription of oral cipro oxacin based on the res lts of a single PCR assay, which takes 4 

ho rs incl ding DNA extraction from the clinical sample. Implementation of the kit in diagnostic 

screening wo ld increase the t rnaro nd time with abo t half a day. However, this facilitates 

more rapid antibiotic sensitivity analysis compared with the c rrent s sceptibility testing 

based on bacterial c lt res, which re ire at least  days. A detailed cost-bene t analysis for 

implementation is hard to perform beca se both costs and bene ts, s ch as the se of an oral- 

instead of an injectable antibiotic, are very m ch depending on the local sit ation.

The NGRES PCR kit showed good performance compared with o r c rrent daily ro tine tests, 

which incl de the highly sensitive TMA test for N. gonorrhoeae detection and c lt re for 

antimicrobial sensitivity testing. Only 5 samples showed discordant res lts between c lt re-

based determination of cipro oxacin sensitivity and detection of the gyrA-S91F m tation with 

the NGRES PCR kit Tables 1, . These samples either showed concordant res lts after repeated 

c lt re, DNA extraction and analysis, or the discrepancy was ca sed by an additional gyrA-A9 P 

m tation, which prevented probe binding in the initial, non-optimised kit format. Assessing 

the type of errors in the discrepant res lts is important to determine its clinical impact. When 

typing is impossible, treatment recommendation remains ceftriaxone. False-positive gyrA-S91F 

detection wo ld res lt in not sing cipro oxacin, which is not of clinical concern. However, false-

negative gyrA-S91F detection wo ld res lt in sing cipro oxacin to treat resistant infections, 

which certainly is of clinical concern. In o r st dy, only  samples were false-negative for gyrA-

S91F Table 1 . For these samples, the Ct-val e for N. gonorrhoeae detection was high 6 , which 

indicates a low bacterial load. When sing the NGRES PCR kit in clinical practice, samples with 

s ch high Ct-val es sho ld be repeated or assessed as non-typable. Beca se only  samples 

gave false-negative res lts, we are con dent that the kit performance is s cient and will 

increase if a certain c t-off Ct-val e is established by f rther validation in clinical practice.

SpeeDx recently developed the ResistancePl s  assay for d al detection of N. gonorrhoeae and 

gyrA-S91F m tation, which is already approved and commercially available . Ebeyan et al.  

also reported  samples that gave discordant res lts when comparing c lt re and genotyping 

with this ResistancePl s  assay. The res lts of one sample became concordant after repetition 

and one sample remained discrepant . A possible explanation for the discrepancies observed 

by Ebeyan et al. and these in o r st dy co ld be that patients are infected with m ltiple 

N. gonorrhoeae strains at the same anatomical location, and that strains with discrepant 

cipro oxacin sensitivity were taken for c lt ring and for genotyping with the NGRES PCR 

kit. S ch mixed infections have been reported to occ r in high-risk pop lations, albeit at low 
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prevalence , 4. When implementing the kit in clinical practice, it sho ld be f rther validated to 

what extent mixed infections in ence the genotyping res lts.

When assessing the performance of the NGRES PCR kit on samples from different anatomical 

locations, the NGRES PCR kit showed excellent res lts for rine and vaginal samples. N. 

gonorrhoeae detection sensitivity was lower in anal samples, b t for pharyngeal samples the 

sensitivity was clearly ins cient, s ggesting a low bacterial load in throat swabs as described 

previo sly 5, 6. Compared with the previo sly p blished real-time PCR assay developed by 

Hemarajata et al 18, the NGRES PCR kit demonstrated higher ability to characterise the genotype. 

Compared to the assay developed by Ellis et al , higher genotyping sensitivity was fo nd for 

rine and rectal samples b t lower sensitivity for pharyngeal samples. The ResistancePl s  

assay reported by Ebeyan et al  showed better gyrA-S91F detection sensitivity and speci city, 

especially in pharyngeal samples. However, anal samples were missing in the validation of this 

assay, which seemed di c lt to characterise in o r st dy and co ld have an effect on the 

proportion of characterised samples. Also, initial N. gonorrhoeae screening was not done with 

the Aptima Combo  b t with other commercial assays, so direct comparison is not possible. 

Recently, Allan-Blitz et al 7 showed that the ResistancePl s  assay was able to genotype some 

of the samples that were non-typable in the method described by Ellis et al. Comparing the NGRES 

PCR kit with the ResistancePl s  assay wo ld be val able. Altho gh the NGRES PCR kit co ld 

not characterise a small proportion of the anal samples, by analysing rine anal and vaginal

anal sample pairs that were obtained from one patient d ring a single visit, we showed that 

only  of  patients carried N. gonorrhoeae strains that differed in cipro oxacin sensitivity, 

whereas the other 1 patients had strains with similar cipro oxacin sensitivity. This indicated 

that analysis of only the rine or vaginal sample witho t the anal sample wo ld be s itable for 

g ided cipro oxacin treatment for most cases.

When assessing the performance of the kit on samples from different anatomical locations, 148 

of  samples co ld be characterised. In 66  of these samples, a gyrA wild-type N. gonorrhoeae 

strain was detected, which is in accordance with the previo sly p blished fraction of 65  of 

cipro oxacin-sensitive strains in the Netherlands14. The presence of this signi cant fraction 

of cipro oxacin-sensitive N. gonorrhoeae strains shows that cipro oxacin can still be sed for 

treatment of N. gonorrhoeae detection if rapid cipro oxacin-sensitivity detection is part of 

ro tine diagnostics. We s ggest to implement the NGRES PCR kit in addition to a highly sensitive 

assay. In o r setting, we sed the TMA test which proved to be very s itable for rst screening 

of N. gonorrhoeae-s spected samples, followed by analysis of N. gonorrhoeae TMA-positive 

samples with the NGRES PCR kit. Based on the genotype determined by the NGRES PCR kit, 

physicians co ld be advised if treatment with cipro oxacin is indicated. Effectiveness of the 

assay sho ld be caref lly validated by comparing res lts with c rrent diagnostic test res lts, 

and cipro oxacin se co ld be monitored by a test-of-c re st dy. 
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Res lts of the analysis of sample pairs from 6 men and 7 women showed that 8  of the men 

and 1  of the women carried gyrA wild-type N. gonorrhoeae strains. Altho gh the n mber 

of men incl ded in the st dy was m ch higher than the n mber of women, this res lt s ggests 

that men are more often carrying resistant N. gonorrhoeae strains. It has been reported that 

pharyngeal N. gonorrhoeae infections are partic larly important in transmission networks of 

men who have sex with men and that Neisseria species co ld exchange resistance determinants 

at the pharyngeal site 8. Beca se 8  of the STI clinic visitors are men who have sex with men, 

this co ld explain the high percentage of men carrying cipro oxacin-resistant strains. However, 

f rther research on transmission networks of cipro oxacin resistant strains among general 

pop lations is needed.

In concl sion, o r res lts show that the NGRES PCR kit is s itable for concomitant detection of 

N. gonorrhoeae and gyrA-S91F, especially in rine and vaginal clinical samples, to enable rapid 

prescription of cipro oxacin.
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ABSTRACT

BACKGROUND
Emerging resistance to cephalosporins in Neisseria gonorrhoeae is a major p blic health threat, 

since these are considered antibiotics of last resort. Contin o s s rveillance is needed to 

monitor the circ lation of resistant strains and those with red ced s sceptibility.

OBJECTIVES
For the p rpose of epidemiological s rveillance, genomic pop lation analysis was performed 

on N. gonorrhoeae isolates from Amsterdam with a foc s on isolates with red ced s sceptibility 

to ceftriaxone.

METHODS
WGS data were obtained from 18 isolates from Amsterdam, the Netherlands between 14 and 

19. Isolates were typed according to MLST, N. gonorrhoeae M lti-Antigen Se ence Typing 

NG-MAST  and N. gonorrhoeae Se ence Typing for Antimicrobial Resistance NG-STAR  

schemes and additional resistance markers were identi ed. Phylogenetic trees were created 

to identify genetic cl sters and to compare D tch and non-D tch MLST78 7 isolates. 

RESULTS 
MLST7 6  and MLST19 1 were the predominant strains having red ced s sceptibility to 

ceftriaxone d ring 14–16  MLST78 7 emerged and dominated d ring 17–19. NG-STAR 8 

and NG-MAST 18 1 86 were predominant among MLST78 7 isolates. MLST78 7 red ced 

s sceptibility isolates carried a non-mosaic 1 . 1 penA allele with an A5 1V m tation and porB1b 

G1 K A1 1D m tations, which were lacking in s sceptible MLST78 7 isolates. Phylogenetic 

analysis of all p blicly available MLST78 7 isolates showed strong genetic cl stering of D tch 

and other E ropean MLST78 7 isolates.

CONCLUSIONS
MLST78 7 isolates with red ced ceftriaxone s sceptibility have emerged d ring recent years 

in Amsterdam. Co-occ rrence of penA A5 1V and porB1b G1 K A1 1D m tations was strongly 

associated with red ced s sceptibility to ceftriaxone. Genetic cl stering of D tch and other 

E ropean MLST78 7 isolates indicates extensive circ lation of this strain in E rope. Close 

monitoring of the spread of this strain having an alarming s sceptibility pro le is needed.
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INTRODUCTION

The emergence of resistance in Neisseria gonorrhoeae poses a major p blic health threat. 

C rrent treatment recommendation is the last-resort extended-spectr m cephalosporin 

ceftriaxone, together with azithromycin as d al therapy1. Since the bene t of d al therapy is 

not evidence-based and emerging high-level azithromycin resistance has been fo nd in many 

co ntries , D tch, French and UK treatment g idelines recommend ceftriaxone monotherapy. 

WHO g idelines endorse monotherapy as well, provided that local resistance data con rming 

s sceptibility to ceftriaxone are available1. However, single cases of ceftriaxone-resistant 

isolates have been reported over recent years, nderlining the need for contin o s s rveillance 

of circ lating strains –6.

Altho gh ceftriaxone-resistant isolates have only been reported in a few co ntries, a drift 

towards higher ceftriaxone MICs has been observed worldwide, indicating a global red ction 

in s sceptibility7. Ceftriaxone resistance can be determined by m tations in several genes, s ch 

as porB, ponA, mtrR, rpoB and rpoD, b t especially by A5 1 m tations or mosaicism in the penA 

gene8–11. Additional m tations o tside mosaic penA genes might add to the resistant phenotype, 

altho gh their effects remain to be proven8. Genotypic characterisation of the ceftriaxone-

resistant isolates fo nd in Japan, France and the UK identi ed mosaic penA 7. 1, 4 . 1 or 

6 . 1 alleles in these isolates, which belonged to MLST7 6 19 1 19  and N. gonorrhoeae 

M lti-Antigen Se ence Type NG-MAST  4 14 7 4 5 ,4,6. A ceftriaxone-resistant isolate 

from Singapore belonged to different STs b t contained the same mosaic penA 6 . 1 allele5. 

Isolates belonging to MLST19 1 NG-MAST14 7 with mosaic penA alleles were highly prevalent 

among strains with red ced s sceptibility to ceftriaxone also, s ggesting that tracking this 

strain is most important for monitoring emerging resistance. However, Osnes et al.1  recently 

reported the emergence of a strain with red ced s sceptibility between 16 and 18 in 

Norway, belonging to MLST78 7 and carrying a non-mosaic penA 1 . 1 allele with A5 1V 

m tation. They showed that this strain, with an alarming antimicrobial resistance pro le, likely 

originated from Asia and potentially circ lates in E rope. Analysing D tch isolates with red ced 

s sceptibility from 9–17, De Laat et al.1  fo nd a shift from a mosaic penA allele towards a 

non-mosaic penA allele with A5 1 m tation. We have now f rther examined the genetic change 

among isolates with red ced s sceptibility in Amsterdam. WGS data were sed for genomic 

characterisation isolates with red ced ceftriaxone s sceptibility and a representative part 

of the s sceptible gonococcal pop lation isolated from 14–19 in Amsterdam. We aimed to 

identify genomic characteristics associated with red ced s sceptibility to ceftriaxone in the 

Amsterdam gonococcal pop lation.

3
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METHODS

ISOLATE DETAILS AND SELECTION 
Isolates were collected from N. gonorrhoeae-positive visitors to the sex ally transmitted 

infection STI  o tpatient clinic of the P blic Health Service of Amsterdam. MICs of azithromycin, 

cipro oxacin and ceftriaxone were ro tinely determined for all isolates sing Etests according 

to the man fact rer s instr ctions bioM rie x SA . Cipro oxacin clinical breakpoints were 

determined according to EUCAST clinical breakpoints v11. . For azithromycin, isolates with 

MIC  .5 mg L were assigned as s sceptible, MIC  .5 mg L as intermediate and MIC  1.  mg L 

as resistant epidemiological c t-off  ECOFF . For ceftriaxone, isolates with MIC  . 16 mg L 

were assigned as s sceptible, MIC  . – . 64 mg L as intermediate and MIC  . 94 mg L as 

having red ced s sceptibility or as resistant in the case of MIC  .1 5 mg L. D ring the st dy 

period of Jan ary 14 to J ly 19, ceftriaxone-resistant isolates were not fo nd among the 

7  isolates that were c lt red and stored.

For genomic characterisation of strains with red ced ceftriaxone s sceptibility circ lating in 

Amsterdam, all 8  isolates with ceftriaxone MIC  . 94 mg L obtained d ring the st dy period 

were selected for WGS. To characterise the gonococcal pop lation circ lating in Amsterdam, 

44 isolates .4  of all available isolates  with ceftriaxone MIC  . 94 mg L obtained d ring the 

st dy period were also selected, res lting in a total selection of 6 isolates for WGS. Isolates 

were randomly selected after strati cation on year of isolation and ceftriaxone MIC  for each 

red ced s sceptibility strain, three isolates with MIC  . 94 mg L from the same year of isolation 

were randomly selected. Strati cation on ceftriaxone MIC was done to get a distrib tion of MICs 

that were . 94 mg L in the selection similar to the distrib tion of MICs that were . 94 mg L 

in the total Amsterdam gonococcal pop lation. 

DNA ISOLATION AND WGS
Selected isolates were taken from 8 C storage, grown overnight on chocolate blood agar 

plates and DNA was extracted from p re c lt res. Isolates were se enced on the Ill mina 

MiSe  or Ill mina NovaSe  6  platform the latter was chosen for higher thro ghp t . For 

Ill mina MiSe  se encing, DNA was extracted sing isopropanol precipitation after lysis 

with N cliSENS easyMAG Lysis B ffer bioM rie x SA  with glycogen 4  mg L . The pellet was 

washed twice in 7  EtOH and dissolved in 5  L of Tris-HCl at pH 8. . DNA se encing libraries 

were prepared with the KAPA HTP Library Preparation Kit Roche Life Sciences  and Next ex 

D al-Indexed DNA barcodes Bioo Scienti c  and  bp paired-end se enced. Regarding 

Ill mina NovaSe  6  se encing, DNA was extracted from harvested bacteria in DNA RNA 

Shield b ffer sing the ymoBIOMICS  MagBead DNA Kit YMO RESEARCH . DNA se encing 

libraries were prepared with the Nextera T DNA Library Preparation Kit with IDT for Ill mina 
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DNA RNA UD Indexes Ill mina  and 15  bp paired-end se enced. All raw reads are available 

in the E ropean N cleotide Archive nder accession n mber PRJEB4 98 .

BIOINFORMATIC ANALYSES
Defa lt settings were sed nless noted otherwise. Raw se ence reads were ltered, trimmed 

and adapters were removed with fastp v . . .14 Reads were mapped to reference genome 

FA1 9  NC 946.  with BWA-MEM  v . .1 to calc late coverage sing the SAMtools 

package v1.11.15,16 Isolates were excl ded if coverage was 95 . Reads were assembled with 

Skesa v . .  with a minim m contig length of 5  bp and assembly ality was assessed with 

UAST v5. . .17,18 For isolates with a total assembly length of .1 Mbp, Kraken  v . .8 was sed 

to check for contamination.19 Variants were called with Snippy v4.4.  sing reference genome 

FA1 9  and a f ll core-genome alignment was created with the snippy-core option https:

gith b.com tseemann snippy . G bbins v . .4 was sed to identify regions of recombination 

in this alignment and to create a phylogenetic tree based on a recombination- ltered variant 

alignment, by sing the general time-reversible model with gamma distrib tion GTR-GAMMA  in 

RAxML v8. .1 . , 1 The phylogenetic tree with metadata was vis alised sing iTOL and legends 

were added with PDF Pro.  Bayesian Analysis of Pop lation Str ct re BAPS  was performed 

sing the rhierBAPS package v1.1.  in R v .6.  settings: maxim m depth   maxim m n mber 

of pop lations n.pops   75 .  

Isolates were ploaded to the P bMLST database and MLST, NG-MAST and N. gonorrhoeae 

Se ence Typing for Antimicrobial Resistance NG-STAR  STs were extracted. 4, 5 Novel MLSTs 

and NG-STAR STs were s bmitted to the P bMLST and NG-STAR databases, respectively. 

Annotation of resistance genes penA, porB, ponA, gyrA, parC, S rRNA, mtrA R C D E, rplD, 

rplV, rpmH, rpoB, rpoD) was done sing either the allele annotation available in the P bMLST 

database or by man ally aligning allele se ences from P bMLST and identifying previo sly 

reported resistance m tations or mosaicism.9, 6– 9 Raw reads were mapped against all S rRNA 

reference se ences in the P bMLST database to identify heterogeneo s A 58 59G C 611T 

m tations in the fo r different alleles sing Ariba v .14.4.  Snakemake v5.6.  was sed for 

work ow management. 1 The pipeline is freely available at https: gith b.com jolindadekorne

Genomic-pop lation-analysis-of-Neisseria-gonorrhoeae. 

COMPARISON OF MLST7827 ISOLATES
The genetic relatedness of D tch and non-D tch MLST78 7 isolates was assessed. P bMLST 

contains a total of 4 N. gonorrhoeae isolates belonging to MLST78 7 A g st , of which 6  

are D tch and 161 are non-D tch isolates. For 14 non-D tch isolates, only contigs were available 

and downloaded from P bMLST. For the other 147 non-D tch isolates, raw se ence reads were 

downloaded. S bse ently, fastp was sed for ltering, trimming and adapter removal. One 

3
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D tch MLST78 7 isolate was hybrid assembled sing Unicycler v .4.8 with Ill mina MiSe  and 

MinION Nanopore se ence data, yielding a circ lar chromosome.  Variants were called with 

Snippy v4.6.  sing the D tch hybrid assembly as reference genome, either sing raw reads or 

contigs with the ctgs option. A recombination-corrected phylogenetic tree was created and 

vis alised as described above. Median SNP distance per main genetic cl ster was calc lated 

sing snp-dists v .7.  on the ltered variant alignment https: gith b.com tseemann snp-

dists .

 

STATISTICAL ANALYSES 
Associations between patient and or isolate characteristics were identi ed with two-tailed chi-

s ared or Fisher s exact tests sing a 95  CI. The Bonferroni correction method was applied 

in the case of m ltiple testing. All statistical analyses were performed in R v .6. . 

ETHICS
According to the D tch Medical Research Act Involving H man S bjects, no additional ethical 

approval was re ired for this st dy W 451  .498 .

RESULTS

SEQUENCING DATA
O t of 6 isolates selected for WGS, 4 were excl ded d e to non-viable c lt res, 1 d e to 

95  read contamination and  d e to coverage of 95 . For the res lting 18 isolates, 5  441 

reads were obtained on average per isolate, with an average coverage of 98.7  Table S1 . The 

phylogenetic tree was created based on a recombination- ltered variant alignment of 18 68  

sites.

PATIENT CHARACTERISTICS
The 18 isolates were derived from 14 patients: 8 isolates were obtained from 4 patients from 

two different anatomical locations. Isolates were mainly obtained from MSM 8  and isolated 

from the an s 48 . The median patient age was  years and the majority of patients were 

aged between 4 and 4 years 5  Table 1 .

GENOMIC EPIDEMIOLOGY AND CHARACTERISATION OF RESISTANCE MUTATIONS
A midpoint-rooted phylogenetic tree was created based on the recombination- ltered variant 

alignment and two separate lineages were identi ed Fig re 1 . The majority of isolates in the 

main lineage A n  16  were from patients reporting homosex al or bisex al interco rse 96 . 
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TABLE 1. PATIENT AND ISOLATE CHARACTERISTICS

Patient characteristics N = 314

Sex, n (%)

 male 286 (91)

 female 28 (9)

Age, years

    median (range) 30 (16-65)

 <24, n (%) 59 (19)

 24–34, n (%) 159 (50)

 35, n (%) 93 (30)

 NAa, n (%) 3 (1)

Sexual preference n (%)

 MSM 258 (82)

 heterosexual 41 (13)

 bisexual 12 (4)

    NAa 3 (1)

Isolates sequenced N = 318b

Year of isolation, n (%) 

 2014–16 128 (40)

 2017–19 190 (60)

Anatomical location n (%)

 Anus 152 (48)

 Urethra 89 (28)

 Vagina/cervix 14 (4)

 Tonsil 62 (19.5)

 Other 1 (0.5)

aNA = not available.
bFrom four patients, two isolates were obtained from two anatomical locations.

3
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FIGURE 1. RECOMBINATION-FILTERED MIDPOINT-ROOTED PHYLOGENETIC TREE BASED ON CORE-GENOME 

SNPS INCLUDING 318 SNPS INCLUDING 318 N. GONORRHOEAEN GONORRHOEAE ISOL ATES FROM 2014–19 FROM AMSTERDAM, THE NETHERL ANDS.ISOL ATES FROM 2014 19 FROM AMSTERDAM THE NETHERL ANDS THETHE

FA1090 STR AIN WAS USED AS THE REFERENCE STR AIN AND ITS BR ANCH IS VISUALISED WITH AN OR ANGE

DOT. ME TADATA INCLUDES: MAIN CLUSTERS DE TERMINED WITH BAP S AN ALYSIS AT LE VEL 1; YE AR OF

ISOL ATION; PATIENT CHARACTERISTICS (AGE, SEX AND SEXUAL PREFERENCE) ; MLST CLUSTERS CONTAINING 

PENA

T YPE AND PORB T YPE. PORB1A IS GIVEN IN BL ACK; ALL OTHER COLOURS REPRESENT DIFFERENT PORB1B 

T YPES . PHENOT YPIC DATA ARE VISUALISED AS GREEN FOR SUSCEPTIBLE, OR ANGE FOR INTERMEDIATE

SUSCEPTIBLE AND PURPLE FOR RESISTANT/REDUCED SUSCEPTIBLE. WHITE BARS INDICATE MISSING DATA.

T WO SEPAR ATE LINE AGES ARE DEFINED WITH DASHED-LINE BOXES.
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Isolates from 17–19 and isolates resistant to azithromycin, cipro oxacin or ceftriaxone were 

signi cantly overrepresented in lineage A. Isolates in lineage B n  1  were signi cantly 

associated with being female, aged 4 years and reporting heterosex al interco rse Table S . 

BAPS cl stering res lted in 14 cl sters at level 1, of which 1  main cl sters are vis alised in Fig re 

1. MLSTs were determined for 17 18 1  isolates, yielding 56 different MLSTs, of which 

6 were fo nd for a single isolate. One isolate co ld not be assigned an MLST beca se of one 

incomplete loc s. The 17 MLST cl sters that contained 5 isolates were de ned as main MLST 

cl sters, with MLST78 7 being the largest cl ster, containing 6  isolates. MLST81 5, MLST816  

and MLST1199  were only fo nd in patients reporting heterosex al interco rse and MLST1199  

was signi cantly associated with female patients Table S . NG-MAST and NG-STAR types were 

obtained for 18 1  and 4 96  isolates, respectively. Isolates not typable according to 

the NG-STAR scheme n  14  carried heterogeneo s S rRNA alleles. The most prevalent NG-

MAST and NG-STAR types in each MLST cl ster are shown in Table .

Isolates belonging to MLST19 1 were signi cantly overrepresented d ring 14–16 15 19  

and none of these were isolated after 18. Also, MLST7 6  isolates were signi cantly 

overrepresented d ring 14–16 15 17 . Remarkably, MLST78 7 isolates were signi cantly 

overrepresented d ring 17–19 5 6 , of which 41 5  8  were isolated d ring 18–19 Table 

S . These res lts indicate a recent emergence of MLST78 7, which became the dominant strain 

with red ced ceftriaxone s sceptibility in Amsterdam d ring 17–19, instead of the previo sly 

dominating MLST19 1 and MLST7 6  strains. 

AZITHROMYCIN
Azithromycin resistance was fo nd for 15 18 5  isolates and resistance was signi cantly 

associated with MLST9 6  Table S . Remarkably, a S rRNA C 611T m tation was only 

identi ed once in a s sceptible isolate. Mosaicism in the mtrR promoter and gene was identi ed 

in 1 15 87  resistant isolates Table . An additional f lly mosaic mtrC D E operon was fo nd in 

1 1  9  and these mainly belonged to MLST9 6  9 1  75 . The mosaic mtrR promoter and 

gene were only fo nd in one s sceptible isolate, belonging to MLST7 67. The other two resistant 

isolates carried either a 5A deletion in the mtrR promoter or an mtrR A 9T m tation and a non-

mosaic or partly mosaic mtrC D E operon, b t these alleles were also highly prevalent among 

s sceptible isolates Table . M tations in rplV, rmpH and mtrA were not fo nd at all  Table S1  

and m tations in rplD and mtrC were not associated with resistance Table .  

3



60

CHAPTER 3

TABLE 2. MOST PREVALENT NG-MAST AND NG-STAR TYPES FOUND IN EACH MAIN MLST CLUSTER

MLST cluster Number of isolates Main NG-MAST type (%) Main NG-STAR type (%)

1583 13 15589 (92) 1340 (54)

1588 5 NA NA

1599 17 11461 (65) 520 (76)

1901 19 1407 (58) 90 (32)

7363 17 2400 (35) 158 (53)

7822 12 14994 (33) 1387 (42)

7827 63 10368/2318 (35/33) 38 (89)

8135 5 387 (60) 729 (60)

8143 8 5624 (50) 426 (50)

8156 28 5441 (71) 442 (89)

8163 7 2 (29) 84 (86)

9363 18 12302 (28) 168 (28)

10314 9 NA 1387 (44)

11428 12 2992 (58) 63 (92)

11864 11 18234 (27) 439 (91)

11990 9 14376 (56) 962 (56)

13292 5 9208 (80) 439 (80)

NA, no dominant ST was found in that MLST cluster.

CIPROFLOXACIN
Cipro oxacin resistance was fo nd for 17 18 54  isolates and signi cant associations were 

fo nd with MLST158 , MLST19 1, MLST7 6  and MLST78 7. S sceptibility was signi cantly 

associated with MLST1599, MLST8156, MLST114 8, MLST11864 and MLST1199  Table S . All 

resistant isolates carried the gyrA S91F m tation 17 17 , which was fo nd in only 145 1  

s sceptible isolates, showing its importance in cipro oxacin resistance. All isolates with an 

additional D95G m tation were resistant, whereas the two s sceptible isolates carried a D95A N 

m tation. ParC D86N S87 S88P m tations were highly prevalent among resistant isolates 

147 17 , altho gh these are not re ired for resistance, given its absence in 15  of resistant 

isolates Table . 
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TABLE 3. PHENOTYPIC CHARACTERISATION VERSUS IDENTIFIED RESISTANCE MUTATIONS.

Azithromycin
Susceptible
(MIC < 0.5 mg/L)

Intermediate
(MIC = 0.5 mg/L)

Resistant
(MIC  1.0 mg/L)

N = 289 N = 14 N = 15

23S rRNA (n = 318)a

 no A2058/A2059/C2611 mutation 288 (99.7) 14 (100) 15 (100)

 C2611T in 1/4 allelesb 1 (0.3)
 
mtrR
mutation) (n = 318)a

35 (12.1) — —

66 (23) 5 (36) 1 (6.5)

1 (0.3) — —

68 (23.5) 3 (21) —

 mosaic promoter + gene 1 (0.3) — 13 (87)

 A39T 114 (39.4) 6 (43) 1 (6.5)

 G45D 4 (1.4) — —

mtrC/D/E operon (n = 316)a

 non-mosaic 248 (86.5) 8 (57) 1 (6.7)

 non-mosaic, GC del in mtrC 3 (1) — —

 mosaic 1 (0.3) — 12 (80)

 partly mosaic 35 (12.2) 6 (43) 2 (13.3)

rplD (n = 318)a

 no G68/70 mutations 287 (99.3) 14 (100) 15 (100)

 G70D 2 (0.7) — —

Ciprofloxacin
Susceptible
(MIC  0.03 mg/L)

Resistant
(MIC > 0.06 mg/L)

N = 145 N = 173

g rA (n = 318)a

 no S91/D95 mutations 143 (99) —

 S91F, D95G — 98 (57)

 S91F, D95A 1 (0.5) 73 (42)

 S91F, D95N 1 (0.5) 2 (1)

parC (n = 318)a

 no D86, S87, S88 mutations 140 (96.6) 26 (15)

 D86N — 85 (49)

 S87I/N/R 4 (2.8) 60 (35)

 S87R, S88P 1 (0.6) 2 (1)
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TABLE 3. PHENOTYPIC CHARACTERISATION VERSUS IDENTIFIED RESISTANCE MUTATIONS. (CONTINUED)

Ceftriaxone Susceptible
(MIC  0.016 mg/L)

Intermediate
(MIC 0.023–0.064 
mg/L)

Reduced 
susceptibility
(MIC  0.094 mg/L)

N = 212 N = 26 N = 80

penA (n = 318)a

 non-mosaic/no A501 mutation 198 (93) 6 (23) 3 (4)

 mosaic 34.001 — 3 (11.5) 11 (14)

 mosaic 10.001 1 (0.5) 2 (8) 4 (5)

 mosaic 63.001/92.001 2 (1) — —

 non-mosaic 18.001 + A501T — 1 (4) —

 non-mosaic 44.001 + A501T 1 (0.5) 10 (38) 4 (5)

 non-mosaic 12.004 + A501V — 1 (4) —

 non-mosaic 13.001 + A501V 2 (1) 3 (11.5) 58 (72)

 non-mosaic 43.002 + A501V 8 (4) — —

porB (n = 317)a

 porB1a no G120, A121 mutations 20 (9) 1 (4) —

 porB1b no G120, A121 mutations 137 (65) 2 (8) —

 porB1b G120K, A121N 10 (5) 2 (8) 14 (17.5)

 porB1b G120K, A121D 10 (5) 18 (69) 66 (82.5)

 porB1b G120N or A121S 29 (14) — —

 porB1b G120K/N,A121G/D/V 5 (2) 3 (11) —

mtrR
mutation) (n = 318)a

33 (16) 2 (8) —

37 (17) 13 (50) 22 (27.5)

— 1 (4) —

9 (4) 4 (15) 58 (72.5)

 mosaic promoter + gene 13 (6) 1 (4) —

 A39T 116 (55) 5 (19) —

 G45D 4 (2) — —

ponA (n = 318)a

 no L421P mutation 146 (69) — —

 L421P 66 (31) 26 (100) 80 (100)

All shown as n (%).
aGene n wh h m tat ons were ent e  (n mber o  solates th s gene was hara ter se  n).
bAs eterm ne  b  mapp ng raw rea s aga nst  rRNA re eren e se en es or ent at on o  heterogeneo s m tat ons. 
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CEFTRIAXONE 
As a res lt of the selection strategy of this st dy, 8 18 5  isolates had red ced s sceptibility 

to ceftriaxone and 6 18 8  had intermediate s sceptibility. Intermediate and red ced 

s sceptibility were signi cantly associated with MLST19 1, MLST78 7 and MLST7 6  and 

s sceptibility with MLST1599, MLST8156 and MLST9 6  Table S . NG-MAST14 7 NG-STAR9  

was predominant among MLST19 1 isolates, NG-MAST 4 NG-STAR158 among MLST7 6  

isolates and NG-MAST1 86 NG-STAR 8 and NG-MAST 18 NG-STAR 8 among MLST78 7 

isolates Table . Seventy-fo r percent 157 1  of the s sceptible isolates carried a porB1a 

157  or porB1b 1 7 157  gene witho t G1 A1 1 m tations and a non-mosaic penA gene 

witho t an A5 1 m tation 9 . The porB1a witho t G1 A1 1 m tations was only fo nd in 

intermediate 1 1  or s sceptible 1  isolates. PorB1b G1 K and A1 1D N m tations were 

fo nd in 1  of the isolates with red ced s sceptibility, 77  of the isolates with intermediate 

s sceptibility and 1  of the s sceptible isolates, indicating their importance in the resistance 

mechanism Table . Nineteen percent 15 8  of the isolates with red ced s sceptibility carried 

the mosaic penA allele 4. 1 11 15  or 1 . 1 4 15  and belonged to MLST19 1. Notably, these 

mosaic penA alleles were also fo nd in intermediate MLST19 1 4  and MLST7 6  isolates 

11 . Three s sceptible isolates carried a mosaic penA allele, of which 6 . 1 and 9 . 1 were 

identi ed only once. In 4  of the isolates with intermediate s sceptibility 11 6 , either the 

non-mosaic penA allele 44. 1 1 11  or 18. 1 1 11  with A5 1T m tation was fo nd, of which 

8  9 11  belonged to MLST7 6 . The majority of isolates with red ced s sceptibility carried 

non-mosaic penA allele 1 . 1 with A5 1V m tation 7 , of which 97  56 58  belonged to 

MLST78 7 Table , Fig re 1 . Three s sceptible MLST78 7 isolates were identi ed, of which one 

carried porB1a and the other two carried porB1b witho t G1 A1 1 m tations and non-mosaic 

penA witho t A5 1 m tation. PorB1b G1 K A1 1D m tations fo nd o tside the MLST78 7 cl ster 

and co-occ rring with a non-mosaic penA allele witho t m tations were not associated with 

intermediate or red ced ceftriaxone s sceptibility, except for three isolates in the MLST1 14 

cl ster Fig re 1 . However, intermediate or red ced s sceptibility was observed o tside the 

MLST78 7 cl ster when both porB1b m tations and either penA mosaicism or A5 1 m tations 

co-occ rred e.g. in MLST19 1 and MLST7 6  cl sters . Moreover, isolates carrying a penA A5 1V 

m tation b t lacking the porB1b m tations were s sceptible e.g. in the MLST158  cl ster . 

These ndings show the interplay between m tations in penA and porB and that some of these 

m tations show a stronger effect on ceftriaxone MIC than others, th s grad ally in encing the 

s sceptibility. PonA L4 1P m tation, 5A deletion in the mtrR promoter and G45D in mtrR were 

fo nd in the majority of intermediate and red ced s sceptibility isolates. However, there was 

no direct association with red ced s sceptibility since these m tations were also prevalent 

among s sceptible isolates Table . M tations in rpoB and rpoD genes were not fo nd Table S1 .
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>

CLOSE GENETIC RELATEDNESS BETWEEN DUTCH AND OTHER EUROPEAN MLST7827 
STRAINS 

The genetic relatedness of the 6  D tch and 161 non-D tch MLST78 7 isolates p blicly available 

in the P bMLST database was assessed. Available metadata showed that a large proportion 

of the non-D tch MLST78 7 isolates were from 11–1  4  and from Asia 4 . The D tch 

isolates from this st dy acco nted for 8  of the MLST78 7 isolates in the database. Regarding 

available phenotypic data, 1  19 19  of the isolates were cipro oxacin resistant b t only 

 119  were azithromycin resistant. Regarding ceftriaxone, 47  91 195  showed red ced 

s sceptibility and 1  195  were resistant Table 4 . 

Recombination- ltered variant alignment res lted in 75 6 sites, on which the phylogenetic 

tree was based Fig re . The midpoint-rooted phylogenetic tree showed two lineages: main 

lineage A with three distinct cl sters and lineage B with mainly Asian isolates from 11–1 . 

Cl sters 1 and  mainly contained D tch, Norwegian and E ropean  UK isolates from 14–19 

and cl ster  mainly contained Asian, b t also American, Norwegian and E ropean  UK isolates 

from 11–1 . D tch isolates from 17–19 were only fo nd in cl ster 1, together with Norwegian 

and E ropean  UK isolates and one American isolate. The median SNP distances within cl sters 

1,  and  were 4, 89 and , respectively. This indicated stronger genetic relatedness among 

D tch, Norwegian and E ropean  UK isolates in cl sters 1 and  than among isolates in cl ster 

, which were mainly Asian. Cl ster 1 contained most of the red ced ceftriaxone s sceptibility 

isolates carrying non-mosaic penA 1 . 1 alleles with A5 1V m tation and porB1b G1 K A1 1D 

m tations. In contrast, lineage A mainly contained s sceptible isolates carrying non-mosaic 

penA and porB1a alleles witho t m tations. Isolates in cl sters  and  mainly carried non-mosaic 

penA 1 . 1 with A5 1V m tations  however, a variety of porB1b m tations were fo nd in these 

cl sters. Overall, red ced s sceptibility to ceftriaxone was associated with the co-presence 

of the penA 1 . 1 A5 1V and porB1b G1 A1 1 m tations among global MLST78 7 isolates. 

Metadata for the MLST78 7 isolates are available in Table S4. 

 FIGURE 2. RECOMBINATION-FILTERED MIDPOINT-ROOTED PHYLOGENETIC TREE BASED ON CORE-GENOME SNPS 
INCLUDING ALL 2 24 PUBLICLY AVAIL ABLE N. GONORRHOEAE  ISOL ATES BELONGING TO ML ST 7 82 7. A DUTCH 
MLST 7827 ISOL ATE WAS USED AS THE REFERENCE STR AIN AND ITS BR ANCH IS VISUALISED WITH AN OR ANGE 
DOT. METADATA INCLUDES: COUNTRY/CONTINENT; YE AR OF ISOL ATION; CEF TRIA XONE (CRO) MICS IN MG/L ARE 
VISUALISED AS GREEN FOR SUSCEPTIBLE, OR ANGE FOR INTERMEDIATE SUSCEPTIBLE, PURPLE FOR REDUCED 
SUSCEPTIBLE AND BL ACK FOR RESISTANT; PENA TYPE; AND PORB TYPE. PORB1A IS GIVEN IN BL ACK; ALL OTHER 
COLOURS REPRESENT DIFFERENT PORB1B T YPES . WHITE BARS INDICATE MISSING DATA. DASHED-LINE BOXES 
DEFINE SEPAR ATE LINE AGES AND CLUSTERS.
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TABLE 4. METADATA AVAILABLE FOR N. GONORRHOEAE ISOLATES BELONGING TO MLST7827 OBTAINED FROM THE 
PUBMLST DATABASE IN AUGUST 2020.

Number of MLST7827 isolates in PubMLST database 224

Country/continent of isolation, n (%)

 Netherlands 63 (28)

 Norway 30 (13)

 Other European countries + UK 22 (10)

 America (continent) 13 (6)

 Asia 94 (42)

2 (1)

Year of isolation, n (%)

 2011–13 96 (43)

 2014–16 45 (20)

 2017–19 79 (35)

 NAa 4 (2)

Ciprofloxacin MIC (mg/L), n

1

 >0.06 192

 NAa 31

Azithromycin MIC (mg/L), n

 <0.5 101

 0.5 15

3

 NAa 105

Ceftriaxone MIC (mg/L), n

33

 0.023–0.064 69

91

 >0.125 2

 NAa 29

aNA, data not available in PubMLST database.
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DISCUSSION

This genomic pop lation st dy extended the previo s NG-MAST and penA typing st dy, which 

identi ed NG-MAST and penA shifts among N. gonorrhoeae isolates with red ced ceftriaxone 

s sceptibility from Amsterdam, obtained p ntil 17.1  Here we st died this phenomenon in 

more detail sing WGS and incl ding more recent isolates. The res lts showed that previo s 

observations represented a shift from MLST19 1 to MLST7 6  and more recently to MLST78 7. 

The emergence of the MLST78 7 strain with red ced s sceptibility to cephalosporins and 

resistance to cipro oxacin in Amsterdam is in line with previo sly p blished s rveillance 

articles. Peng et al.  reported MLST78 7 as already being the predominant MLST in China 

d ring 1 –1 , altho gh at that time this MLST was not partic larly associated with red ced 

s sceptibility to cephalosporins. When this strain emerged in Norway d ring 16–18 it was 

associated with red ced s sceptibility to cephalosporins and we now con rm that the same 

emergence has occ rred in the Netherlands d ring the last  years.1  Since recent isolates from 

other E ropean co ntries are scarce, these res lts can only s ggest circ lation of this strain 

in other parts of E rope. 

Among the D tch isolates, the co-occ rrence of a non-mosaic penA 1 . 1 allele with A5 1V 

m tation and porB1b G1 K A1 1D m tations was associated with red ced s sceptibility 

to ceftriaxone. Remarkably, these m tations were already fo nd in isolates with red ced 

cephalosporin s sceptibility from Korea d ring 1– 7, belonging to different NG-MAST STs. 4 

From 7 onwards, cephalosporin-resistant isolates belonging to MLST19 1 or MLST7 6  

were identi ed that carried mosaic penA 7. 1, 4 . 1 and 6 . 1 alleles  however, these 

penA alleles were not identi ed in this st dy. Other MLST and penA types have been fo nd 

among isolates with red ced ceftriaxone s sceptibility as well. In China, isolates belonging 

to MLST7 6  and carrying a mosaic penA were responsible for red ced s sceptibility d ring 

1 –1 .  We fo nd both MLST19 1 and MLST7 6  to be associated with red ced s sceptibility 

from 14–16 in Amsterdam as well, con rming that these strains were the predominant strains 

with red ced s sceptibility worldwide in previo s years. In 17, Abrams et al. 5 reported an 

isolate with red ced s sceptibility that belonged to a different ST and lacked the mosaic penA 

allele. The rpoB and rpoD m tations fo nd to be the genetic basis for red ced s sceptibility 

in this isolate by Palace et al.9 were not fo nd among the D tch isolates in the present st dy. 

Instead, red ced s sceptibility was associated with MLST78 7 isolates carrying penA and porB1b 

m tations, showing the interplay between these m tations in the resistance mechanism. This 

m ltifactorial nat re also s ggests additional and, as yet, nresolved genetic variations involved 

in cephalosporin resistance.

Previo s research on D tch isolates from 8–15 showed a high prevalence of S rRNA 

m tations among azithromycin-resistant isolates with variable genetic backgro nds. 6 More 
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recently, the in ence of mtr mosaicism on azithromycin resistance has been described. 8 The 

res lts of this st dy s ggest a replacement of m tations in S rRNA by mosaic mtr genes as the 

main determinant in azithromycin-resistant strains circ lating in Amsterdam, sing a limited 

n mber of azithromycin-resistant strains. F rther research on larger n mbers of azithromycin-

resistant isolates is needed to con rm this observation. 

Phylogenetic analysis of the 18 D tch isolates revealed two separate lineages. Isolates in 

lineage A were signi cantly associated with bisex al or homosex al interco rse and resistance 

or red ced s sceptibility to azithromycin, cipro oxacin and ceftriaxone was signi cantly 

overrepresented. This lineage distinction was also seen in other isolate collections. 7 Previo s 

st dies state that MSM are more often infected with MDR isolates, probably beca se of the 

higher prevalence of bacterial STI in MSM. This leads to higher antibiotic expos re and increases 

selection press re for antimicrobial resistance. 8 

Importantly, beca se of the MIC-based selection strategy, the percentage of isolates showing 

red ced ceftriaxone s sceptibility in this st dy is not representative of the N. gonorrhoeae 

pop lation fo nd among all STI clinic visitors in Amsterdam. Ro tine s sceptibility testing 

showed that only 8  of 7  1.1  isolates ro tinely obtained at the STI clinic had red ced 

ceftriaxone s sceptibility d ring the st dy period. Altho gh ceftriaxone-resistant isolates have 

not yet been fo nd in the Netherlands, the emergence of MLST78 7 isolates raises the estion 

of whether this strain will evolve towards being a resistant strain. The two ceftriaxone-resistant 

MLST78 7 isolates from China show the ability of this strain to become resistant according 

to the EUCAST clinical threshold, altho gh these isolates did not ca se therapy fail re. High 

recombination rates in N. gonorrhoeae enable the exchange of resistance m tations, which 

co ld ca se a f rther red ction in s sceptibility and ltimately lead to clinical resistance. 

Identi cation of the MLST78 7 strain in m ltiple E ropean co ntries over recent years shows 

its ability to spread ickly, nderlining the need for global s rveillance to track the prevalence 

and development of this strain.
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CHAPTER 3

SUPPLEMENTARY MATERIAL 

TABLE S1. METADATA OF ALL ISOLATES INCLUDED IN THIS STUDY: UNIQUE IDENTIFIERS, SEQUENCE DATA QUALITY 
PARAMETERS, PATIENT DATA, PHENOTYPIC DATA AND TYPING RESULTS.

This table 55 col mns and 18 rows  is available with the online version of this article https:

tiny rl.com 458jfddx .

TABLE S2. SIGNIFICANCE OF ASSOCIATIONS BETWEEN LINEAGE A (N=216 ISOLATES) AND LINEAGE B (N=102 ISOLATES) 
AND PATIENT CHARACTERISTICS, TESTED WITH CHI-SQUARE TESTS. 

 
Prevalence in 
lineage A

Prevalence in 
lineage B p-value

Agea    <24 12% 33%

            24-34 55% 42%

          33% 25% 2.74E-05

Sex Female
Male

3%
97%

22%
78% 1.53E-07

Sexual preference Exclusively heterosexual
MSM or bisexual

5%
95%

34%
66% 6.57E-12

Year of isolation 2014-2016
2017-2019

34%
66%

53%
47% 0.002

AZMb Susceptible/Intermediate
Resistant

94%
6%

99%
1% 0.04

CIP Susceptible/Intermediate
Resistant

38%
62%

61%
39% 0.0003

CRO Susceptible/Intermediate
Reduced susceptible

65%
35%

95%
5% 2.38E-08

aGro ps e ne  or ea h hara ter st  as ollows  Age  1)  )  an  )  ears  e al pre eren e  1) e l s el  
reporte  heterose al nter o rse an  ) reporte  b  or homose al nter o rse  Year o  solat on  1) 1 1  an  ) 1 1  
Phenot pe  1) solates w th C ass gne  as s s ept ble or nterme ate s s ept ble ) solates w th Cs ass gne  as res stant 
or re e  s s ept ble ( n ase o  e tr a one).
b sher s e a t test per orme  be a se one o  the gro ps onta ne   solates

TABLE S4. METADATA OF ALL MLST 7827 ISOLATES COMPARED IN THIS STUDY: UNIQUE IDENTIFIERS, 
NUMBER OF SEQUENCE READS, YEAR OF ISOLATION, PHENOTYPES AND TYPING RESULTS.

This table 17 col mns and 5 rows  is available with the online version of this article https:

tiny rl.com 458jfddx .
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CHAPTER 4

ABSTRACT 

Distancing meas res d ring the COVID-19 lockdown have led to a temporary decrease of cas al 

sex partners among clients of the Centre for Sex al Health CSH  of Amsterdam, the Netherlands. 

We investigated the effect of this change on the genotypic and phenotypic distrib tion of 

Neisseria gonorrhoeae isolates from CSH patients. From each N. gonorrhoeae-positive patient 

we se enced one isolate, res lting in  isolates which constit ted two gro ps: 181 isolates 

c lt red from Jan ary 15th-Febr ary 9th  before the rst lockdown  and 141 c lt red from 

May 15th-J ne th  d ring the rst lockdown . Patient characteristics showed signi cantly 

more symptomatic patients and signi cantly less reported sex partners d ring the lockdown. 

Phenotypic data showed an increase in low-level azithromycin resistance and ceftriaxone 

s sceptibility d ring the lockdown, and this remained after the st dy period. The isolate gro ps 

had similar variety of m lti-loc s se ence types MLSTs . However, a shift occ rred from 

MLST 8156 being predominant before lockdown to MLST 9 6  d ring lockdown. SNP distances 

between isolates with identical MLSTs were signi cantly lower d ring lockdown, speci cally 

d e to remarkably low SNP distances between MLST 9 6  isolates. These ndings re ect the 

change in sex al behavio r of CSH clients d ring the lockdown, with a potential increased local 

transmission of the MLST 9 6  strain d ring this period, which led to genotypic and phenotypic 

changes in the N. gonorrhoeae pop lation. This shows that p blic health meas res have far-

reaching conse ences and sho ld be considered in the s rveillance of other infectio s 

diseases.
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INTRODUCTION

The COVID-19 pandemic has had an extraordinary global impact on p blic health1. Also, the 

epidemiology of sex ally transmitted infections STIs  has been impacted by the COVID-19 

pandemic . Gonorrhoea, ca sed by the sex ally transmitted pathogen Neisseria gonorrhoeae, 

is one of the most prevalent bacterial STIs worldwide and its prevalence is globally on the rise . 

This rising trend has also been reported in E rope, incl ding the Netherlands, where before the 

pandemic the prevalence of gonorrhoea and other bacterial STIs increased, especially among 

men who have sex with men MSM 4-6. However, interpreting the n mber of STI cases d ring 

the COVID-19 pandemic has been challenging, since social meas res and large scale COVID-19 

testing temporarily restricted STI testing at Centres for Sex al Health CSH 4,7. 

In the Netherlands, efforts to red ce and contain the transmission of SARS-CoV-  started with 

grad al meas res since the rst noti ed infection on Febr ary 7th, . The rst lockdown 

with additional meas res was p t into place on the 16th of March , from then all events were 

cancelled, gatherings of  and more persons were disco raged and all stores except grocery 

stores , schools and leis re areas were closed. In general, 1.5 meters of physical distance was 

enforced both inside and o tside, and no more than  ad lt visitors were allowed in a ho sehold 

per day. International travel was restricted to essential travel only and also nationally, people 

were enco raged to stay at home. From mid-May onwards, schools, stores, m se ms, bars and 

resta rants were grad ally reopened with restrictions. However, d ring this time, any form 

of travel and especially international travel remained highly red ced8. The healthcare at the 

CSH in Amsterdam was also impacted by the restrictions of the lockdown. Between March rd 

and J ne 1st ro tine HIV STI testing was halted for asymptomatic clients nless rgent PrEP 

prescription was needed9. 

The perceived risk of SARS-CoV-  infection and p blic health meas res were fo nd to be 

associated with a change in sex al behavio r1 ,11. A recent st dy from Bilsen et al. 1  fo nd 

that distancing meas res d ring lockdown led to a temporary decrease of cas al sex partners 

and a relatively low STI positivity rate among clients of the CSH of Amsterdam9. Besides the 

in ence of this behavio ral change on n mber of STI cases, it co ld also have had an in ence 

on STI epidemiology d e to changes in transmission networks. In this st dy, we aimed to 

investigate the in ence of the change in sex al behavio r of CSH clients d ring the rst 

lockdown in Amsterdam on the genotypic and phenotypic distrib tion of N. gonorrhoeae isolates 

from CSH patients. 

4
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METHODS

ISOLATE SELECTION 
Two st dy periods of e al d ration were selected before and d ring the lockdown based on 

similarity of patient gro ps regarding sex and sex al orientation. The st dy periods were also 

chosen based on the n mber of N. gonorrhoeae isolates obtained d ring each period, beca se 

d ring the rst 8 weeks of the lockdown, access to the CSH was highly restricted which 

s bse ently strongly red ced the n mber of gonorrhoea cases. N. gonorrhoeae isolates from 

all c lt re-positive patients who visited the CSH between Jan ary 15th and Febr ary 9th and 

between May 15th and J ne th in  were incl ded. The period Jan ary 15th - Febr ary 9th 

 will be referred to as “before lockdown” and the period May 15th - J ne th  will be 

referred to as “d ring lockdown” thro gho t this st dy. Patients who had N. gonorrhoeae both 

before and d ring lockdown were incl ded in both gro ps, since these can be considered as 

two separate infection episodes. From each N. gonorrhoeae-positive patient, one isolate was 

selected with prioritisation of the rectal isolate in case m ltiple isolates were obtained from a 

single patient. To prevent SARS-CoV-  transmission at the CSH, the sampling policy no longer 

incl ded pharyngeal sampling d ring the lockdown. Therefore, pharyngeal N. gonorrhoeae 

isolates obtained before the lockdown were not incl ded in this st dy.

PHENOTYPIC ANALYSIS
At the P blic Health Laboratory, minim m inhibitory concentrations MICs  for azithromycin and 

ceftriaxone are ro tinely determined for all N. gonorrhoeae isolates obtained from CSH patients, 

sing E-tests according to man fact rer s instr ction bioMerie x SA . The clinical breakpoint 

sed in this st dy for ceftriaxone resistance was MIC .1 5 mg L and for azithromycin MIC 1 

mg L ECOFF , according to EUCAST g idelines v1 . 

Phenotypes from anogenital isolates obtained before and after the st dy period might indicate 

whether phenotypic trends observed d ring lockdown were already seen before the lockdown 

in 19 and still hold in the months afterwards. Therefore, azithromycin and ceftriaxone MIC 

distrib tions of isolates d ring the st dy period were plotted next to phenotypic distrib tions of 

anogenital isolates obtained .5 months before 15 A g st –  September 19  and .5 months 

after the st dy period 15 September – 1 November . The interval of .5 months was chosen 

beca se the st dy periods before- and d ring lockdown also had an interval of .5 months. 

Pharyngeal isolates were excl ded from the phenotypic data beca se pharyngeal isolates were 

not incl ded d ring the st dy period. 

ISOLATE PREPARATION AND WGS SEQUENCING
All selected samples were taken from the -8 C freezer and grown overnight on chocolate 

blood agar plates. DNA was extracted from p re c lt res in DNA RNA shield b ffer sing the 
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ymoBIOMICS TM Magbead DNA kit YMO RESEARCH . The Nextera T DNA Library Preparation 

kit with Integrated DNA Technologies for Ill mina DNA RNA Uni e D al Indexes Ill mina  was 

sed for library preparation. WGS was performed by 15  base-pairs bp  paired-end se encing 

sing Ill mina NovaSe  6  at the se encing facility BaseClear B.V. L457  NEN-EN-ISO IEC 

17 5 . 

QUALITY CONTROL AND ASSEMBLY
Raw reads were ltered and trimmed sing fastp v . .11 . The mean coverage depth and the 

percentage of covered reference genome bases were calc lated with the SAMtools package 

v1.15 by rst mapping the reads to reference genome FA1 9  NC 946.1  with BWA-MEM  

v .11 . Genomes were assembled sing the isolate  option in SPAdes v. .15. 14. QUAST v5. .  was 

sed to assess the ality of the assembly and to identify assemblies with aberrant assembly 

lengths or GC content, which co ld be indications of read contamination15. For these isolates, 

reads not belonging to N. gonorrhoeae taxid:485  were identi ed and ltered o t with Kraken  

v .1.116. Filtered reads were assembled again. 

  

TYPING AND DETERMINATION OF SNP DISTANCES
All assemblies were annotated a tomatically by ploading them to the P bMLST Neisseria 

database. M lti-loc s se ence types MLST  were extracted and novel MLSTs were assigned 

novel STs17. Snippy v.4.6.  https: gith b.com tseemann snippy  was sed for variant calling, 

by rst mapping reads to reference genome FA1 9  followed by identifying SNPs between the 

isolate and reference genome. Only SNPs with a minim m base ality of 1 , a minim m read 

coverage of 1 x and a read concordance of 9  were reported defa lt settings . The core  

option of Snippy was sed to create a core genome alignment of all isolates. Snp-dists v. .7.  

https: gith b.com tseemann snp-dists  was sed to determine SNP distances between all 

possible combinations of isolates. For maxim m resol tion, recombination was kept in the 

SNP distance analyses to determine the genetic diversity between isolates. Recombination 

ltering was applied sing G bbins v .4.1 to identify isolate pairs that differed 1  recombination 

ltered SNPs, a threshold previo sly de ned for identical isolates that are p tatively transmitted 

between individ als18,19. The bioinformatic pipeline was managed sing Snakemake v7. .1 . 

STATISTICAL ANALYSES
Sociodemographic and clinical data were extracted from electronic patient les. Chi s are or 

Fisher s exact tests were sed to compare participant characteristics from before and d ring 

lockdown and to analyse its associations with the most prevalent MLST d ring the lockdown. 

A p-val e . 5 was deemed signi cant. SNP distances between gro ps were compared with 

the Wilcoxon rank test, for which a p-val e . 1 was deemed signi cant. Data was analysed 

sing RSt dio version 1. .5 .

4
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ETHICS STATEMENT
All clients of the CSH in Amsterdam were informed of the “opt-o t” system regarding research 

on remnants of patient material. All data were pse donymised before analysis. 

RESULTS

PATIENT CHARACTERISTICS
A total of  N. gonorrhoeae isolates were incl ded in the st dy, consisting of 181 isolates 

before lockdown and 141 d ring lockdown. Demographic characteristics of the patient gro ps 

before 181 patients  and d ring 141 patients  lockdown were comparable regarding sex and 

sex al orientation, as expected since st dy periods were chosen based on similarity of these 

characteristics. Five patients were N. gonorrhoeae-positive both before and d ring lockdown 

and therefore incl ded in both gro ps. The patient gro ps signi cantly differed in HIV stat s 

p . 7 , n mber of sex partners p . 9  and symptomatology p . 6  Table 1 . A higher 

proportion of patients had an nknown HIV stat s in the gro p d ring lockdown. D ring the 

lockdown, patients reported less sex partners in the past 6 months and a higher proportion of 

patients was symptomatic, compared to before the lockdown.

DISTRIBUTION OF MLSTS CHANGED DURING LOCKDOWN

All  isolates were typed according to the MLST scheme. The overall diversity in MLSTs was 

similar before 4 MLSTs  to d ring  MLSTs  lockdown Fig re 1 . The majority of the types 

occ rred less than 5 times, which was the case in 4 65  MLSTs before lockdown and 1  

7  d ring lockdown. Before lockdown, a variety of MLSTs was prevalent among the pop lation, 

with MLST 8156 predominantly occ rring in 181 1  of the isolates. D ring lockdown, MLST 

8156 prevalence was red ced to 1 141 9 , whereas MLST 9 6  became predominant. MLST 

9 6  went from being present in 181  of the isolates before the lockdown to 9 141 1  

d ring the lockdown. MLST 9 6  was signi cantly associated with MSM Table S . A decline 

was also fo nd for MLST 78 7, which went from being present in 1 181 6  isolates before the 

lockdown to 141  isolates d ring the lockdown. The low prevalent MLSTs 1587, 1599, 7 6 , 

9 6 , 78 7 and 1 14 were no longer fo nd 5 times d ring the lockdown, whereas types 7 59, 

9 6  and 1518  occ rred 5 times before the lockdown and their prevalence increased d ring 

lockdown. 



81

N. GONORRHOEAE POPULATION DYNAMICS DURING THE COVID-19 PANDEMIC

TABLE 1. CLINICAL AND DEMOGRAPHIC DATA OF PATIENTS BEFORE (JANUARY 15TH – FEBRUARY 29TH) AND DURING 
 (MAY 15TH – JUNE 30TH) THE LOCKDOWN IN 2020.

Before lockdown 
N = 181 (%)

During lockdown 
N = 141 (%) OR/ P-value

Sex
  Male
  Female

171 (94)
10 (6)

133 (94)
8 (6)

0.966

Age
  <25
  25-34
  35-44

34 (19)
79 (44)
47 (26)
21 (12)

36 (26)
62 (44)
30 (21)
13 (9)

0.421

Anatomical location
Cervix
Anus
Urethra
Vagina

3 (2)
117 (65)
54 (30)
7 (4)

3 (2)
87 (62)
47 (33)
4 (3)

0.850a

Country of origin
The Netherlands
Suriname + Dutch 
Antilles
Europe + Turkey
M-S America
Asia
Africa
Other
Unknown

93 (51)
17 (9)
28 (15)
20 (11)
14 (8)
7 (4)
2 (1)
0 (0)

65 (46)
19 (13)
28 (20)
11 (8)
10 (7)
5 (4)
2 (1)
2 (1)

0.697a

Sexual orientation
  MSM
  MSW
  Female
  Transgender

158 (86)
11 (6)
10 (6)
2 (1)

122 (87)
11 (8)
8 (6)
0 (0)

0.707a

HIV status
  Negative
  Positive
  Unknown

136 (75)
39 (22)
6 (3)

105 (75)
20 (14)
16 (11)

0.007*

Sex work
  Yes
  No 

15 (8)
166 (92)

11 (8)
130 (92)

0.859

Number of sex partners 
in last 6 months

0-1
2-4
5-9
10-19
20-49

6 (3)
38 (21)
46 (25)
32 (18)
43 (24)
15 (8)

10 (7)
47 (33)
37 (26)
24 (17)
16 (11)
7 (5)

0.009*

Symptomaticity 
  Symptomatic 
  Asymptomatic 

48 (27)
133 (73)

58 (41)
84 (59)

0.006*

a sher s E act est   |   p .
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FIGURE 1. MLST DISTRIBUTION BEFORE (A) AND DURING (B) LOCKDOWN. PREVALENCE ARE SHOWN FOR MLSTS THAT 
OCCURRED >5 TIMES IN THE ISOLATES BEFORE- OR DURING LOCKDOWN. MLSTS THAT OCCURRED <5 TIMES WERE 
CATEGORISED AS ‘OTHER’. COLOURED MLSTS WERE FOUND >5 TIMES BEFORE- AND DURING THE LOCKDOWN, WHEREAS
GREY MLSTS ARE ONLY FOUND >5 TIMES IN ONE OF THE PERIODS. 

SNP DISTANCES BETWEEN ISOLATES WITH IDENTICAL MLSTS SIGNIFICANTLY 
DECREASED DURING LOCKDOWN

Pairwise SNP distances were determined between all isolates obtained before- and d ring

lockdown. The SNP distances between isolates with different MLSTs signi cantly increased

d ring lockdown, with median SNP distances of 5 89 before lockdown and 56  d ring lockdown

Fig re A . In contrast, SNP distances signi cantly decreased between isolates with identical

MLSTs d ring lockdown, with median SNP distances of 5  before lockdown and 98 d ring

lockdown. When f rther categorizing on MLST, remarkable low SNP distances were fo nd

between MLST 9 6  isolates obtained d ring the lockdown median 17 SNPs , despite the high 

n mber of MLST 9 6  isolates fo nd in that period Fig re B and C . Low SNP distances were 

also fo nd between MLST 1518  isolates median 9 SNPs , however, this MLST was fo nd only 6

times d ring the lockdown. Remarkably, diverse SNP distances were fo nd between isolates with

MLSTs 7 6 , 78 , 78 7 and 814  Fig re C . Using recombination ltered SNP distances, 1

16 16, 9  of the compared isolate pairs before lockdown contained identical isolates differing

with 1  recombination ltered SNPs. This strikingly increased to .5  5 9,87  d ring 

lockdown with the vast majority 84 , 95 5  of these isolate pairs belonging to MLST 9 6 .

ASSOCIATION BETWEEN GENOTYPE AND PHENOTYPE
Isolates belonging to the same MLST mainly have similar MICs for azithromycin and ceftriaxone 

Fig re A, B, C , showing an association between genotype and phenotype. Azithromycin

resistance MIC 1 mg L  was predominantly fo nd in isolates belonging to the MLSTs 9 6 ,
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9 6  and 114 . Mosaicism in the mtrR gene and or the mtrCDE operon were fo nd to be the 

resistance determinants in these three MLSTs Fig re D . Azithromycin resistance-associated 

S rRNA m tations were not fo nd. The highest ceftriaxone MICs were fo nd for MLST 78 7 

isolates, which predominantly carried the penA A5 1V m tation. Isolates belonging to MLSTs 

8156 and 9 6  were highly s sceptible to ceftriaxone. No ceftriaxone resistant isolates were 

identi ed in this st dy. 

FIGURE 2. PAIRWISE SNP DISTANCES BETWEEN ISOLATES OBTAINED BEFORE- OR DURING LOCKDOWN. A. BOXPLOTS 
OF PAIRWISE SNP DISTANCES BETWEEN ISOLATES WITH DIFFERENT MLSTS (15,389 PAIRWISE COMPARISONS BEFORE 
LOCKDOWN, 9,128 DURING LOCKDOWN) OR IDENTICAL MLSTS (901 PAIRWISE COMPARISONS BEFORE LOCKDOWN, 742 
DURING LOCKDOWN). B. NUMBER OF ISOLATES PER MLST BEFORE- OR DURING THE LOCKDOWN. MLSTS OCCURRING 
<5 TIMES WERE NOT SHOWN. C. BOXPLOTS OF PAIRWISE SNP DISTANCES BETWEEN ISOLATES WITHIN MLST GROUPS 
BEFORE OR DURING LOCKDOWN.

4
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FIGURE 3. DISTRIBUTION OF PHENOTYPES AND RESISTANCE DETERMINANTS AMONG MLSTS. A. TOTAL NUMBER 
OF ISOLATES PER MLST (NUMBERS BEFORE- AND DURING LOCKDOWN WERE TAKEN TOGETHER). B. PREVALENCE OF

AND CEFTRIAXONE RESISTANCE DETERMINANTS IN PENA  PORB  RR GENES AND THE MTRCDE OPERON PER MLST. ONLY 
MLSTS WITH >5 ISOLATES ARE SHOWN. 

INCREASED AZITHROMYCIN RESISTANCE AND CEFTRIAXONE SUSCEPTIBILITY DURING 
THE LOCKDOWN

The proportion of isolates with low-level azithromycin resistance and ceftriaxone s sceptibility 

increased d ring the lockdown Fig re 4A and B . Phenotypes from isolates obtained before and 

after the st dy period demonstrate whether trends in phenotype observed d ring lockdown 

were already seen before the rst lockdown or still hold in the months afterwards, giving an 

indication abo t the associated genotypic distrib tion. For this p rpose, we compared MIC

distrib tion of isolates before and d ring the lockdown with MIC data regarding 16  anogenital 

isolates c lt red .5 months before o r st dy period and 167 anogenital isolates c lt red .5 

months after o r st dy period. The azithromycin MIC distrib tion showed that isolates with 

high-level azithromycin resistance MIC 4 mg L  already disappeared before the st dy period

Fig re 4A . However, the proportion of low-level resistant isolates MIC 1-4 mg L  strongly

increased d ring the lockdown and the high prevalence remained .5 months after the st dy 

period. An opposite trend was observed for ceftriaxone MICs, with an increase in ceftriaxone

s sceptible isolates and a decrease in intermediate s sceptible MIC . 1 - . 64 mg L  and 

red ced s sceptible MIC . 64 mg L  isolates over time. Highly s sceptible isolates were 
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predominant d ring lockdown. Red ced s sceptible isolates were no longer fo nd after the 

lockdown Fig re 4B .

DISCUSSION

In this st dy we investigated whether changed sex al behavio r of CSH clients d ring the rst 

lockdown in Amsterdam, the Netherlands, had led to changes in genotypic and phenotypic 

distrib tion within the N. gonorrhoeae pop lation. Altho gh the MLST diversity did not change 

d ring the lockdown, a change was observed in MLST distrib tion with the largest shift for 

MLST 9 6 , which went from a prevalence of  before- to 1  d ring the lockdown and was 

excl sively present among MSM. When comparing the MLST distrib tion fo nd in o r st dy 

to the one fo nd in 18 in Amsterdam as part of the E ropean Gonococcal Antimicrobial 

FIGURE 4.
PERIODS WITH INTERVALS OF 2.5 MONTHS.

4
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S rveillance Programme E ro-GASP , the MLST distrib tion before lockdown was m ch more 

similar to the one in 18 than the MLST distrib tion fo nd d ring the lockdown Fig re S1 1. 

Most MLSTs that were prevalent in the period before the lockdown were already prevalent 

in 18 and no isolates from the Netherlands in the 18 collection belonged to MLST 9 6 . 

Therefore, the rapid emergence of MLST 9 6  does not j st re ect a nat ral trend in MLST 

patterns b t is most likely an impact of the COVID-19 related meas res. In addition, the limited 

genetic diversity fo nd among the MLST 9 6  isolates d ring the lockdown also s ggested 

extensive local transmission of this strain d ring the lockdown period. This co ld be explained 

by the signi cantly red ced n mber of cas al sex partners d ring the lockdown, as described 

by Van Bilsen et al9, and the restricted national- and international travel, which logically red ced 

introd ction of N. gonorrhoeae isolates from sex al networks o tside of Amsterdam and the 

Netherlands. The behavio ral changes were only temporary , whereas phenotypic data showed 

that the prevalence of low-level azithromycin resistance stayed high after the st dy period 

Fig re 4A , s ggesting that MLST 9 6  remained prevalent. Additional genotypic data is needed 

to con rm whether easing of meas res has led to a decrease of this MLST over time or whether 

this MLST is still predominant in Amsterdam.

MLST 9 6  was associated with low-level azithromycin resistance and ceftriaxone s sceptibility 

and its emergence therefore drove the observed shift in phenotypic data, with increased low-

level resistance to azithromycin and increased s sceptibility to ceftriaxone d ring the lockdown. 

This is f rther enhanced by the decline in MLSTs associated with azithromycin s sceptibility 

d ring the lockdown, s ch as MLSTs 1587, 1599 and 1 14 Fig re . The phenotypic shift towards 

increased low-level azithromycin resistance in N. gonorrhoeae that has been observed in the 

Netherlands over the years 19 and  has also been observed in other E ropean co ntries 

and worldwide 1, . E ropean genomic s rveillance, which formed part of the E ro-GASP, 

fo nd that this phenotypic change was ca sed by the emergence of MLSTs 9 6  and 114 , 

both carrying mosaic mtrR and mtrD genes which have been associated with azithromycin 

resistance 4. MLST 9 6  became the predominant MLST in E rope in 18 1. Interestingly, in 

o r st dy we fo nd MLST 9 6  being mainly responsible for the increased azithromycin MICs 

instead, which only carried the mosaic mtrD gene and not the mtrR mosaic gene. However, we 

might have missed MLST 9 6  isolates beca se o r st dy did not incl de pharyngeal swabs, 

and MLST 9 6  was associated with pharyngeal N. gonorrhoeae infections in MSM 1. This co ld 

have led to a bias in the MLST distrib tion that we observed in o r st dy pop lation, however it 

wo ld only enforce the observed phenotypic shift towards increased azithromycin MICs. 

The increased ceftriaxone s sceptibility observed in this st dy was re ected by a decline in 

MLST 78 7, which emerged among the D tch N. gonorrhoeae pop lation between 17 and 19, 

and was associated with ceftriaxone red ced s sceptibility 5. The trend towards increased 

ceftriaxone s sceptibility observed in this st dy was also s pported by E ropean s rveillance 
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data. The E ro-GASP showed a strong decline in MLST 19 1 isolates carrying mosaic penA 

genes in 18 compared to 1 1. MLST 19 1 isolates with mosaic penA genes have globally 

been associated with ceftriaxone resistance 6- 8, altho gh the Netherlands and Norway reported 

MLST 78 7 as a predominant ceftriaxone red ced s sceptible strain 5, 9. Remarkably, on a global 

level the emergence of ceftriaxone red ced s sceptible strains contin ed, with an increasing 

n mber of contrib ting co ntries reporting red ced s sceptible strains from 14 to 18 . 

This can be explained by differences in AMR pro les across continents, which indicates that 

the threat of emerging resistance to cephalosporins still exists and nderlines the need for 

contin o s s rveillance on global, international and national levels.

D ring the lockdown, more symptomatic patients were seen at the CSH, which may be have been 

a temporary effect from the prioritisation of symptomatic patients d ring the strict lockdown, 

d e to the red ced capacity for STI testing. To o r knowledge, no association has been fo nd 

between having symptoms and N. gonorrhoeae genotype, th s we do not expect a major effect 

of this change in patient pop lation on the res lts of this st dy. Altho gh we cannot excl de that 

the composition of the patient pop lation in enced the N. gonorrhoeae epidemiology, we tried 

to minimise this effect by selecting st dy periods based on n mber of isolates that were obtained 

at the CSH and the similarity of patient pop lations regarding sex and sex al orientation. Only 

few isolates were obtained in the rst months of the lockdown, d e to preca tions taken at 

the CSH, therefore this period was not chosen. For these reasons, we selected May and J ne 

as period d ring lockdown  instead of the rst months of the lockdown second half of March 

and April , in which the n mber of obtained N. gonorrhoeae isolates was strongly red ced and 

the patient pop lation was m ch less representative. Since we incl ded isolates from all of the 

patients who visited the CSH d ring the st dy periods, we did not introd ce any selection bias 

in o r st dy.

This st dy did not incl de pharyngeal isolates beca se pharyngeal swabs were no longer taken 

d ring lockdown to prevent SARS-CoV-  transmission. Treatment fail res often occ rred 

with pharyngeal N. gonorrhoeae infections . Pharyngeal N. gonorrhoeae infections are also 

important beca se of the possibility for AMR development d e to possible exchange of genetic 

material between Neisseria species at the oropharyngeal site 1. As mentioned above, the E ro-

GASP st dy indeed fo nd an association between pharyngeal isolates from MSM and low-level 

resistance to azithromycin 1. The lack of pharyngeal isolates in this st dy co ld therefore have 

led to missed isolates with elevated MICs. 

In concl sion, a major change in genotypic and phenotypic distrib tion was identi ed d ring 

the rst COVID-19 lockdown among N. gonorrhoeae isolates from CSH patients in Amsterdam. 

The phenotypic shift towards increased azithromycin resistance and increased ceftriaxone 

s sceptibility is in line with E ropean s rveillance data, however, the lockdown might have 

4
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enhanced these trends as it has led to expansion of the MLST 9 6  strain with low-level 

azithromycin resistance and high ceftriaxone s sceptibility. The low SNP distances between 

MLST 9 6  isolates s ggested local transmission of this strain in Amsterdam, re ecting the 

previo sly identi ed change in sex al behavio r and s bse ent more local STI transmission 

networks d ring the lockdown9. This shows that p blic health meas res also have conse ences 

for the epidemiology of other infectio s diseases which sho ld be taken in consideration for 

p blic health s rveillance.

DATA SUMMARY

Raw se ence data are available in the E ropean N cleotide Archive nder project n mber 

PRJEB55899 and individ al accession n mbers can be fo nd in Table S1. Assemblies are 

available in the P bMLST Neisseria database https: p bmlst.org organisms neisseria-spp . 

P bMLST identi ers and additional metadata can also be fo nd in Table S1. The bioinformatic 

pipeline sed in this st dy can be fo nd on Gith b https: gith b.com jolindadekorne Diversity-

In-Neisseria-Gonorrhoeae-d ring-Lockdown .
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SUPPLEMENTARY MATERIAL

TABLE S1. METADATA OF ALL ISOLATES INCLUDED IN THIS STUDY, INCLUDING INDIVIDUAL ACCESSION NUMBERS, 
PATIENT DATA, PHENOTYPIC DATA AND MLSTS.

This table 17 col mns and  rows  is available from Figshare https: tiny rl.com mtpjh h7 .

TABLE S2. STATISTICAL ASSOCIATION OF MLST 9362 WITH EPIDEMIOLOGICAL CHARACTERISTICS OF PATIENTS FROM 

THE CSH IN AMSTERDAM BEFORE AND DURING THE COVID-19 LOCKDOWN.

Isolates with MLSTs 
other than MLST 9362
(N = 290)

MLST 9362 isolates

(N = 32) P - value

Sex 0.235

  Male 272 32

  Female 18 0

Age 0.880

  <25 63 7

  25-34 127 14

  35-44 68 9

32 2

Country of origin 0.516

 The Netherlands 141 17

 Suriname + Dutch Antilles 35 1

 Europe + Turkey 51 5

 M-S America 28 3

 Asia 19 5

 Africa 11 1

 Other 4 0

 Unknown 1 0

Sexual orientation 0.021*

  MSM + Transgender 250 32

  MSW + Female 40 0

HIV status 0.503

  Negative 214 27

  Positive 55 4

  Unknown 21 1

Sex work 0.492

  Yes 25 1

  No 265 31

4
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TABLE S2. STATISTICAL ASSOCIATION OF MLST 9362 WITH EPIDEMIOLOGICAL CHARACTERISTICS OF PATIENTS FROM 
THE CSH IN AMSTERDAM BEFORE AND DURING THE COVID-19 LOCKDOWN. (CONTINUED)

Isolates with MLSTs 
other than MLST 9362
(N = 290)

MLST 9362 isolates

(N = 32) P - value

Number of sex partners in last 6 months 0.592

 0-1 14 2

 2-4 80 5

 5-9 72 11

 10-19 49 7

 20-49 55 5

20 2

Symptomaticity 0.442

  Symptomatic 97 8

  Asymptomatic 193 24

 p .
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FIGURE S1. MLST DISTRIBUTION OF ISOLATES FROM AMSTERDAM IN THE EURO GASP 2018 COLLECTION COMPARED TO

THE MLST DISTRIBUTION OF ISOLATES OBTAINED BEFORE (A) AND DURING (B) LOCKDOWN. PREVALENCE ARE SHOWN

FOR MLSTS THAT OCCURRED >5 TIMES IN THE ISOLATES BEFORE- OR DURING LOCKDOWN. MLSTS THAT OCCURRED 

COMPARED, WHEREAS GREY MLSTS ARE ONLY FOUND >5 TIMES IN ONE OF THE PERIODS.

FIGURE S1 MLST DISTRIBUTION OF ISOLATES FROM AMSTERDAM IN THE EURO-GASP 2018 COLLECTION COMPARED TO

4
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ABSTRACT

OBJECTIVES
A previo s st dy showed higher prevalence of Escherichia coli expressing extended-spectr m 

β-lactamases ESBL-Ec  among men who have sex with men MSM  in Amsterdam, the 

Netherlands, compared to the general D tch pop lation. We here genetically characterised 

the ESBL-Ec isolates and investigated whether the increased prevalence co ld be explained 

by transmission between participants. 

METHODS
Whole-genome se ences were obtained from 9  ni e ESBL-Ec isolates, c lt red from rectal 

swabs of 79 participants. Isolates were typed according to the Achtman MLST scheme and 

ESBL- and vir lence genes were identi ed. Pairwise SNP distances were determined between 

isolates. Isolate pairs with 5 SNPs were considered part of a p tative transmission event, and 

events between m ltiple participants formed p tative transmission cl sters. To investigate 

whether p tatively transmitted isolates belonged to globally expanded lineages, the level of 

hierarchical cl stering with international isolates was assessed sing core genome MLST 

cgMLST  implemented on the Enterobase platform. 

RESULTS
Most fre ently detected E. coli types were ST1 1:blaCT -M-15 16 117, 1 .5 , ST1 1:blaCT -M- 7, 

ST 75:blaCT -M-15 and ST14:blaSHV-1  all 6 117, 6.5 . Fo rteen p tative transmission events were 

identi ed, forming 4 p tative transmission cl sters. The largest p tative transmission cl ster 

contained ST1 1 isolates which cl stered with m ltiple international isolates in SNP and cgMLST 

analysis. One other transmission cl ster ST14:blaSHV-1  and  transmission events ST14:blaSHV-1  

and ST 94:blaCT -M-15  contained strains very rarely fo nd in p blic data. 

CONCLUSIONS
The identi cation of ni e ESBL-Ec strains involved in p tative transmission and carried by 

m ltiple participants demonstrate a high probability of ESBL-Ec transmission between MSM in 

Amsterdam. Therefore, ESBL-Ec infection sho ld be considered in case of sex ally active MSM 

having associated symptoms.
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INTRODUCTION

Enterobacteriaceae resistant to third-generation cephalosporins have disseminated worldwide 

and contrib te signi cantly to the antimicrobial resistance crisis. This type of antimicrobial 

resistance is often conferred by extended-spectr m β-lactamases ESBL , which are enzymes 

that break down β-lactam antibiotics. Infections with ESBL-prod cing Enterobacteriaceae 

ESBL-E  are an important ca se of rinary tract infections in the comm nity setting, and 

bloodstream infections associated with these infections occ r fre ently1, . Resistance to 

third-generation cephalosporins can lead to delay of correct antibiotic treatment, prolonged 

morbidity and increased mortality. 

The increase in comm nity onset infections with ESBL-E is a major p blic health concern 

in m ltiple continents, incl ding E rope1, . In the Netherlands, the reported prevalence of 

ESBL-E carriage in the general pop lation is 5.  and in Amsterdam 8.6 4,5. A strikingly higher 

prevalence of 16.  was fo nd in a cohort of men who have sex with men MSM  in Amsterdam6. 

This increased prevalence of ESBL-E has also been fo nd in other MSM pop lations and among 

HIV-positive men compared to HIV-negative men7,8. Associated risk factors were a high n mber 

of sex partners and speci c sex al behavio rs with cas al partners, s ch as rimming and sting, 

s ggesting the increase in ESBL-E carriage may in part be d e to sex al transmission between 

MSM.

To f rther examine whether the increased ESBL-E prevalence in MSM is driven by transmission 

within this pop lation, we aimed to identify p tative transmission events between MSM who were 

identi ed as ESBL-E carriers in the previo s D tch st dy6. We identi ed p tative transmission 

events and s bse ently transmission cl sters sing WGS data. We described the isolates 

in detail on phenotypic and genotypic levels to identify prevalent ESBL-positive Escherichia 

coli ESBL-Ec  strains in Amsterdam and to compare these strains with ESBL-Ec lineages that 

have been expanding globally. Comparing isolates from o r dataset with other p blicly available 

isolates enabled s to assess whether the observed clonality in o r pop lation is d e to p tative 

transmission or d e to clonality of globally disseminated lineages.

METHODS

STUDY POPULATION
Since 1984, the Amsterdam Cohort St dies have aimed to st dy the prevalence, incidence and 

risk factors for HIV infection and other sex ally transmitted infections among sex ally active 

MSM involved in MSM-related activities in Amsterdam. Every -6 months, participants ll o t a 

estionnaire on sex al behavio r and are tested for HIV and several other sex ally transmitted 

5
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diseases. D ring st dy visits sched led between April and December 18, 58  participants 

were additionally tested for ESBL-E carriage on self-collected anal swabs6. A small proportion 

of participants were tested again for ESBL-E carriage after 1 year, between September and 

October 19. 

ESBL-DETECTION
ESBL phenotypes were previo sly established6. In short, Enterobacteriaceae were isolated 

from self-obtained rectal swabs Copan Diagnostics Inc.  which were c lt red in brain-heart 

inf sion broth s pplemented with 16 mg L amoxicillin Mediaprod cts BV, Groningen, The 

Netherlands . Species were identi ed sing MALDI Bio-typer Br ker . Colonies were tested 

for s sceptibility sing the Vitek- L system bioM rie x  and three e-test combinations: 

ceftazidime, cefotaxime and cefepime with and witho t clav lanic acid on M eller Hinton ll 

agar Becton Dickinson . ESBL presence was con rmed if at least one of the three combinations 

of e-tests had a ratio of MICs with- and witho t clav lanic acid of 8 mg L, in accordance with 

EUCAST r les. Antibiotic s sceptibility was de ned according to EUCAST clinical breakpoints 

v1 . . Colonies con rmed as ESBL-E were stored at -8 C. When m ltiple colonies taken from 

one c lt re showed differences in morphology and or phenotype, colonies were separately 

analysed and stored. Therefore, m ltiple isolates co ld have been obtained from one participant. 

ISOLATE SELECTION AND WGS
In this st dy, only ESBL-Ec isolates were sed beca se of the small n mber of other ESBL-E 

species previo sly identi ed6. ESBL-Ec isolates were c lt red overnight at 7 C on MacConkey 

agar. DNA was isolated from p re c lt res in DNA RNA shield b ffer sing the ymoBIOMICS TM 

Magbead DNA kit YMO RESEARCH . DNA se encing libraries were prepared with the Nextera 

T DNA Library Preparation Kit for Ill mina DNA RNA Uni e D al Indexes and se enced sing 

Ill mina NovaSe  6  short-read se encing BaseClear BV, Leiden, The Netherlands .

QUALITY CONTROL AND TYPING
Raw se ence reads were ltered and trimmed sing fastp v . .19 and assembled with Shovill 

v1.1.  https: gith b.com tseemann shovill , sing SPAdes v .14.11 . Q ality of the assemblies 

was assessed sing QUAST v5. . 11 and BUSCO v5.1. 1   and contamination was detected sing 

kraken  v .1. 1 . Isolates were typed according to the Achtman seven-gene MLST scheme for 

E. coli as integrated in Enterobase14 sing the mlst script https: gith b.com tseemann mlst . 

ESBL genes were identi ed in genome assemblies with AMR nderpl s v .1 .515, phylogro ps 

were predicted with EzClermont v .6. 16 and vir lence factors were identi ed with abricate v1. .1 

https: gith b.com tseemann abricate  sing the vir lence factor database vfdb 17.
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IDENTIFICATION OF PUTATIVE TRANSMISSION EVENTS
Trimmed raw se ence reads of isolates were mapped with Snippy v4.6.  https: gith b.com

tseemann snippy  to a reference genome with identical MLST, selected with ReferenceSeeker 

v1.7. 18. Core genome alignments were created for each MLST with the snippy-core option in 

Snippy v4.6. . Isolates were compared pairwise and SNPs between each set of isolates were 

identi ed and calc lated with snp-dists v .7.  https: gith b.com tseemann snp-dists . We 

did not remove or mask recombination events. P tative transmission events were identi ed 

as two isolates from different participants having 5 SNP differences between them19. When 

m ltiple isolates were obtained from one participant at the same time point b t these isolates 

had identical MLST and had 5 SNP differences between them, only one of the isolates was 

incl ded in the analyses. Isolates taken from one participant at m ltiple time points were 

incl ded separately. The work ow was managed sing Snakemake v5. 7.4  and is available on 

Gith b https: gith b.com boasvdp ESBL-Ec transmission ABRACS . 

GENETIC RELATEDNESS OF ISOLATES AND CORRESPONDING METADATA
To assess genetic relatedness between all isolates, all trimmed raw reads were mapped against 

reference genome EC958 GenBank: HG941718.1  with Snippy and a core genome alignment was 

created. ClonalFrameML was sed to create a recombination ltered phylogenetic tree sing 

the defa lt settings, which was vis alised in iTOL 1. Metadata on sex al behavio r was obtained 

d ring the previo s st dy, which described a latent class analysis LCA  to assess associations 

between ESBL-Ec carriage and sex al behavio r6. The LCA analysis revealed distinct gro ps 

of sex al behavio rs with steady partner s : i  no sex with steady partner s , ii  fellatio alone, 

iii  fellatio, rimming and or anal sex. Gro ps of sex al behavio rs with cas al partner s  were: 

i  no sex with cas al partner s , ii  fellatio and anal sex, iii  fellatio, anal sex, rimming and or 

frottage and iv  m ltiple behavio rs incl ding toy se and sting. F rther details were described 

previo sly6.

HIERARCHICAL CLUSTERING OF PUTATIVELY TRANSMITTED ISOLATES AND OTHER 
PUBLICLY AVAILABLE ISOLATES

After identi cation of p tative transmission events 5 SNP differences between isolates , 

linkage of events formed p tative transmission cl sters. We determined whether isolates in 

p tative transmission cl sters belonged to predominant and clonal ESBL-Ec lineages that have 

been expanding globally. In that case, extensive spread of strains belonging to the same clone 

might explain the genetic relatedness between cl stered isolates instead of transmission. 

First, isolates were ploaded to the Enterobase database berstrains ESC A1161AA-ESC

A1 75AA, Table S1 14.  Core genome MLST cgMLST  was performed sing the Enterobase 

pipeline and cgMLST allelic pro les were downloaded. Differences between cgMLST pro les 

were calc lated sing cgmlst-dists https: gith b.com tseemann cgmlst-dists . Similarity 
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between cgMLST pro les can be expressed at m ltiple levels, expressed as “hierarchical clonal 

complexes” hierCCs . For example, if two isolates differ 14 cgMLST loci from each other, these 

isolates wo ld belong to the same hierCC at the  loci level HC , beca se they differ in  or 

fewer cgMLST loci. However, these isolates wo ld be assigned to different cl sters at the HC1  

levels, as the isolates differ in more than 1  cgMLST loci. The hierCC method allows e cient 

comparisons in large datasets, s ch as the 18 ,  E. coli genomes in Enterobase. Reference-

based read mapping is impossible for datasets of this size d e to comp tational constraints.

For all p tative transmission cl sters that we identi ed in o r dataset, we determined at which 

HC level the transmission cl ster co ld be capt red. Additionally, Enterobase was searched for 

other p blicly available isolates that cl stered with isolates from p tative transmission cl sters 

in o r collection accessed on March rd, . Based on the analysis of strains incl ded in 

this st dy Fig re S1 , we ass med that if strains differed in more than 1  cgMLST loci, these 

strains did not fall below the similarity threshold of 5 SNP differences Fig re S1 . Therefore, 

we foc sed on cl stering at levels HC , HC5, HC1  and HC .

RESULTS

QUALITY OF SEQUENCE DATA AND ISOLATE CHARACTERISTICS
ESBL-E were previo sly detected in 95 ni e participants. In total, 1 9 ni e isolates were 

obtained, of which 1  94  were identi ed as E. coli and sed in this st dy6. P re c lt res and 

raw se ence reads co ld be obtained for 117 ESBL-Ec isolates. After assembly and ality 

checks,  isolates were excl ded d e to contamination and a draft genome size of 6 Mbp, 

whereas the mean genome size of the other 115 isolates was 5.  Mbp. Se ence reads of these 115 

isolates had a mean coverage depth of 8x and were assembled, yielding a mean of 15  contigs 

Table S1 . Twenty-two isolates were identi ed as replicate isolates, as these were isolated from 

the same participants and differed 5 SNPs, and therefore excl ded from f rther analyses. This 

res lted in a total of 9  isolates obtained from 79 ni e participants of whom 4 were sampled 

at m ltiple time points. Forty-seven percent of the participants were aged 45, and the majority 

had a D tch ethnicity 78  and a negative HIV stat s 9  Table 1 . 

With regard to antibiotic s sceptibility, most isolates were resistant to ceftazidime 88 , 

cefotaxime 97 , cef roxime 98 , cipro oxacin 7  and trimethoprim 7 . Lower 

prevalence of resistance was fo nd against gentamicin 4  tobramycin 7 , fosfomycin 

4  and nitrof rantoin . All isolates were resistant to amoxicillin, which was expected 

beca se anal swabs were c lt red in broth containing amoxicillin prior to isolation. All isolates 

were s sceptible to carbapenems and colistin. Typing res lted in 4  different MLST types, with 

most STs fo nd for 5 isolates. ST1 1 was most fre ently fo nd among the isolates 6 , 
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followed by ST 8, ST14 and ST 75 6.5  of isolates in each gro p . The majority of isolates 

belonged to phylogro p B  4 , followed by phylogro ps A and D 5  and 1 , respectively . 

The remaining phylogro ps B1, E and F constit ted only a minor part of o r collection 11  all 

together  Table .

IDENTIFICATION OF PUTATIVE TRANSMISSION EVENTS AND CLUSTERS
We identi ed 14 isolate pairs with 5 SNPs difference between them, res lting in a total of 14 

p tative transmission events between participants. Twelve of these events were linked thro gh 

a total of ten shared participants, forming two p tative transmission cl sters of six and fo r 

participants Fig re 1A . Two separate p tative transmission events co ld not be linked to other 

transmission events and th s comprised only two participants each Fig re 1B . The isolates in 

the largest p tative transmission cl ster of six participants were typed as ST1 1 and incl ded 

one isolate from 19. The p tative transmission cl ster consisting of fo r participants was 

typed as ST14 and the two remaining p tative transmission events were typed as ST14 and 

ST 94. All isolates in these cl sters were from 18. The cl ster belonging to ST1 1 differed in 

6- 5 SNPs and -8 cgMLST loci. The cl sters belonging to ST14 differed in -  SNPs and -7 

cgMLST loci and the cl ster belonging to ST 94 differed in 5 SNPs and  cgMLST loci.

TABLE 1. CHARACTERISTICS OF PARTICIPANTS FROM WHOM ESBL-EC ISOLATES WERE OBTAINED.

Characteristic Number of participants
(N=79)

Age
  16-35
  35-45
  45+

25 (31.5%)
17 (21.5%)
37 (47%)

Ethnicity
  Dutch 
  Non-Dutch
  Unknown

62 (78%)
14 (18%)
3 (4%)

HIV-status
  Negative
  Positive

73 (92%)
6 (8%)

Number of isolates per participant
  1 isolate from a single time point 
  2 isolates from a single time point
  2 isolates from 2 time points 
  3 isolates from 2 time points  
  4 isolates: 2 from each of the 2 time points

69 (87%)
6 (8%)
1 (1%)
2 (3%)
1 (1%)

5
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FIGURE 1. IDENTIFIED PUTATIVE TR ANSMISSION CLUSTERS (A) AND E VENTS (B) WITHIN 93 ESBL-EC ISOL ATES 
OBTAINED FROM A COHORT OF MSM IN AMSTERDAM. NODES INDICATE UNIQUE PARTICIPANT NUMBERS. NUMBERS 
ON EDGES CONNECTING NODES ARE THE LOWEST SNP DIF F ERENCE OB SERVED BE T WEEN ISOL ATES F ROM 
PARTICIPANTS. COLOURS REPRESENT THE MLST TO WHICH THE ISOL ATES IN THE TR ANSMISSION CLUSTERS (A) 
OR EVENTS (B) BELONG. 

GENETIC RELATEDNESS, AMR GENE DISTRIBUTION AND ANTIBIOTIC SUSCEPTIBILITY  
Isolates with identical STs strongly cl stered in the phylogenetic tree whereas different 

phylogro ps were distrib ted thro gho t the tree Fig re . AMR genes were identi ed, showing 

that the blaCT -M-15 harbo red by 54  of isolates  and blaCT -M- 7 harbo red by 17  of isolates  were 

the most prevalent blaCT -M genes. blaCT -M-15 presence was distrib ted thro gho t the pop lation 

altho gh ST1 1 was most fre ently associated with blaCT -M-15 16 strains . The blaCT -M- 7 gene 

was mostly fo nd in isolates belonging to ST119 , ST1 1 and ST 8. With regard to antibiotic 

s sceptibility, isolates carrying the blaCT -M-15 or blaCT -M- 7 gene were all resistant to ceftazidime 

and cefotaxime and the majority 97  to cef roxime as well. The ST14 strains which formed two 

distinct p tative transmission cl sters did not carry blaCT -M genes, b t did harbo r the ESBL 

gene blaSHV-1 . All ST14 strains were resistant to ceftazidime with MICs of at least  mg L , b t 

displayed varying levels of s sceptibility to cefotaxime range: 1-  mg L .

All b t a single strain which were non-s sceptible to cipro oxacin MIC of at least .5 mg L  

harbo red a resistance determinant for cipro oxacin. Fifty-three strains had one or more 

m tations in gyrA resid es S8 , N87 or parC resid e S8 , while eleven strains harbo red a qnr 

gene qnrS1 or qnrB19 . Nine isolates were phenotypically s sceptible to cipro oxacin b t did 

harbo r a S8 L m tation in GyrA Fig re . Notably, of the 18 strains which harbo red qnrS1, 1  

strains harbo red qnrS1 on the same assembly contig as blaCT -M-15. In these strains, blaCT -M-15 and 

qnrS1 were associated with transposon Tn  Fig re S . These 1  strains belonged to 11 different 

STs, indicating extensive horizontal transfer of this mobile gene element. NCBI BLAST identi ed 

this loc s in p blicly available genome se ences of E. coli and Shigella spp. Finally, resistance 

to trimethoprim was distrib ted thro gho t the pop lation, whereas resistance to tobramycin 

was mainly observed for ST1 1 isolates Fig re .
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TABLE 2. CHARACTERISTICS OF UNIQUE ESBL-EC ISOLATES INCLUDED IN THIS STUDY.

Characteristic Number of isolates
(N=93*)

Minimum Inhibitory 
Concentrations 

Penicillin 
  Amoxicillin

      >8 mg/L
Cephalosporins
  Ceftazidime

       >4 mg/L
  Cefotaxime

      >1 mg/L
  Cefuroxime

      >8 mg/L   
Fluoroquinolones
  Ciprofloxacin

      0.5 mg/L
      >0.5 mg/L    
Carbapenems
  Imipenem

      >4 mg/L
  Meropenem

      >8 mg/L
Aminoglycosides
  Gentamicin

      >2 mg/L
  Tobramycin

      >2 mg/L
Miscellaneous agents
  Fosfomycin

      >8 mg/L
  Nitrofurantoin

      >64 mg/L
  Trimethoprim

      >4 mg/L
  Colistin

      >2 mg/L

-
93 (100%)

11 (12%)
82 (88%)

3 (3%)
90 (97%)

2 (2%)
91 (98%)

28 (30%)
19 (20%)
36 (49%)

93 (100%)
-

93 (100%)
-

71 (76%)
22 (24%)

68 (73%)
25 (27%)

89 (96%)
4 (4%)

91 (98%)
2 (2%)

25 (27%)
68 (73%)

93 (100%)
-

Characteristic Number of isolates
(N=93*)

MLST
ST131
ST38
ST14
ST3075
ST1193
ST10
Isolates in ST group 
with <5 isolates

24 (26%)
6 (6.5%)
6 (6.5%)
6 (6.5%)
5 (5%)
5 (5%)
41 (44%)

Phylogroup
A
B1
B2
D
E
F

24 (26%)
7 (7.5%)
39 (42%)
20 (21.5%)
1 (1%)
2 (2%)

D pl cate solates rom a s ngle t me po nt were e cl e  
rom the anal ses (n ).

5
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FIGURE 2. RECOMBINATION FILTERED MIDPOINT-ROOTED PHYLOGENETIC TREE BASED ON CORE GENOME SNPS OF 93
ESBL-EC ISOL ATES. EC958 WAS USED AS REFERENCE STRAIN. METADATA INCLUDES: MLST CLUSTERS CONTAINING

B A GENES, QNR GENES, 
GYRA AND PARC 
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TABLE 3. SEXUAL BEHAVIOURS AND THE NUMBER OF ISOLATES OBTAINED FROM PARTICIPANTS REPORTING THIS 
BEHAVIOUR.

Number of isolates
N=93*

Steady partner(s)
  No sex with steady partner(s)
  Fellatio alone
  Fellatio, rimming and/or anal sex
  No data available

40 (43%)
4 (4%)
37 (40%)
12 (13%)

Casual partner(s)
  No sex with casual partner(s)
  Fellatio and anal sex
  Fellatio, anal sex, rimming, frottage
  Multiple behaviours including toy use and fisting
  No data available

7 (8%)
2 (2%)
44 (47%)
25 (27%)
15 (16%)

Part c pants can ha e m lt ple solates w th erent  w th  NPs erence or rom erent t me po nts. 

SEXUAL BEHAVIOUR OF PARTICIPANTS WHOSE ISOLATES WERE INVOLVED IN PUTATIVE 
TRANSMISSION EVENTS

The majority of isolates was obtained from participants who had sex with cas al partners 71 9  

isolates  76  and who reported to engage in sex al techni es s ch as rimming, frottage, toy 

se and sting 69 9  74  Table . All isolates in p tative transmission cl sters or events 

were obtained from participants who reported sex with cas al partners and engaged in m ltiple 

sex al techni es with cas al partners. Five isolates involved in p tative transmission were 

from participants who reported no sex with steady partner. No sex al behavio r was excl sively 

fo nd for participants whose isolates fell within p tative transmission cl sters or events.

HIERARCHICAL CLUSTERING OF PUTATIVELY TRANSMITTED DUTCH ISOLATES AND 
GLOBAL ISOLATES

Within all p tative transmission cl sters- and events in o r collection, isolates belonged to the 

same HC  and HC1  cl sters Fig re A and B . Cl stering at the HC5 level revealed distinct 

HC5 cl sters within the ST14 p tative transmission event Fig re C . At HC  level, some isolates 

still belonged to the same types Fig re D . Isolates from the largest ST1 1 transmission 

cl ster cl stered with many p blic isolates, highlighting a high degree of circ lation of this 

strain. At HC5 level, the ST1 1 transmission cl ster still cl stered with 4 p blic isolates from 

the USA and G adelo pe. Using o r SNP analysis approach, we fo nd that the three USA strains 

differed exactly 5 SNPs with a single D tch strain, while all other strains were different in more 

than 5 SNP positions. The raw reads were not available for the G adelo pe strain. The ST14 

transmission cl ster of 4 participants was shared with only a single Spanish isolate differing in 

two cgMLST loci HC  level . Isolates in the ST14 transmission event with  participants cl stered 
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with 5 Spanish isolates at HC  level, whereas isolates in the ST 94 transmission event did not 

cl ster with any p blic isolate at that level. All other p blic isolates differed in  cgMLST loci 

from the D tch isolates involved in p tative transmission.

DISCUSSION

We previo sly reported an increased carriage of ESBL-positive Enterobacteriaceae ESBL-E  in a 

cohort of MSM in Amsterdam, the Netherlands6. As ESBL-Ec constit ted 94  of identi ed ESBL-

E, we now employed WGS to f rther examine whether the increased prevalence is potentially 

driven by transmission within this pop lation. Additionally, we described these ESBL-Ec isolates 

in great detail on phenotypic and genotypic levels sing WGS. This enabled s to identify 

prevalent strains among MSM in Amsterdam, which also informed s abo t ESBL-Ec strains 

circ lating in the general pop lation of Amsterdam and the Netherlands.

We identi ed high genetic relatedness between several isolates in o r collection, contained 

in two cl sters and two events. The largest cl ster of isolates belonged to ST1 1, which is a 

globally disseminated lineage of E. coli . In p blic data, we fo nd fo r additional isolates from 

o tside of E rope which closely cl stered with o r ST1 1 isolates based on cgMLST and SNPs. 

This s ggests that the transmission of this ST1 1 strain is not limited to this MSM pop lation. 

Analysing o r p tatively transmitted isolates together with genomic data of 15  carriage and 

invasive ST1 1 isolates from a recent D tch st dy 4 revealed that no isolates cl stered with 5 

SNPs or at HC5 level in a cgMLST analysis, th s no strains were shared between st dies data 

not shown . This might indicate that the ST1 1 we observed in o r st dy is not simply a prevalent 

ST1 1 clone that swept the ESBL-Ec pop lation in the Netherlands. 

We also identi ed a p tative transmission cl ster and two transmission events containing 

ST14 or ST 94 isolates. These strains were rare in p blic data, so nding these strains in 

m ltiple participants of o r st dy strongly s ggests transmission between participants. 

Interestingly, ST14 was not reported by both recent D tch st dies 5, 4 . In Enterobase, only 

three ST14 isolates from the Netherlands are reported: one isolated from an asyl m seeker 

arriving in the Netherlands in 16 and two from an epidemiological st dy on colistin-resistant 

Enterobacterales in the Netherlands from 19 5, 6. 

Previo s st dies which report whole-genome se encing of ESBL-E among MSM have mainly 

foc sed on sex ally transmitted enteric infections by Shigella spp. or E. coli8, 7- . However, 

ESBL-E carriage rather than infection might play an important role in the transmission of 

antimicrobial resistance. Based on genetic relatedness and the ni eness of strains, we 

report at least three p tative transmission cl sters within o r pop lation. This transmission 
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FIGURE 3. HIER ARCHICAL CLUSTERING OF ISOL ATES IN PUTATIVE TR ANSMISSION CLUSTERS ON A) HC20, B) HC10, 
C) HC5 AND D) HC2 LEVELS. FOR EVERY PUTATIVE TR ANSMISSION CLUSTER WHICH CORRESPONDS WITH A SINGLE 
HC CLUSTER, THE NUMBER OF PUBLIC ENTEROBASE ISOL ATES BELONGING TO THE SAME CLUSTER IS INDICATED. 
NODES INDICATE UNIQUE PARTICIPANT NUMBERS. NUMBERS ON EDGES CONNECTING NODES ARE THE LOWEST SNP 
DIFFERENCE OBSERVED BET WEEN ISOL ATES FROM PARTICIPANTS.

5
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co ld contrib te to the increased carriage rate of ESBL-E among MSM. Since n mber of sex 

partners and certain sex al behavio rs were associated with ESBL-E carriage, we spec late 

that sex al transmission might have taken place between MSM in o r st dy6. However, other 

ro tes of transmission between participants cannot be excl ded. 

Altho gh we only sampled strains based on resistance to third generation cephalosporins, we 

observed a high degree of m ltidr g resistance in o r dataset. For example, 7  of the ESBL-Ec 

strains was also non-s sceptible to cipro oxacin, approximately a arter was also resistant to 

aminoglycosides and 7  was resistant to trimethoprim. blaCT -M-15 was identi ed in association 

with nrS1 and transposon Tn  in twelve strains, belonging to eleven distinct STs. Highly similar 

loci co ld be identi ed thro gh NCBI BLAST in E. coli and Shigella spp. strains of which genetic 

se ences are available in the p blic domain. The genetic linkage of genes conferring resistance 

to different classes of antimicrobials has the potential to increase m ltidr g resistance. This 

concept is collo ially known as “genetic hitchhiking” and comprises the maintenance of 

genetically linked AMR genes thro gh antibiotic press re from a single antimicrobial .

The majority of strains in o r dataset harbo red blaCT -M-15, a pandemic ESBL gene that has 

increased in fre ency in recent years 4. As has been reported before 5, the s ccess of blaCT -M-15  

seems to be linked to the s ccess of widespread E. coli clones, s ch as ST1 1. Among o r st dy 

pop lation, we report a 6  prevalence of ST1 1 harbo ring blaCT -M-15 . This percentage is 

similar to recent st dies on ESBL-Ec carriage in the general D tch pop lation, 14- 17 4 and 

in the general pop lation of Amsterdam in 115. However, we identi ed blaCT -M-15  in 4 other 

STs as well. blaCT -M-14, another ESBL gene fre ently reported globally, was only detected in 

fo r strains. Most STs only harbo red a single blaCT -M variant, altho gh ST 8, ST1 1 and ST119  

all harbo red both blaCT -M-15 and blaCT -M- 7. Two of the p tative transmission cl sters that we 

de ned, consisted of ST14 strains which did not harbo r blaCT -M genes like most other strains in 

o r dataset, b t harbo red the ESBL gene blaSHV-1
5. O r ndings show non-CT -M ESBL genes 

are also transmitted readily between h mans and might represent an nderst died pop lation 

of ESBL-Ec which is important to monitor 6. 

Altho gh o r SNP analysis indicated very high similarity between strains of different participants, 

transmission cannot be proven based on genomics alone. This st dy did not have any contact 

tracing information available which wo ld aid in con rming transmission cl sters. Additionally, 

since 58  participants from a reg larly tested cohort were sampled, there is a high chance 

we might have missed more cases of transmission of ESBL-Ec in individ als not belonging to 

the cohort. F t re st dies sho ld expand o r efforts at a larger scale to enable more detailed 

transmission tracing. Also, the st died MSM cohort has known biases, as it consists mainly of 

D tch, highly-ed cated MSM who were incl ded in a manner prone to convenience sampling 
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bias. Therefore, the participants with their ESBL-Ec strains might not be f lly representative 

of MSM in Amsterdam or in the Netherlands.

To concl de, the majority of p tatively transmitted strains from MSM in Amsterdam belong 

to predominant global lineages of ESBL-Ec, altho gh we also identi ed a strain involved in 

p tative transmission being ni e to the Netherlands and carried by m ltiple participants. 

Therefore, this st dy demonstrates a high probability of ESBL-Ec transmission between MSM. 

As certain sex al behavio rs were previo sly identi ed to increase the ESBL-Ec carriage rate, 

these behavio rs potentially increase ESBL-Ec transmission as well. This implies that sex ally 

active MSM co ld have increased risk for ESBL-E carriage, which sho ld be taken into acco nt 

in case of symptoms associated to ESBL-E infection.
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SUPPLEMENTARY MATERIAL 

TABLE S1. ISOLATE CHARACTERISTICS.
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ESBL001 P01 ESC_XA1161AA 2018 5094934 96 131 B2  R R R R R S S

ESBL002 P02 ESC_XA1162AA 2018 5568824 193 648 F  R R R R R S S

ESBL003 P03 ESC_XA1163AA 2018 5390162 104 131 B2  R R R R R S S

ESBL004 P04 ESC_XA1164AA 2018 5365012 138 131 B2 C1 R R R R R S S

ESBL005 P05 ESC_XA1165AA 2018 5373323 147 38 D  R R R R S S S

ESBL006 P06 ESC_XA1166AA 2018 5447688 226 38 D  R R R R S S S

ESBL008 P07 ESC_XA1167AA 2018 5374097 111 131 B2 C1 R R R R R S S

ESBL011 P08 ESC_XA1171AA 2018 4970137 139 6438 A  R R R R S S S

ESBL012 P09 ESC_XA1172AA 2018 4976156 103 131 B2  R R R R R S S

ESBL013 P10 ESC_XA1174AA 2018 5174150 100 1193 B2  R R R R R S S

ESBL014 P11 ESC_XA1173AA 2018 5231690 82 998 B2  R R R R R S S

ESBL015 P12 ESC_XA1175AA 2018 4622837 93 3519 A  R R R S S S R

ESBL016 P12 ESC_XA1176AA 2018 4766049 44 1081 B1  R R R S R S R

ESBL017 P13 ESC_XA1177AA 2018 4658631 44 4681 B1  R R R R S S S

ESBL019 P14 ESC_XA1179AA 2018 5139048 135 2914 D  R R R R R S S

ESBL020 P15 ESC_XA1178AA 2018 5117676 158 10 A  R R R R S S S

ESBL021 P16 ESC_XA1180AA 2018 5100472 99 131 B2  R R R S R S S

ESBL022 P17 ESC_XA1188AA 2018 5242643 110 131 B2  R R R R R S S

ESBL023 P18 ESC_XA1181AA 2018 5192776 82 14 B2 C2 R S S R S S S

ESBL024 P19 ESC_XA1183AA 2018 5086723 126 131 B2  R R R R S S S

ESBL025 P20 ESC_XA1182AA 2018 5194551 105 2914 D  R R R R R S S

ESBL026 P20 ESC_XA1185AA 2018 5196019 91 14 B2 C2 R R R R R S S

ESBL027 P21 ESC_XA1186AA 2018 5099395 96 2599 B1  R R R R R S S

ESBL028 P22 ESC_XA1187AA 2018 4805900 294 3075 A  R R R R R S S

ESBL030 P23 ESC_XA1191AA 2018 5472291 128 2076 D  R S S R R S S

ESBL031 P24 ESC_XA1189AA 2018 4787688 107 744 A  R R R R R S S

ESBL032 P25 ESC_XA1193AA 2018 4848238 132 93 A  R R R R S S S

ESBL033 P26 ESC_XA1192AA 2018 5028226 108 131 B2  R R R R S S S

ESBL034 P27 ESC_XA1194AA 2018 5006663 178 10 A  R R R R R S S

ESBL035 P28 ESC_XA1195AA 2018 5244989 84 5148 D  R R R R R S S

 R = resistant, S = susceptible, WT = Wild-type
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S S S S S R blaCTX-M-27 - - - S83L&D87N parC_S80I -

S S S S S S blaCTX-M-15
blaCTX-M-14 - - - S83L&D87N parC_S80I -

S S S S R R blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

R S S S R R blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

S S S S S R blaCTX-M-27 - - - WT WT -

S S S S S R blaCTX-M-15 - - - WT WT -

S S S R R S blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

S S S S S R blaCTX-M-15 - - - D87Y WT -

S S S S S R blaCTX-M-15 - - - S83L parC_S80I -

S S S S S R - - - - S83L&D87N parC_S80I -

R S S S R R blaCTX-M-27 - - - S83L WT -

S S S S S S blaCTX-M-14 - - - WT WT -

S S S S S R blaCTX-M-14 - - - WT WT qnrS1

S S S S S S blaCTX-M-15 - - - WT WT qnrS1

S S S S S R blaCTX-M-15 - - - WT WT qnrS1

S S S S S R blaCTX-M-15 - - - WT WT -

S S S S S R blaCTX-M-134 - - - S83L&D87N parC_S80I -

R S S S R S blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

S S S S S R - - - blaSHV-12 S83L WT -

S S S S S S blaCTX-M-27 - - - D87N WT -

S S S S S S blaCTX-M-15 - - - WT WT qnrS1

S S S S S R - - - blaSHV-12 S83L WT -

S S S S S R - - - - S83L&D87N parC_S80I -

S S S S S R blaCTX-M-15 blaOXA-1 - - S83L WT -

S S S S S R - - - - WT WT qnrB19

S S S S S R blaCTX-M-15 - - - S83L&D87N parC_S80I -

S S S S S S - - - - S83L&D87N parC_S80I -

S S S S S S - - - - S83L WT -

R S S S R S - - - - WT WT qnrS1

S S S S S S blaCTX-M-15 - - - WT WT qnrS1
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ESBL036 P29 ESC_XA1196AA 2018 5044858 167 1178 A  R R R R R S S

ESBL038 P30 ESC_XA1198AA 2018 4873094 79 554 A  R R R R S S S

ESBL039 P31 ESC_XA1201AA 2018 5015165 103 131 B2  R R R R R S S

ESBL042 P32 ESC_XA1203AA 2018 5272115 92 131 B2  R R R R R S S

ESBL044 P33 ESC_XA1204AA 2018 5268328 118 131 B2  R R R R R S S

ESBL045 P34 ESC_XA1205AA 2018 5132160 92 1193 B2  R R R R R S S

ESBL047 P35 ESC_XA1208AA 2018 5010534 73 131 B2  R R R R R S S

ESBL048 P35 ESC_XA1207AA 2018 5212412 80 14 B2 C3 R R R R R S S

ESBL050 P37 ESC_XA1209AA 2018 5472636 114 131 B2 C1 R R R R R S S

ESBL051 P38 ESC_XA1210AA 2018 5228433 117 2003 D  R R R R R S S

ESBL052 P38 ESC_XA1211AA 2018 5355323 158 131 B2  R R R R R S S

ESBL053 P39 ESC_XA1212AA 2018 4742666 271 3075 A  R R R R R S S

ESBL054 P40 ESC_XA1214AA 2018 5311962 129 5041 D  R R R R R S S

ESBL055 P41 ESC_XA1213AA 2018 5133495 181 3036 E  R R R R R S S

ESBL057 P42 ESC_XA1216AA 2018 5063521 71 394 D C4 R R R R R S S

ESBL058 P43 ESC_XA1217AA 2018 4689448 82 10 A  R R R R R S S

ESBL059 P44 ESC_XA1218AA 2018 5195449 83 14 B2 C2 R R R R S S S

ESBL061 P45 ESC_XA1219AA 2018 4742480 280 3075 A  R R R R S S S

ESBL062 P45 ESC_XA1221AA 2018 4861114 265 3075 A  R R R R R S S

ESBL063 P46 ESC_XA1220AA 2018 4949369 83 636 B2  R R R R S S S

ESBL064 P47 ESC_XA1222AA 2018 5246266 136 1490 B1  R R R R R S S

ESBL066 P48 ESC_XA1231AA 2018 5388469 119 38 D  R R R R S S R

ESBL067 P49 ESC_XA1226AA 2018 5058461 70 394 D C4 R R R R R S S

ESBL068 P50 ESC_XA1228AA 2018 5155466 83 131 B2  R R R R R S S

ESBL069 P51 ESC_XA1223AA 2018 5389489 115 131 B2 C1 R R R R R S S

ESBL070 P52 ESC_XA1224AA 2018 5202072 170 10 A  R R R S S S S

ESBL071 P53 ESC_XA1225AA 2018 5250729 112 69 D  R R R R R S S

ESBL073 P54 ESC_XA1229AA 2018 5178436 105 9791 A  R R S R S S S

ESBL075 P55 ESC_XA1232AA 2018 5023102 71 58 B1  R R R R S S S

ESBL076 P56 ESC_XA1234AA 2018 5321615 228 452 B2  R R R R R S S

ESBL077 P57 ESC_XA1236AA 2018 5485769 143 405 D  R R R R R S S

ESBL078 P58 ESC_XA1239AA 2018 4577600 75 226 A  R R R R R S S

 R = resistant, S = susceptible, WT = Wild-type

TABLE S1. ISOLATE CHARACTERISTICS. (CONTINUED)
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S S S S S S blaCTX-M-15 - - - WT WT qnrS1

S S S S S R blaCTX-M-2 - - - WT WT -

S S S S S R blaCTX-M-15 - - - S83L&D87N parC_S80I -

S S S S R R blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

S S S S S S blaCTX-M-27 - - - S83L&D87N parC_S80I -

S S S S S R blaCTX-M-27 - - - S83L&D87N parC_S80I -

S S S S S R blaCTX-M-27 - - - S83L WT -

S S S S S R - - - blaSHV-12 S83L WT -

S S S S S R blaCTX-M-15 - - - S83L&D87N parC_S80I -

R S S S R R blaCTX-M-14 - - - S83L&D87N parC_S80I -

R S S S R R blaCTX-M-15 - - - S83L&D87N parC_S80I -

S S S S S R blaCTX-M-15 blaOXA-1 - - S83L WT -

S S S S S R blaCTX-M-15 - - - WT WT qnrS1

S S S S S R blaCTX-M-15 - - - S83L WT -

S S S S S R blaCTX-M-15 - - - S83L WT qnrB4

S S S S S S - blaOXA-10 - blaSHV-12 S83L WT qnrS1

S S S S S R - - - blaSHV-12 S83L WT -

S S S S S R blaCTX-M-15 blaOXA-1 - - S83L WT -

R S S S R R blaCTX-M-15 - - - S83L&D87Y parC_S80I -

R S S S R R blaCTX-M-15 - - - S83L WT -

S S S S S R blaCTX-M-15 - - - S83A WT qnrS1

S S S S S R blaCTX-M-27 - - - WT WT -

S S S S S R blaCTX-M-15 - - - S83L WT qnrB4

S S S S R R blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

R S S R R R blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

S S S S S R blaCTX-M-15 - - - WT WT qnrS1

S S S S S R blaCTX-M-15 - - - WT parC_S80I qnrS1

R S S S R R - blaOXA-10 - - WT WT qnrS5

R S S S S S - blaOXA-10 - - WT WT qnrS5

S S S S S R blaCTX-M-15 - - - S83L&D87Y parC_S80I -

S S S S R S blaCTX-M-15 blaOXA-1 blaCMY-4 - S83L&D87N parC_S80I -

S S S S S S blaCTX-M-15 - - - WT WT qnrS1

5
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ESBL079 P58 ESC_XA1235AA 2018 5053125 66 1193 B2  R R R R R S S

ESBL081 P59 ESC_XA1238AA 2018 5520729 110 1380 D  R R R R S S S

ESBL082 P60 ESC_XA1240AA 2018 5037156 71 131 B2  R R R R R S S

ESBL083 P60 ESC_XA1242AA 2018 4844790 161 227 A  R R R R R S S

ESBL084 P61 ESC_XA1241AA 2018 5225677 124 131 B2  R R R R R S S

ESBL085 P62 ESC_XA1243AA 2018 5269751 127 394 D  R R R R S S S

ESBL086 P63 ESC_XA1244AA 2018 5014630 140 4060 B2  R R R R R S S

ESBL087 P64 ESC_XA1245AA 2018 4799082 98 34 A  R R R S S S S

ESBL088 P65 ESC_XA1246AA 2018 5395287 129 131 B2 C1 R R R R R S S

ESBL089 P65 ESC_XA1248AA 2018 5510985 115 69 D  R R R R R S S

ESBL090 P66 ESC_XA1249AA 2018 5461444 207 1136 B1  R R R R R S R

ESBL091 P67 ESC_XA1251AA 2018 5493504 126 38 D  R R R R S S S

ESBL093 P68 ESC_XA1275AA 2018 5152830 66 1193 B2  R R R R R S S

ESBL094 P69 ESC_XA1274AA 2018 5274703 168 69 D  R R R R R S S

ESBL095 P70 ESC_XA1273AA 2018 5199665 168 10 A  R R R S S S S

ESBL096 P71 ESC_XA1252AA 2018 4802820 298 3075 A  R R R R R S S

ESBL097 P72 ESC_XA1253AA 2018 5195048 91 14 B2 C2 R R R R S S S

ESBL099 P73 ESC_XA1255AA 2018 4804038 208 757 A  R R R R R S S

ESBL100 P74 ESC_XA1257AA 2018 5353916 113 38 D  R R R R R S S

ESBL102 P74 ESC_XA1256AA 2018 5268425 88 131 B2  R R R R R S S

ESBL103 P75 ESC_XA1258AA 2018 5182559 128 131 B2  R R R R R S S

ESBL104 P76 ESC_XA1259AA 2018 4748097 282 3075 A  R R R R R S S

ESBL105 P77 ESC_XA1261AA 2018 5026718 65 1193 B2  R R R R R S S

ESBL107 P78 ESC_XA1264AA 2018 5213142 129 14 B2 C3 R R S R S S S

ESBL109 P79 ESC_XA1263AA 2018 5512412 190 38 D  R R R R S S S

ESBL110 P20 ESC_XA1267AA 2019 5517651 195 62 F  R R R R S S S

ESBL111 P81 ESC_XA1265AA 2019 4829271 128 226 A  R R R R R S S

ESBL113 P45 ESC_XA1269AA 2019 5299969 208 1136 B1  R R R S R S S

ESBL114 P45 ESC_XA1266AA 2019 5407489 151 131 B2 C1 R R R R R S S

ESBL115 P42 ESC_XA1271AA 2019 5127621 80 131 B2  R R R R R S S

ESBL116 P65 ESC_XA1270AA 2019 5136911 189 746 A  R R R R S S S

R  res stant    s scept ble    l t pe

TABLE S1. ISOLATE CHARACTERISTICS. (CONTINUED)
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R S S S R S blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

S S S S S R blaCTX-M-27 - - - WT WT -

S S S S S S blaCTX-M-15 - - - S83L WT -

R S S S R S blaCTX-M-15 - - - S83L&D87N parC_S80I -

R S S S R S blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

S S S S S S blaCTX-M-15 - - - WT WT qnrS1

S S S S S R blaCTX-M-27 - - - S83L WT -

S S S S S S blaCTX-M-1 - - - WT WT -

R S S S R R blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

R S S S R R blaCTX-M-15 - - - S83L parC_S80I -

S S S S S R blaCTX-M-15 - - - WT WT qnrS1

S S S S S S blaCTX-M-27 - - - WT WT -

S S S S S R blaCTX-M-15 - - - S83L&D87N parC_S80I -

R S S S R R blaCTX-M-15 - - - S83L&D87N parC_S80I -

S S S S S R blaCTX-M-15 - - - WT WT qnrS1

S S S S S R blaCTX-M-15 blaOXA-1 - - S83L WT -

S S S S S R - - - blaSHV-12 S83L WT -

S S S S S R blaCTX-M-15 - - - S83L WT qnrS1

S S S S S R blaCTX-M-27 - - - WT WT -

R S S S R S blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

R S S S R R blaCTX-M-27 - - - S83L WT -

S S S S S R blaCTX-M-15 blaOXA-1 - - S83L WT -

S S S S S R blaCTX-M-27 - - - S83L&D87N parC_S80I -

S S S S S R - - - blaSHV-12 S83L WT -

S S S S S R blaCTX-M-15 - - - S83L WT -

S S S S S R blaCTX-M-27 - - - WT WT -

R S S S S R blaCTX-M-24 - - - S83L WT -

S S S S S R blaCTX-M-15 - - - WT WT qnrS1

R S S S R R blaCTX-M-15 blaOXA-1 - - S83L&D87N parC_S80I -

S S S S S R blaCTX-M-27 - - - S83L&D87N parC_S80I -

R S S S R R blaCTX-M-15 - - - S83L WT -

5
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FIGURE S1. THE RELATION BETWEEN CGMLST DIFFERENCES AND SNP DIFFERENCES FOR 53 ISOLATE PAIRS WHICH 

OFF FOR PUTATIVE TRANSMISSION USED IN THIS STUDY.

FIGURE S2. ALIGNMENT OF TN2 HARBOURING B ACTX-M-15 AND QNR 1. GREY ARROWS INDICATE HYPOTHETICAL PROTEINS. 
VISUALISED USING CLINKER.
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ABSTRACT

Knowledge of within-host genetic variation informs st dies on transmission dynamics. We 

st died within-host genetic variation in Neisseria gonorrhoeae over the co rse of infection 

and across different anatomical locations. Isolates were obtained d ring a clinical trial, and 

isolates from consec tive time points re ected persistent infections after treatment fail re. 

We compared se ence types STs  and recombination n ltered- and ltered core genome 

single n cleotide polymorphism SNP  distances in 65 within-host isolate pairs from the same 

anatomical location over time—obtained with a median interval of 7 days—and 65 isolate pairs 

across different anatomical locations at one time point. Isolates with different M lti-Loc s 

Se ence Types MLST , NG-Se ence Types for Antimicrobial Resistance NG-STAR  and 

NG-M lti Antigen Se ence Types NG-MAST  had a median of 1466 recombination ltered 

SNPs, whereas a median of 1 SNP was fo nd between isolates with identical STs or a different 

NG-MAST only. The threshold for differentiating between strains was set at 1  recombination 

ltered SNPs, showing that isolates from persistent infections co ld have different NG-MASTs. 

Antibiotic press re applied thro gh treatment did not lead to an increase in genetic variation 

in speci c genes or in overall extent of variation, compared to variation across anatomical 

locations. Instead, within-host genetic variation was proposedly driven by the host imm ne 

response, as it was concentrated in genomic regions encoding s rface exposed proteins 

involved in host-microbe interaction. Ultimately, 15 8 6.5  between-host pairs contained 

a single strain, s ggesting between-host transmission. However, patient reported data are 

needed to differentiate within-host persistence from between-host transmission.
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INTRODUCTION

Neisseria gonorrhoeae infection is one of the most common bacterial sex ally transmitted 

infections worldwide and the global increasing prevalence ca ses a high b rden to p blic 

health1. Beca se of the development of m ltidr g resistance in N. gonorrhoeae, limiting the 

spread of N. gonorrhoeae infections is needed a fortiori. Therefore, prevention strategies 

as well as prompt treatment of gonorrhoea are essential. However, this is complicated by 

asymptomatic infections that often stay nnoticed. These asymptomatic infections, mainly 

rectal or pharyngeal, predominantly occ r in men who have sex with men MSM  and in women, 

and drive ongoing transmission , .

Research on transmission dynamics informs p blic health interventions targeting key 

pop lations. These interventions are based on epidemiological and behavio ral factors 

associated with transmission within these pop lations, s ch as sex al behavio r e.g., 

chemsex , sex work, and PrEP se4,5. To nderstand transmission dynamics, ascertainment of 

a transmission event between two individ als is cr cial. To st dy N. gonorrhoeae transmission, 

the Neisseria gonorrhoeae M lti-Antigen Se ence Typing NG-MAST  scheme has been created, 

based on two hypervariable genes6. Comparing core genomes, instead of single genes, increases 

the resol tion for assessing genetic relatedness between isolates and for identi cation of 

p tative transmission events. For N. gonorrhoeae, core genome SNP distance thresholds have 

been s ggested for variation between isolates linked by transmission7. These thresholds can be 

de ned by comparing genetic variation that occ rs within and between hosts, with an example of 

within-host genetic variation being the variation observed across different anatomical locations 

that are infected with the same bacterial strain. De nition of a xed threshold is hampered by 

high recombination rates in N. gonorrhoeae, since recombination events can lead to high SNP 

co nts between two isolates that are identical in the rest of their genomes. Recombination 

ltering is therefore often applied when calc lating SNP distances, altho gh this co ld in ate 

the n mber of closely related isolates8.

SNP distance thresholds to disting ish between N. gonorrhoeae strains can be sed for 

a variety of applications. As mentioned, key pop lations for N. gonorrhoeae infection are 

de ned based on transmission networks, identi ed by determining SNP distances between 

isolates from that pop lation4,5. Modern applications provide improved partner noti cation 

based on SNP distances between isolates, potentially leading to enhanced identi cation of 

partner links9. SNP-based methods can also be sed to assess whether a bacterial strain has 

persisted over time or is ac ired thro gh reinfection, as done for Mycobacterium tuberculosis 

and different Shigella species1 ,11. This also provides insight in the co rse of infection and in 

variable genomic regions involved in the host-microbe interaction. For the latter p rposes and 

to assess within-host genetic variation, the c rrent st dy examined a ni e collection of N. 

6
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gonorrhoeae isolates obtained d ring st dy visits of the New Antibiotic Treatment Options for 

Uncomplicated Gonorrhoea clinical trial D tch acronym: NABOGO . This trial was performed 

from 17 to  at the Centre for Sex al Health of Amsterdam, the Netherlands, and assessed 

whether gentamicin, ertapenem or fosfomycin were novel treatment options for gonorrhoea1 . 

From cases of treatment fail re, within-host isolates co ld be obtained from consec tive time 

points. To verify that treatment was tr ly in-effective and participants had persistent infections, 

reinfections with a different strain were previo sly r led o t based on NG-MAST typing1 . In the 

c rrent st dy, we performed more detailed and comprehensive genetic analyses sing these 

isolates. The availability of these isolates enabled the examination of within-host genetic 

changes that occ r over the co rse of a N. gonorrhoeae infection. Also, isolates from the same 

individ al from m ltiple anatomical locations were obtained at one visit d ring the NABOGO trial. 

We compared the genomic variation fo nd over time and across m ltiple anatomical locations 

to assess whether the h man imm ne response or antibiotic press re ind ced genetic variation 

d ring the infection period, either across the genome or at speci c genomic regions. Ultimately, 

we compared within- and between-host genetic variation, to determine if cases of within-host 

persistence and between-host transmission co ld be differentiated based on core genome 

SNP distances.

METHODS

STUDY PARTICIPANTS AND ISOLATES
N. gonorrhoeae isolates were obtained d ring the NABOGO clinical trial, performed from 18 

September 17 to 5 J ne  at the Centre for Sex al Health of Amsterdam, the Netherlands. 

Centre visitors who tested N. gonorrhoeae-positive with N cleic Acid Ampli cation Test NAAT  

were asked to participate and to refrain from sex al interco rse d ring the st dy period. At 

the incl sion visit, participants were treated according to random assignment to one of the 

treatment arms ertapenem, gentamicin, fosfomycin or ceftriaxone . Test-of-c re diagnostics 

were performed 7–14 days after treatment. Participants co ld come back before or after the 

test-of-c re visit in case of persisting or worsening symptoms and escape medication with 

ceftriaxone was then given. Ro tine diagnostic tests were also performed on swabs obtained 

d ring these visits. More details on the st dy proced re have been described earlier1 .

At each st dy visit, anal-, pharyngeal and rethral or vaginal swabs were obtained from 

participants for NAAT and for phenotypic characterisation sing c lt ring. Whereas in the 

previo s report1  we de ned treatment fail re as a N. gonorrhoeae-positive NAAT at the test-

of-c re visit, here we co ld only incl de participants from whom N. gonorrhoeae isolates from 

before and after treatment were available. In addition to the isolates from consec tive time 

points, N. gonorrhoeae isolates were incl ded from all participants who had isolates available 
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from m ltiple anatomical locations at one time point. As a res lt, the within-host isolate pairs 

obtained from a single individ al were derived from i  two consec tive time points from the same 

anatomical location or ii  different anatomical locations at the same time point, referred to as, 

respectively, i  times-pair or ii  locations-pair thro gho t the man script.

WGS AND QUALITY ASSESSMENT
After phenotypic characterisation, isolates were stored at 8 C. For WGS, isolates were taken 

from storage and c lt red overnight on a chocolate blood agar plate. DNA was extracted from 

p re c lt res in DNA RNA shield b ffer sing the ymoBIOMICS TM Magbead DNA kit YMO 

RESEARCH . DNA se encing libraries were prepared sing the Nextera T DNA Library 

Preparation kit with Integrated DNA Technologies for Ill mina DNA RNA Uni e D al Indexes 

Ill mina . Short-read se encing was done sing Ill mina NovaSe  6 .

Raw reads were trimmed and ltered sing fastp v . .11 . Reads were mapped to reference 

genome FA1 9  NC 946.  sing BWA-MEM  v . .1 to calc late the percentage of bases 

covered and the mean coverage depth sing the SAMtools package v1.914,15. Reads were 

assembled with Skesa v .4.  and assembly ality was assessed with QUAST v5. . 16,17. In case 

of a nal assembly length of .1 Mb, Kraken  v .1.1 was sed to identify contamination and to 

lter o t reads that did not belong to N. gonorrhoeae taxid:485 18. Filtered reads were again 

assembled. Isolates with 95  coverage of reference genome and with a mean coverage depth 

of 5  were incl ded in the analyses.

TYPING AND SNP DISTANCE DETERMINATION
Assemblies were ploaded to the P bMLST Neisseria database and a tomatically annotated, 

after which M lti-Loc s Se ence Types MLST , NG-Se ence Types for Antimicrobial 

Resistance NG-STAR , NG-MAST v .  STs and core genome MLST cgMLST  v1.  alleles were 

extracted19. When alleles were not annotated in P bMLST, se ences were man ally extracted 

and aligned to determine similarity of alleles between paired isolates. CgMLST allele distances 

were determined sing cgmlst-dists v .4.  https: gith b.com tseemann cgmlst-dists . For 

variant calling, reads were mapped on reference genome FA1 9  NC 946.  and SNPs were 

identi ed with Snippy v4.6.  https: gith b.com tseemann snippy . Defa lt settings were sed: 

SNPs were reported with a minim m read coverage of 1 , a minim m base ality of 1  and a 

read concordance of 9 . A core genome alignment was created sing the Snippy-core option. 

Recombination was ltered o t sing G bbins v .4.1  and masked in the core genome alignment 

sing the maskrc-svg script v .5 https: gith b.com kwon maskrc-svg . Recombination 

ltered and n ltered SNP distances between all isolates were determined sing the masked- or 

nmasked core genome alignment with snp-dists v .7.  https: gith b.com tseemann snp-

dists . Snakemake v5. 1.1 was sed for work ow management 1.

6
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COMPARING GENE-BASED TYPING, CORE GENOME-BASED TYPING AND SNP DISTANCES
Gene-based typing res lts MLST, NG-STAR, and NG-MAST STs , core genome-based allele 

distances cgMLST  and recombination n ltered and ltered SNP distances were compared 

between within-host paired isolates to access the discriminatory power of the different 

methods. Also, comparing within-host paired isolates enabled the de nition of a SNP threshold 

to differentiate between strains. Using this threshold, within-host times-pairs with a single 

strain were identi ed as persistent infections d e to treatment fail re. Times-pairs or locations-

pairs with distinct strains were identi ed as, respectively, reinfection- or coinfection with 

distinct strains Table 1 . These pairs were excl ded from analyses on within-host genetic 

variation, since these are not representative for within-host genetic variation that occ rs 

d ring infection.

IDENTIFICATION OF VARIABLE GENOMIC REGIONS BY VISUALIZING GENOMIC LOCATIONS 
OF UNFILTERED SNPS

The genomic locations of n ltered SNPs fo nd in within-host pairs with a single strain were 

vis alized to identify hot spots of m tations or recombination in the genome, potentially ind ced 

by the h man imm ne response or antibiotic press re. For this p rpose, pairs were selected 

from the core genome alignment and snp-sites v .5.1 was sed to create vcf les with genomic 

locations of the SNPs fo nd between isolates on reference genome FA1 9 1. The previo sly 

de ned SNP threshold was sed to identify pairs with distinct strains, and these were excl ded 

from this analysis. The FA1 9  reference genome was vis alized in Artemis v18.1.  together with 

the vcf les, to plot the SNP density across the genome . Also, SNP locations in the vcf les 

were annotated with bcftools v1.9 sing the annotate option and the prevalence of SNPs in each 

gene of the FA1 9  genome was extracted from the annotated vcf les 4.

COMPARING WITHIN- AND BETWEEN-HOST GENETIC VARIATION
We assessed whether SNP distances co ld disting ish within- and between-host isolates. 

Isolates from two different participants formed between-host isolate pairs. Pairs were only 

incl ded in the analysis if at least one of the three STs was identical MLST, NG-STAR or NG-

MAST , since the high SNP distances between isolates that differed in all STs were irrelevant. 

A participant co ld have m ltiple isolate pairs when isolates were available from m ltiple 

anatomical locations and from m ltiple time points. To prevent sampling bias ca sed by 

m ltiple isolates from the same participant, each participant within-host comparisons  or 

each combination of participants between-hosts comparisons  was represented only once in 

this analysis. Between-host transmission was de ned as a single strain in a between-host pair, 

sing the previo sly de ned SNP threshold Table 1 .
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TABLE 1. DEFINITIONS OF EVENTS BASED ON EXPECTED PATIENT REPORTED METADATA AND MOLECULAR DATA.

Expected patient reported data Expected molecular data

Within-host persistence  
(treatment failure)

Patient reports no sexual contact 
between the sampling time points.

The same strain* at consecutive 
time points, obtained from a single 
individual (before and after treatment).

Within-host coinfections with 
distinct strains at different 
anatomical locations

Patient reports sexual contact with 
one or more sexual partners before 
sampling.

The same strain* at different 
anatomical locations of a single 
individual.

Reinfection with a distinct 
strain

Patient reports sexual contact between 
the sampling time points (probably with 
different partners).

Distinct strain# at consecutive 
time points, obtained from a single 
individual.

Reinfection with the same 
strain

Patient reports sexual contact between 
sampling time points (probably with the 
same partner).    

The same strain* at consecutive 
time points, obtained from a single 
individual.

Between-host transmission Patient reports sexual contact with one 
or more partners before sampling.

A single strain* obtained from patient 
and partner.

*Same strain: <10 SNPs between isolates. #Distinct strains: 10 SNPs between isolates.

RESULTS

SEQUENCE QUALITY AND ISOLATE PAIRS
WGS was performed on  isolates from 8  ni e participants: 74 MSM, 1 heterosex al man, 

 bisex al men and  women. All isolates passed ality control with a mean reference genome 

coverage of 98.7  range 98. –99.  and mean coverage depth of 4 9  range 6 –1 79  Table 

S1 . In total, the  isolates formed 65 within-host locations-pairs and 65 within-host times-

pairs Table S . For 15 participants both locations-pairs and times-pairs were available. The 65 

times-pairs were obtained from 41 participants who had N. gonorrhoeae isolates available from 

either  4 41 ,  16 41  or 4 1 41  time points. Days between the consec tive time points ranged 

from –  days median 7 days . The 65 locations-pairs were obtained from 54 participants, of 

whom 49 participants had a single locations-pair, 5 participants had locations-pairs from  

time points and  participants had isolates from  anatomical locations at a single time point, 

which constit ted  locations-pairs per participant. Both times- and locations-pairs were mainly 

obtained from men respectively, 1  and 96  who were MSM respectively, 9  and 91  and 

no times-pairs were obtained from women. Participants with times-pairs were predominantly 

allocated to the fosfomycin treatment arm 7  whereas participants with locations-pairs 

were evenly distrib ted across the treatment arms Table .
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TABLE 2. CHARACTERISTICS OF PARTICIPANTS FROM THE NABOGO CLINICAL TRIAL FROM WHOM TIMES-PAIRS AND/
OR LOCATIONS-PAIRS WERE OBTAINED.

Times-pairs (N=65) Locations-pairs (N=65)

Number of unique participants 41 54

Sex
Male
Female

41 (100%)
-

52 (96%)
2 (4%)

Sex group
MSM
Heterosexual
Bisexual

38 (93%)
1 (2%)
2 (5%)

49 (91%)
2 (4%)
3 (5%)

Allocated treatment arm
Ceftriaxone
Ertapenem
Gentamicin
Fosfomycin

-
1 (3%)
10 (24%)
30 (73%)

14 (26%)
18 (33%)
14 (26%)
8 (15%)

THE RELATIONSHIP BETWEEN GENE-BASED TYPING, CORE GENOME-BASED TYPING AND 
SNP DISTANCES

Typing res lts and n ltered- and recombination ltered SNPs were compared between within-

host paired isolates. Pairs with identical gene-based STs MLST, NG-STAR and NG-MAST  and 

pairs that differed in NG-MAST only had a median cgMLST allele distance of  range –15 , 

whereas pairs with different STs had a median cgMLST allele distance of 7 9 range 15–949  

Fig re S1 . High n ltered SNP distances were fo nd for pairs with different MLST, NG-STAR 

and NG-MAST STs, with a median of 51 1 SNPs range 179 –64  SNPs . After recombination 

ltering, the SNP distances decreased to a median of 1466 SNPs range 186– 45 SNPs  Fig re 

1a . Pairs with different NG-MAST only had m ch lower SNP distances that were similar to the 

SNP distances between pairs with identical MLST, NG-STAR and NG-MAST STs, with a median 

of, respectively, 9 5–145  and 8 range –8  n ltered SNPs. After recombination ltering, the 

median SNP distance was 1 SNP for both gro ps with a maxim m of 7 SNPs, showing that o tliers 

were ltered o t Fig re 1a . Based on these res lts, the SNP threshold for isolates of the same 

strain was set at 1  recombination ltered SNPs. Isolates with 1  SNPs co ld have different 

NG-MAST STs b t were still considered the same strain. When sing 1  recombination ltered 

SNPs as reference, both MLST and NG-STAR typing methods differentiated strains in the 1  

within-host pairs with 1  sensitivity and speci city, whereas NG-MAST had 9  sensitivity 

and 1  speci city Table S .
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FIGURE 1. GENE-BASED TYPING RESULTS VERSUS RECOMBINATION FILTERED- AND UNFILTERED SNP DISTANCES 
BETWEEN ISOLATES IN WITHIN-HOST PAIRS. MLST, NG-STAR, NG-MAST STS AND SNP DISTANCES WERE COMPARED 
BETWEEN WITHIN-HOST PAIRED ISOLATES. RIGHT PANELS MAGNIFY THE LOWER VALUES ON THE Y-AXIS. (A) SNP 
DISTANCES FOUND IN ALL WITHIN-HOST TIMES-PAIRS. HIGH SNP DISTANCES WERE FOUND BETWEEN ISOLATES WITH 
DIFFERENT MLST, NG-STAR AND NG-MAST STS WHEREAS ISOLATES THAT DIFFERED IN NG-MAST ONLY OR ISOLATES 

DISTANCES CONFIRMED THAT SIMILAR SNP DISTANCES WERE FOUND BETWEEN ISOLATES WITH DIFFERENT NG-MAST 
COMPARED TO ISOLATES WITH IDENTICAL STS. RECOMBINATION FILTERING REDUCED THE SNP DISTANCE TO <10 SNPS 
FOR COMPARISONS BETWEEN ISOLATES WITH IDENTICAL STS AND ISOLATES THAT DIFFERED IN NG-MAST ONLY. (B) 
SNP DISTANCES FOUND IN WITHIN-HOST TIMES-PAIRS. NO TIMES-PAIRS WITH DIFFERENT MLST, NG-STAR AND NG-
MAST STS WERE FOUND AND ALL TIMES-PAIRS HAD RECOMBINATION FILTERED SNP DISTANCES <10 SNPS. (C) SNP 
DISTANCES FOUND IN WITHIN-HOST LOCATIONS-PAIRS. ISOLATES WITH DIFFERENT MLST, NG-STAR AND NG-MAST STS 
AND HIGH SNP DISTANCES WERE EXCLUSIVELY FOUND IN LOCATIONS-PAIRS.
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NO REINFECTIONS WITH DISTINCT STRAINS OCCURRED IN PARTICIPANTS OF THE 
NABOGO TRIAL

Comparing MLST, NG-STAR and NG-MAST STs between within-host paired isolates showed 

identical STs in 6 65 97  times-pairs and 49 65 75  locations-pairs Table . Different 

NG-MAST STs were fo nd in 65  times-pairs and 7 65 8  locations-pairs, obtained from, 

respectively,  and 5 participants. The 9 isolate pairs that had identical MLST and NG-STAR STs 

b t different NG-MAST STs all contained a single strain, based on 1  recombination ltered 

SNPs Fig re 1a . Therefore, no reinfections with distinct strains occ rred in participants of 

the NABOGO trial. However, 9 65 14  locations-pairs contained distinct strains, according 

to different MLST, NG-STAR and NG-MAST STs and high recombination ltered SNP distances 

Fig re 1c . These were obtained from 8 participants, th s 8 54 15  participants were 

coinfected with distinct strains at different anatomical locations.

TABLE 3. TYPING RESULTS OF ISOLATES IN WITHIN-HOST TIMES-PAIRS AND LOCATIONS-PAIRS.

Times-pairs (n= 65) Locations-pairs (n=65)

Identical MLST, NG-STAR and NG-MAST 63 (97%) 49 (75%)

Different NG-MAST, identical MLST and NG-STAR 2 (3%) 7 (11%)

Different  MLST, NG-STAR and NG-MAST - 9 (14%)

SAME EXTENT OF GENETIC VARIATION FOUND IN TIMES-PAIRS AND LOCATIONS-PAIRS
SNP distances in within-host times-pairs and locations-pairs with a single strain were 

comparable, with a median of, respectively, 7 range 1–8  SNPs  and 9 range –145 SNPs  

n ltered SNPs Fig res 1b and c . Both for within-host times-pairs and locations-pairs, the 

median recombination ltered SNP distance was 1 ranges, respectively, –4 and –7 SNPs . 

These res lts show that the same extent of genetic variation arose d ring the infection period 

of at most  days after antibiotic treatment as well as across different anatomical locations 

at a single time point.

GENETIC VARIATION WAS CONCENTRATED IN GENOMIC REGIONS ENCODING 
HYPERVARIABLE PROTEINS

When vis alizing genomic locations of n ltered SNPs in within-host pairs with a single strain 

on reference genome FA1 9 , times-pairs were categorized into allocated antibiotic treatment 

arms. Similar genomic regions with high density SNPs were fo nd for the different treatment 

arms Fig re a . Also, similar variable genomic regions were identi ed in times-pairs and 

locations-pairs Fig re b . Most genetic variation was fo nd in the pil s assembly  proteins 

speci cally B: NGO-RS 6  and d: NGO-RS 9615 , transferrin-binding proteins tbpA and tbpB 

V: NGO-RS 74  and W: NGO-RS 74 5 , bif nctional protein putA Y: NGO-RS 7715  and an 
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FIGURE 2. WITHIN-HOST GENETIC VARIATION WAS MAINLY LOCATED ON REGIONS ENCODING HYPERVARIABLE PROTEINS. 

LETTERS BELOW THE GRAPHS CORRESPOND TO GENES LOCATED IN THAT REGION AND IN WHICH MULTIPLE SNPS WERE 
FOUND, FURTHER SPECIFIED IN (C). (C) LEGEND SHOWING THE GENE ID AND NAMES THAT CORRESPOND TO LETTERS 
BELOW GRAPH (B), AND THE NUMBER OF TIMES- AND/OR LOCATION PAIRS THAT HAD VARIATION IN THAT GENE. ONLY 
GENES ARE SHOWN IN WHICH VARIATION WAS IDENTIFIED IN MORE THAN 2 PAIRS.
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amino acid permease p: NGO-RS1 51  and this was fo nd in both times-pairs and locations-pairs 

Fig re c . Remarkably, m ch variation was present in the genes sed for NG-MAST typing porB 

and tbpB  Fig re c , which in some cases made p the majority of SNPs fo nd between within-

host paired isolates. In regard to the 9 within-host pairs that differed in NG-MAST STs only, 7 9 

had m tations in porB, 1 9 had m tations in porB and tbpB and none had m tations in only tbpB.

BETWEEN-HOST PAIRS WITH A SINGLE STRAIN SUGGEST CASES OF TRANSMISSION 
BETWEEN PARTICIPANTS

For the comparison of within- and between-host genetic variation, we sed paired isolates 

that had at least one of the MLST, NG-STAR or NG-MAST STs identical. Seventy- ve within-

host pairs only one pair per participant  and 8 between-host pairs were incl ded Table 

S4 . Comparing SNP distances and STs showed broad ranges of SNP distances for between-

host pairs with differences in any ST, b t also between-host pairs with identical STs had p to 

1 4 SNPs. In contrast to o r nding in within-host pairs, all b t one between-host pairs with 

different NG-MAST had 1  SNPs Fig re a . All 75 within-host pairs had 8 recombination 

ltered SNPs, with 7  of SNP distances being  or 1. Between-host pairs res lted in more 

diverse recombination ltered SNP distances, with 9  between  and 5  SNPs Fig re b . 

Remarkably, 15 between-host pairs 6.5  had 1  SNPs, meaning that these pairs shared a 

single strain. Therefore, differentiating between- and within-host isolates is not possible based 

on SNP distances alone. From the 15 between-host pairs with a single strain, 1  had identical 

STs and  differed in NG-MAST only. Comparable res lts were fo nd with n ltered- instead 

of recombination ltered SNP distances, albeit with higher overall n ltered SNP distances, 

indicating that recombination ltering did not in ate the n mber of closely related isolates 

Fig re S . When sing 1  recombination ltered SNPs as reference, MLST differentiated 

between strains with 1  sensitivity b t only 1  speci city in the  within- and between-

host pairs. NG-STAR showed 99  sensitivity and 4  speci city and NG-MAST 94  sensitivity 

and 79  speci city Table S .

The SNP distances 1  SNPs for between-host pairs s ggest potential direct or indirect 

transmission between participants. Interestingly, between-host pairs with a single strain were 

obtained p to 1 year apart from each other Fig re c . Moreover, these pairs mainly contained 

isolates belonging to the MLST-NG-STAR-NG-MAST pro les 1 14-1 87-19188 and 9 6 -168-

1  Fig re c , indicating probable transmission between m ltiple participants within the 

same sex al network. Between-host paired isolates with identical STs and SNP distances 1  

SNPs belonged mainly to the MLST-NG-STAR-NG-MAST pro les 8156-44 -5441 and 78 -1 87-

14994, which belonged to the predominant typing pro les in the st dy pop lation, indicating 

that these strains circ lated more broadly in Amsterdam and were not restricted to a single 

sex al network.
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DISCUSSION

We investigated within-host genetic variation in N. gonorrhoeae over the co rse of infection, 

sing a ni e set of within-host isolates from consec tive time points. Isolates were obtained 

from participants with treatment fail re in a randomized clinical trial comparing 4 different 

antibiotics for the treatment of gonorrhoea1 . The genetic variation between within-host isolates 

over time was compared to the genetic variation between within-host isolates from different 

anatomical locations at a single time point. Paired isolates that differed in all gene-based STs 

MLST, NG-STAR, and NG-MAST  had high core genome SNP distances, th s were de ned as 

distinct N. gonorrhoeae strains. Fifteen percent of the participants with locations-pairs had 

distinct strains at different anatomical locations. Similar coinfections have previo sly been 

reported in the MSM pop lation of Amsterdam 5, 6. In contrast, a median recombination ltered 

SNP distance of 1 SNP was fo nd between within-host paired isolates with identical STs or with 

different NG-MAST only. Since strains that are the same based on core genome SNPs co ld have 

different NG-MAST STs, this typing method alone does not identify events s ch as treatment 

fail re or transmission with complete acc racy. Nevertheless, when comparing the gene-based 

typing methods, NG-MAST had the highest speci city for differentiating strains in between-

host pairs with identical STs for at least one of the three typing methods Table S . This showed 

that NG-MAST is the most appropriate of these methods for transmission st dies  however, 

transmission events might be incorrectly s ggested to have taken place or, more rarely, be 

missed. This nderlines the need for high-resol tion methods like WGS in these st dies.

Genetic variation in times-pairs co ld potentially be explained by the antibiotic press re 

applied thro gh treatment at T . D e to low n mbers of gentamicin- and ertapenem treatment 

fail res, we co ld not identify whether speci c m tations were associated with treatment 

arm. In addition, genes associated with gentamicin or fosfomycin resistance are not known. 

Instead, we assessed whether we co ld identify in times-pairs, compared to locations-pairs, 

a rise in genetic variation in speci c genes or an overall rise in variation d e to more general 

stress responses. These wo ld enable the bacteria to faster pick p resistance genes or create 

resistance associated m tations reviewed in 7 . However, in o r within-host times-pairs and 

locations-pairs, similar regions with high SNP densities were fo nd Fig re  as well as similar 

extents of genetic variation Fig res 1b and c . This indicated that the antibiotic press re 

applied d ring infection did not lead to the development of resistance in speci c genes or to 

an increased extent of genetic variation. Importantly, treatment fail re was neither ca sed by 

a resistant strain at the incl sion visit, since MICs were not associated with treatment fail re1 . 

Th s, treatment fail re was most likely ca sed by pharmacokinetic and or dynamic reasons, 

e.g., s boptimal m cosal antibiotic concentrations.
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Within-host genetic variation co ld more easily be st died in the closest relative of N. 

gonorrhoeae, Neisseria meningitidis, since asymptomatic carriage of N. meningitidis is no 

indication for antibiotic treatment whereas it is for N. gonorrhoeae. Several st dies reported that 

d ring carriage of N. meningitidis, the majority of within-host genetic variation was observed 

in hypervariable genomic regions 8- . We also fo nd genetic variation mainly concentrated in 

hypervariable regions encoding s rface exposed proteins, s ch as type IV pili and transferrin 

binding proteins. These proteins are known to play important roles in the host-microbe 

interaction 1, . This implies that both in N. meningitidis and N. gonorrhoeae, a majority of within-

host genetic variation leads to antigenic variation, driven by the host imm ne response.

Since N. gonorrhoeae is a pathogen with high recombination rates, it is important to examine 

the effect of masking recombination when st dying within-host variation and between-host 

transmission dynamics. De Silva et al. sed recombination ltered SNP distances and mentioned 

that recombination ltering was essential for identi cation of transmission cl sters7. Kwong 

et al. sed recombination ltered SNP distances to determine genetic relatedness of isolates 

from men in partnerships and showed that ltering enabled identi cation of related isolates 

in partners, whereas n ltered SNP distances wo ld have disting ished them . Kong et al. 

showed that recombination ltered SNP distances not only correctly identi ed partner links, 

b t in addition identi ed links between individ als that were not identi ed as partners, most 

likely thro gh indirect transmission or anonymo s contacts. This techni e co ld therefore 

be sef l when identifying transmission networks and when implementing p blic health 

o treach interventions9. In contrast, Williamson et al. sed n ltered SNP distances to identify 

potential transmission events, to se a more stringent similarity threshold in a geographically 

and temporally limited data set. Distinct transmission cl sters co ld be identi ed sing this 

method5. Recombination ltering was disco raged for st dies on transmission dynamics of 

pathogens with high interspecies variability, s ch as Escherichia coli. For these pathogens, 

calc lating SNPs after ltering recombination led to loss of resol tion and sp rio s cl stering of 

isolates8. Altogether, these st dies show that whether or not to lter o t recombination depends 

on the research estion and sho ld therefore be caref lly considered and eval ated. The 

res lts presented in this st dy s pported the se of recombination ltered SNP distances when 

<  FIGURE 3. RECOMBINATION FILTERED SNP DISTANCES IN WITHIN-HOST AND BETWEEN-HOST ISOLATE PAIRS WITH 
IDENTICAL MLST, NG-MAST AND/OR NG-STAR STS. (A) RECOMBINATION FILTERED SNP DISTANCES IN WITHIN-

PAIRS WITH DIFFERENT MLST, NG-STAR AND NG-MAST STS WERE EXCLUDED. THE RIGHT PANEL MAGNIFIES THE 
LOWER VALUES ON THE Y-A XIS. (B) PROPORTIONS OF RECOMBINATION FILTERED SNP DISTANCES FOUND AMONG 
ALL WITHIN-HOST PAIRS (75 PAIRS) AND BET WEEN-HOST PAIRS (228 PAIRS) . THE BOTTOM PANEL MAGNIFIES THE 
LOWER VALUES ON THE X-A XIS. (C) RECOMBINATION FILTERED SNP DISTANCES IN BET WEEN-HOST PAIRS WITH 
IDENTICAL MLST, NG-STAR AND NG-MAST STS (52 PAIRS) VERSUS THE DAYS BETWEEN ISOL ATE COLLECTION DATES, 
CATEGORISED ON TYPING PROFILE. 
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st dying within-host genetic diversity, since n ltered SNP distances incl de high-density SNP 

regions between paired isolates. This high SNP density was ca sed by single recombination 

events which led to high n ltered SNP distance between these isolates Fig re .

In this st dy, only SNP distances in the core genome were considered, since all isolates were 

mapped to reference genome FA1 9 . This method was chosen to enable the comparison of 

SNP distance across pairs and ideally, across st dies that se the same reference genome. 

However, when interpreting the res lts, it sho ld be taken into acco nt that this method does 

not capt re variation in genomic regions that are not in the reference genome. Another limitation 

was that genomes from m ltiple colony picks from a single sample were not analysed. As a res lt, 

we co ld not excl de that SNP differences in times-pairs arose d ring infection or were pre-

existing at T . However, De Silva et al. previo sly compared m ltiple colony picks from a single 

c lt re and fo nd only 1 SNP, most likely ca sed by se encing errors7. Th s, analysing m ltiple 

colonies wo ld probably not have provided more information. O r threshold of 1  recombination 

ltered SNPs for within-host pairs was in accordance with res lts from De Silva et al., who fo nd 

recombination ltered SNP distances 1  SNPs between se ential isolates of 6 11  individ als. 

They s pposed that these isolate pairs res lted from treatment delay or reinfection from the 

same partner. We con rmed this threshold with times-pairs of 41 individ als.

The between-host isolate pairs with recombination ltered SNP distances 1  SNPs s ggested 

direct- or indirect transmission between participants. Since the within- and between-host SNP 

distances overlapped, SNP distances alone cannot differentiate between cases of within-host 

persistence or between-host transmission. This is s pported by the st dies of Kwong et al. 

and Kong et al., who fo nd similar relatedness between isolates from men within partnerships, 

between isolates from m ltiple anatomical locations of a single individ al and between isolates 

that were probably linked thro gh indirect transmission9, . This shows that patient reported data 

remains of tmost importance in st dies on transmission dynamics and in randomized clinical 

trials. Since the c rrent st dy sed isolates obtained over time, the possibility of reinfection with 

the same strain from a steady partner cannot be excl ded. However, participants were asked 

to refrain from sex al interco rse d ring the st dy period, which was also recorded. Moreover, 

the 7 days period between isolate collection was relatively short. For these reasons, patient 

reported metadata ass res s that the within-host paired isolates from consec tive time points 

were from persistent infections rather than reinfection with the same strain.
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CONCLUSIONS

Comparing within-host N. gonorrhoeae isolates, o r res lts con rm the previo sly de ned 

threshold of 1  recombination ltered SNPs to differentiate between strains. Antibiotic press re 

applied thro gh treatment did not lead to an increase in genetic variation in speci c genes 

or in extent of variation, compared to variation across anatomical locations. Instead, within-

host genetic variation was mainly driven by host imm nity as it was concentrated in genomic 

regions encoding s rface exposed proteins involved in host-microbe interaction. Recombination 

ltered SNP distances 1  SNPs were also fo nd between isolates from different participants, 

s ggesting transmission. To differentiate between within-host persistence and between-host 

transmission, additional patient reported data remains essential.

DATA AVAILABILITY

Raw se encing reads are available in the E ropean N cleotide Archive nder project n mber 

PRJEB49 17. Genome assemblies are available in the P bMLST Neisseria database https:

p bmlst.org organisms neisseria-spp . Individ al ENA accession n mbers, P bMLST IDs and 

associated metadata can be fo nd in Table S1. The bioinformatic pipeline sed in this st dy 

is available at Gith b https: gith b.com jolindadekorne Within-host-genetic-variation-in-

Neisseria-gonorrhoeae .
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SUPPLEMENTARY MATERIAL

TABLE S1. LIST OF ISOLATES INCLUDED IN THE STUDY WITH CORRESPONDING ISOLATE- AND PARTICIPANT METADATA.

This table 15 col mns and 4 rows  is available with the online version of this article or via 
https: tiny rl.com jbtmzwr.

TABLE S2. CHARACTERISTICS OF ALL WITHIN-HOST ISOLATE PAIRS AND THE DIFFERENCES FOUND ON THE LEVELS 
OF SEQUENCE TYPES, CGMLST ALLELES AND SNPS.

This table 16 col mns and 1  rows  is available with the online version of this article or via 
https: tiny rl.com jbtmzwr.
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TABLE S3. SENSITIVITY AND SPECIFICITY OF THE GENE-BASED TYPING METHODS MLST, NG-STAR AND NG-MAST.

Within-host pairs (n=130)

MLST Same ST Different ST

<10 recombination filtered SNPs 121 0

0 9

 Sensitivity 100%

 Specificity 100%

NG-STAR Same ST Different ST
<10 recombination filtered SNPs 121 0

0 9

 Sensitivity 100%

 Specificity 100%

NG-MAST Same ST Different ST
<10 recombination filtered SNPs 112 9

0 9

 Sensitivity 93%

 Specificity 100%

Within+ between-host pairs (n=303)

MLST Same ST Different ST

<10 recombination filtered SNPs 90 0

210 3

 Sensitivity 100%

 Specificity 1%

NG-STAR Same ST Different ST

<10 recombination filtered SNPs 89 1

109 104

 Sensitivity 99%

 Specificity 49%

NG-MAST Same ST Different ST

<10 recombination filtered SNPs 85 5

45 168

 Sensitivity 94%

 Specificity 79%

TABLE S4. CHARACTERISTICS OF INCLUDED WITHIN- AND BETWEEN-HOST ISOLATE PAIRS AND THE FOUND ON THE 
LEVELS OF SEQUENCE TYPES, CGMLST ALLELES AND SNPS.

This table 17 col mns and  rows  is available with the online version of this article or via 
https: tiny rl.com jbtmzwr.

6
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FIGURE S1. GENE-BASED TYPING RESULTS VERSUS CORE GENOME MLST (CGMLST) ALLELE DISTANCES IN WITHIN-
HOST ISOLATE PAIRS. ISOL ATES IN WITHIN-HOST TIMES-PAIRS AND LOCATIONS-PAIRS WERE COMPARED BY MLST, 
NG-STAR, NG-MAST STS AND CGMLST ALLELE DISTANCE. HIGH CGMLST ALLELE DISTANCES WERE FOUND BETWEEN 
ISOLATES WITH DIFFERENT MLST, NG-STAR AND NG-MAST STS WHEREAS ISOLATES THAT DIFFERED IN NG-MAST ONLY 
OR ISOLATES WITH IDENTICAL MLST, NG-STAR AND NG-MAST STS HAD COMPARABLE CGMLST ALLELE DISTANCES. THE 
RIGHT PANEL MAGNIFIES THE LOWER VALUES ON THE Y-AXIS, WHICH CONFIRMS THAT COMPARABLE ALLELE DISTANCES 
WERE FOUND BET WEEN ISOL ATES WITH DIFFERENT NG-MAST COMPARED TO ISOL ATES WITH IDENTICAL STS. 
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FIGURE S2. SNP DISTANCES IN WITHIN-HOST AND BETWEEN-HOST ISOLATE PAIRS WITHOUT RECOMBINATION 
FILTERING. 
MLST, NG-STAR AND NG-MAST TYPING RESULTS. ISOLATE PAIRS WITH DIFFERENT MLST, NG-STAR AND NG-MAST STS 
WERE EXCLUDED. (B) PROPORTIONS OF SNP DISTANCES FOUND IN ALL WITHIN-HOST PAIRS (75 PAIRS) AND BETWEEN-
HOST PAIRS (228 PAIRS). ISOL ATE PAIRS WITH DIFFERENT MLST, NG-STAR AND NG-MAST STS WERE EXCLUDED.

6
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ABSTRACT

The bacterial accessory genome provides the genetic exibility needed to facilitate environment 

and host adaptation. In Neisseria gonorrhoeae, known accessory elements incl de plasmids 

which can transfer and mediate antimicrobial resistance AMR  however, chromosomal 

accessory genes co ld also play a role in AMR. Here, the gonococcal accessory genome was 

characterised sing gene-by-gene approaches and its association with the core genome and 

AMR were assessed. The gonococcal accessory gene pool consisted of 47 genes, which were 

mainly genes located on large mobile genetic elements, phage associated genes, or genes 

encoding p tative secretion systems. Accessory elements showed similar synteny across 

genomes, indicating either a predisposition for partic lar genomic locations or ancestral 

inheritance that are conserved d ring strain expansion. Signi cant associations were fo nd 

between the prevalence of accessory elements and core genome m lti-loc s se ence types 

cgMLST , consistent with a str ct red gonococcal pop lation despite fre ent horizontal gene 

transfer HGT . Increased prevalence of p tative DNA exchange reg lators was signi cantly 

associated with AMR, which incl ded a p tative secretion system, methyltransferases 

and a toxin-antitoxin system. Altho gh fre ent HGT res lts in high genetic diversity in the 

gonococc s, we fo nd that this is mediated by a small gene pool. In fact, a highly organised 

genome composition was identi ed with a strong association between the accessory and core 

genome. Increased prevalence of DNA exchange reg lators in antimicrobial resistant isolates 

s ggests that genetic material exchange plays a role in the development or maintenance of 

AMR. These ndings enhance o r nderstanding of gonococcal genome architect re and have 

important implications for gonococcal pop lation biology.
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INTRODUCTION

Neisseria gonorrhoeae, the gonococc s, is a Gram negative, oxidase positive diplococc s 

belonging to the Neisseriaceae family. It is arg ably the only pathogen in the gen s Neisseria 

colonizing the tractus urogenitalis as an obligate pathogen, with its close relative Neisseria 

meningitidis more fre ently described as an opport nistic or accidental pathogen1. Gonococcal 

rogenital colonization in men invariably res lts in disease pathology, with ntreated gonococcal 

infection potentially leading to epididymitis. Urogenital infections in women often stay 

asymptomatic and therefore ntreated, potentially ca sing pelvic in ammatory disease , . 

Effective and prompt treatment of infection is therefore essential  however, this is threatened 

by the emergence of m ltidr g resistance in the gonococc s which is f rther exacerbated by 

an increasing prevalence of N. gonorrhoeae infections globally . This is partic larly concerning 

given the emergence of red ced s sceptibility against c rrently sed third generation 

cephalosporins beca se these are the antibiotics of last resort. In addition, asymptomatic 

infections of the pharynx, rect m, or female rogenital tract facilitate ongoing transmission 

of N. gonorrhoeae strains with red ced s sceptibility. Understanding antimicrobial resistance 

AMR  mechanisms in the gonococc s and tracking the spread of resistant strains is therefore 

important to limit infections globally.

In N. gonorrhoeae, AMR is both plasmid and chromosomally mediated, depending on the class 

of antibiotics. Genetic determinants for oro inolone and macrolide resistance have high 

predictive val e with regard to s sceptibility phenotype4. In contrast, determinants mediating 

resistance against third generation cephalosporins are less predictive and still contain nknown 

“factor ” genetic determinants, indicating that mechanisms of resistance have not been entirely 

resolved4. As a res lt, to f lly expose the mechanisms of AMR, a more concl sive nderstanding 

of genome content across the gonococcal pop lation is needed to comprehensively eval ate 

the evol tion and mechanisms of AMR in this species.

For most bacterial species, genome content is not xed b t rather consists of a exible gene 

pool, known as the pangenome5. The pangenome can be f rther divided into: i  the core genome, 

comprised of genes that are present in all isolates of a species and which are essential for 

s rvival, and ii  the accessory genome, consisting of genes present in only a s bset of the 

pop lation and providing the genetic exibility to facilitate niche adaptation and phenotypic 

variation6,7. The accessory genome can be shaped thro gh evol tionary and environmental 

selective press re res lting in gene ac isition or loss8. Antimicrobial selection, for example, 

plays an important role in shaping bacterial genome content and in str ct ring bacterial 

pop lations, with bacteria ac iring resistance determinants possessing a selective advantage 

over s sceptible ones when exposed to antibiotics. This development has been observed in 

several bacterial species, incl ding the gonococc s9.

7
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St dies assessing the gonococcal core genome have identi ed the presence of a resid al 

clonal str ct re that retains gene synteny despite fre ent horizontal gene transfer HGT , 

with some lineages fo nd to be more resistant to antimicrobials than others1 . In addition, the 

distrib tion of mobile genetic elements incl ding plasmids, which form part of the accessory 

genome, was fo nd to be associated with the gonococcal core genome11. Altho gh plasmids are 

important mobile genetic elements that transfer and mediate AMR, chromosomal accessory 

genes co ld also play a role. However, the accessory genome content as well as its implications 

for phenotypic characteristics in N. gonorrhoeae are largely nknown. Here, we characterised 

the gonococcal accessory genome and examined its association with the core genome and AMR. 

O r ndings reveal that the gonococcal gene pool was smaller than expected with respect to the 

high genetic diversity known to exist in this species. In addition, genome composition was highly 

organised with conserved gene synteny and a close association between accessory genome 

content and the core genome. These ndings enhance o r nderstanding of the gonococcal 

genome architect re and have important implications for gonococcal pop lation biology.

METHODS

ISOLATE COLLECTION AND WHOLE GENOME SEQUENCE DATA
The P bMLST.org neisseria database contained 8, 1  p blicly available N. gonorrhoeae isolates 

with whole genome se ence data available accessed April 1 . A s bset of 765 N. gonorrhoeae 

isolates was chosen that was representative of the total N. gonorrhoeae genomes fo nd in 

P bMLST. This data set of 765 isolates incl ded i  8  isolates from a D tch s rveillance st dy 

containing many different MLSTs1  and ii  85 isolates chosen to be representative of all MLSTs, 

core genome gro ps, and geographical origins available in P bMLST Table S1 . The extent to 

which this data set was representative of the diversity fo nd in all 8, 1  p blicly available isolates 

was assessed thro gh the se of a minim m spanning tree generated sing the P bMLST pl gin 

GrapeTree1 . Using this tool, all 8, 1  isolates were compared with the N. gonorrhoeae cgMLST v1.  

core genome scheme1 , and the distrib tion of the s bset of 765 isolates in the tree was assessed. 

Tree nodes were positioned thro gh dynamic rendering, meaning that branch lengths are not 

scaled. Genome assembly metrics were obtained for all isolates to validate genome ality. In 

addition, species identity was con rmed sing the ribosomal MLST species identi cation tool 

which also controls for species contamination p bmlst.org rmlst .

IDENTIFICATION OF ACCESSORY LOCI
The P bMLST Neisseria database allows genomes across the Neisseria gen s to be annotated 

and as a res lt contains gene de nitions belonging to m ltiple Neisseria species. A total of ,859 

loci have been de ned in P bMLST that are representative of the Neisseria gene pool. Using the 
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Genome Comparator tool available in P bMLST, these loci were compared in the 765 isolates14. 

Alleles de ned as “incomplete” or “ nde ned” were considered present beca se this might 

be d e to hypervariability of the gene or to assembly errors. Core genes were de ned as loci 

fo nd in 95  to 1  of genomes, whereas accessory genes were de ned as loci present in 

.6  to 95  of genomes loci present in 5 genomes were excl ded, e alling .6 . Loci 

considered to be core were excl ded from f rther analyses.

A se ence-based approach was also sed to identify loci that may not have been de ned in 

P bMLST. Identi cation and classi cation of orthologo s genes within the 765 isolates was 

done with PIRATE v1. .4 sing genomes previo sly annotated with Prokka v1.1 -v1.14.515,16. 

Defa lt settings were sed. Pangenome plots were prod ced with Roary v .1 .  sing defa lt 

settings except paralog e splitting was disabled17. These plots were sed to assess the 

relationship between genes identi ed and the n mber of genomes added. Similar criteria as 

sed for Genome Comparator were employed to de ne core and accessory genes identi ed 

by PIRATE. Representative se ences of the identi ed accessory gene families were eried 

in P bMLST to nd corresponding NEIS loci. Se ences that matched only partially to a 

NEIS loc s were eried against a c stom database incl ding all 1,547,5 4 alleles accessed 

J ne 1  of all ,859 NEIS loci sing BLASTN with a minim m se ence identity of 8 . 

Se ences that did not match any NEIS allele with 8  identity were eried against the N. 

gonorrhoeae taxid: 485  BLAST  database to get predicted  f nctional annotations18. Novel 

se ences were then de ned in P bMLST sing the NEIS nomenclat re. BLAST searches 

were performed to screen isolates for these novel loci sing the Gene Presence pl gin with 

the following thresholds: minim m se ence identity 95  and minim m se ence alignment 

95 . Finally, N. gonorrhoeae typing scheme was de ned consisting of the N. gonorrhoeae: 

i  accessory genome agMLST  ii  core genome cgMLST  and iii  pangenome pgMLST  

Work ow vis alised in Fig re 1 .

FILTERING OF IDENTIFIED ACCESSORY LOCI
NEIS loci assigned as accessory by Genome Comparator and PIRATE were ltered as follows: 

i  excl sion of loci that were present in 5 isolates  ii  excl sion of loci that were part of the 

P bMLST N. gonorrhoeae cgMLST v1.  scheme of P bMLST  these are most likely erroneo sly 

in the accessory genome d e to incompleteness of the genes in draft genome data  and iii  

excl sion of paralogo s, incomplete and hypervariable loci, incl ding those belonging to the 

m ltiple adhesin family maf  island, pil s and glycosyltransferase schemes of P bMLST. The 

paralogo s nat re and hypervariability of these genes lead to ncertainty when estimating 

prevalence in draft genome data. After ltering, lists from Genome Comparator and PIRATE 

were combined to prod ce a consens s list of accessory NEIS loci Fig re 1 .

7
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FUNCTIONAL CHARACTERISATION AND DISTRIBUTION OF ACCESSORY LOCI
Identi ed accessory loci were classi ed into f nctional gro ps sing annotations de ned in 

P bMLST. Locations of all accessory loci were vis alised sing the reference genomes: WHO-F 

P bMLST ID: 6 968  GenBank accession n mber: LT591897.1 , WHO-Y P bMLST ID: 88866  

GenBank accession n mber: LT59 161.1 , and FA1 9  P bMLST ID: 855  GenBank accession 

n mber: AE 4969.1  in CGviewer19. Loci annotated as “hypothetical” b t located on maf-islands 

were excl ded from the list of accessory genes as these are paralogo s. D plicate se ences of 

the same loci were identi ed by performing se ence eries in P bMLST. The distrib tion of 

accessory loci across isolates was assessed sing the Gene Presence pl gin in P bMLST with 

the following thresholds: minim m se ence identity 95  and minim m se ence alignment 

95 . To identify genomic islands or operons, co-location of loci was assessed based on gene 

distrib tion patterns. A genomic island or operon was considered present when 75  of its 

genes were identi ed and these were in adjacent locations. Phage associated genes NEIS 7 

to 1 and NEIS 451 were assigned to the Nf1 phage island as de ned by Al S wayyid et al. .

ASSOCIATION BETWEEN CORE- AND ACCESSORY GENOME
An agMLST scheme was created in P bMLST, incl ding all identi ed accessory NEIS loci. The 

association between core and accessory genome was assessed incl ding all 8, 1  isolates, 

thro gh the se of a minim m spanning tree generated with the GrapeTree tool. The tree was 

b ilt based on the agMLST scheme with the “rescan ndesignated loci” option enabled. Nodes 

were colo red by cgMLST gro p sing the  or fewer loc s threshold Ng cgc  and 

positioned thro gh dynamic rendering, meaning that branch lengths are not scaled.

ACCESSORY GENOME DISTRIBUTION IN 8,013 PUBLICLY AVAILABLE ISOLATES
Using the agMLST scheme, prevalence and distrib tion of the accessory NEIS loci were assessed 

in all 8, 1  isolates in P bMLST, sing the Gene Presence pl gin as described above. Prevalence 

of accessory elements were determined for cgMLST gro ps that contained 5 isolates and 

sing the  or fewer loc s threshold Ng cgc .

STATISTICS
Fisher s exact tests were performed to identify signi cant associations between the presence 

of accessory elements and cgMLST gro p as well as the association with resistance against 

penicillin, tetracycline, cipro oxacin, ceftriaxone, ce xime, and azithromycin. When testing for 

associations with resistance, only isolates that had phenotypic data for that speci c antibiotic 

were incl ded in analyses. Phenotypic data was categorised as “s sceptible” or “resistant” or 

“intermediate” for penicillin  according to EUCAST breakpoints v11. 1. The Bonferroni correction 

method was sed to correct for m ltiple testing and P-val es were adj sted accordingly. 

Analyses were performed in R v .6. .

7
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RESULTS

QUALITY OF SEQUENCE DATA AND ISOLATE CHARACTERISTICS
For accessory genome characterisation, genome se ence data from 765 p blicly available 

isolates were chosen, dating from 1979 to 19 and originating from 4  co ntries Table S1 . 

Draft genomes were available for 764 of 765 isolates with a median n mber of 1  contigs, 

and a complete genome was available for one isolate. Median GC content was 5 .5 , the total 

median assembly length was ,1 5,586 bp and a median of 1,6  alleles range 1,46  to 1,65  was 

designated. Isolates belonged to 89 different m ltiloc s se ence types MLST  of which 4 

were represented by a single isolate and 4 by 5 isolates. Sixty- ve isolates belonged to MLST 

ST-78 7, being the predominant MLST in the data set. There were 199 different core genome 

MLST cgMLST  gro ps assigned, when sing the threshold of  or fewer loc s differences to 

differentiate between cgMLST gro ps Ng cgc , of which 148 were represented by a single 

isolate and  by 5 isolates. The cgMLST  gro p  predominated in the data set with 88 

isolates belonging to it. These isolates dated from 4 to 19 and mainly originated from the 

Netherlands 64 88, 79  Table S1 . The largest proportion of isolates in cgMLST  gro p  

belonged to MLST ST-19 1 4 88, 49 , similar to the predominant gro p of isolates in P bMLST 

which also belong to cgMLST  gro p  and MLST ST-19 1 1,14 8, 1 , 14 , April 1 .

To determine to what extent the s bset of 765 isolates was representative for the whole database 

of 8, 1  isolates p blicly available in P bMLST accessed April 1 , a minim m spanning tree 

was generated incl ding these isolates. Locations of the 765 isolates were vis alised, revealing 

a distrib tion thro gho t the tree consistent with the selection of a heterogeneo s data set 

that was representative of all p blicly available N. gonorrhoeae isolates Fig re S1 . The work ow 

of characterisation of the accessory genome sing these 765 isolates is vis alised in Fig re 1.

THE GONOCOCCAL GENE POOL HAS A LIMITED SIZE
Roary pangenome plots were examined to assess the relationships between n mbers of genes 

identi ed and n mbers of genomes sed. These plots showed that sat ration in the n mber of 

new Fig re A  and conserved genes Fig re B  identi ed was reached after incl ding fewer 

than  genomes, consistent with a restricted gonococcal pangenome size. As a feat re, Roary 

splits variants of the same gene into m ltiple ni e genes where these have less than 95  

similarity. Therefore, the n mber of ni e Fig re A  and total genes Fig re B  identi ed 

correlated with the n mber of gene variants de ned, which in t rn increased as more genomes 

were examined. This indicates that, in the gonococc s, diversity within genes increases 

proportionally as more genomes are examined, whereas diversity in genome content sat rizes 

with less than  genomes. This also showed that the s bset of 765 isolates was s cient to 

capt re the f ll extent of the gonococcal pangenome.
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FIGURE 2. ROARY PANGENOME PLOTS DEMONSTRATING RELATIONSHIPS BETWEEN NUMBERS OF GENES IDENTIFIED 
AND NUMBERS OF GENOMES USED. THE NUMBERS OF NEW (A) AND CONSERVED (B) GENES SATURISED WITH LESS THAN 
20 GENOMES. THE NUMBERS OF UNIQUE (A) AND TOTAL (B) GENES WERE POSITIVELY CORRELATED WITH THE NUMBER 
OF GENOMES INCLUDED IN THE ANALYSIS, AS SHOWN BY A CONSTANT INCREASE OF IDENTIFIED GENES WHEN THE 
NUMBER OF GENOMES INCREASED.

THE GONOCOCCAL ACCESSORY GENOME CONTAINED 247 LOCI

All ,859 NEIS loci de ned in P bMLST.org neisseria were compared in the 765 isolates sing 

Genome Comparator. This showed that 57  loci were absent in all 765 isolates, 4 loci were 

present in fewer than ve isolates prevalence: .6  and 9  were accessory prevalence: 

.6  to 95 . Filtering res lted in a nal list of 196 accessory loci based on Genome Comparator 

analyses. PIRATE identi ed ,189 distinct gene se ences of which 795 were present in fewer 

than ve isolates and 6  were accessory. Q erying of these 6  gene se ences in P bMLST 

showed that there were d plicate se ences of single NEIS loci, falsely identi ed as separate 

genes by PIRATE. As a res lt, the 6  gene se ences matched to 9 ni e NEIS loci with exact 

matches, of which 17  had also been identi ed as accessory sing Genome Comparator. Eight 

NEIS loci were identi ed as accessory by PIRATE only  however, these loci were determined 

as core by Genome Comparator and were therefore excl ded from f rther analyses. Genome 

Comparator identi ed  accessory loci not identi ed by PIRATE. For 9  gene se ences 

identi ed as accessory by PIRATE, no matches to NEIS loci with 8  identity were fo nd. 

Se ence annotation and ltering res lted in a list of 8  ni e accessory genes identi ed 

by PIRATE only, of which 58 were added as NEIS loci to P bMLST NEIS 177 to 5, except 

NEIS 1  and of which 51 were con rmed to be accessory after screening isolates for these 

loci with the Gene Presence tool available in P bMLST. Twenty-fo r se ences were not added 

beca se these were either predicted to be non-f nctional or encoded transposases. Taken 

together, the consens s list contained 47 ni e accessory NEIS loci which are provided in 

Table S , together with prevalences and f nctions. A detailed work ow showing all steps taken 

to obtain the nal list of 47 accessory NEIS loci is provided in Fig re S .
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THE GONOCOCCAL ACCESSORY GENOME MAINLY CONSISTS OF LARGE MOBILE GENETIC 
ELEMENTS

F nctional annotation of identi ed accessory genes showed that most of genes were located 

on large mobile genetic elements, namely: 67 genes on the gonococcal genomic island GGI  

7 , 51 on the conj gative plasmid 1 , and eight on the beta-lactamase plasmid . Aside 

from the mobile genetic elements, the major constit ent of the accessory genome consisted 

of 1 hypothetical genes 1 .5 ,  genes encoding the VirB type IV secretion system VirB 

T4SS  1 , and 4 phage associated genes 1 .5  Table 1 . Phage-associated genes were 

fo nd both as part of prophages 16 4 genes on Nf1, Nf4 and phage island  or individ al genes 

scattered over the chromosome. One gro p of seven genes NEIS 8  to 89 , annotated as 

hypothetical or genes encoding protein export proteins in P bMLST, formed a genomic island 

with a constant synteny across genomes. Detailed BLAST annotation showed that this island 

encodes a p tative secretion system. Other accessory genes encode methyltransferases, toxin-

antitoxins or proteins involved in DNA transcription and replication Table 1 .

TABLE 1. FUNCTIONAL ANNOTATIONS OF 247 IDENTIFIED ACCESSORY GENES IN N. GONORRHOEAE.

Functional category Subcategory Number of 
accessory genes

%

Mobile genetic elements Gonococcal genomic island (GGI) 67 (27%)

Conjugative plasmid 51 (21%)

Beta-lactamase plasmid 8 (3%)

VirB Type IV secretion system 30 (12%)

Putative secretion system 7 (3%)

Methyltransferases (outside 
genomic islands)

6 (2.5%)

Phage associated genes Nf1 phage island 6 (2.5%)

Nf4 phage island 3 (1%)

Phage island X associated 7 (3%)

(Putative) phage associated 18 (7%)

Genetic information processing DNA transcription 3 (1%)

DNA replication 1 (0.5%)

Toxin-antitoxin system 2 (1%)

TonB- dependent receptors 3 (1%)

Other functions Alcohol dehydrogenase 1 (0.5%)

Putative peptidase 1 (0.5%)

Membrane proteins 1 (0.5%)

TspB virulence factor 1 (0.5%)

Hypothetical genes 31 (12.5%)

Total number of accessory genes 247 100%
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FIGURE 3. GENOMIC LOCATIONS OF CHROMOSOMAL ACCESSORY ELEMENTS BELONGING TO THE GONOCOCCAL 
ACCES SORY GENOME. LOCATIONS WERE VISUALISED ON CIRCUL AR GENOMES OF WELL-KNOWN REFERENCE 
STR AINS. REFERENCE STR AIN FA1090 L ACKS ALL ACCESSORY ELEMENTS AND ITS CHROMOSOMAL ACCESSORY 
GENOME IS THE SMALLEST OF THREE. ACCESSORY ELEMENTS WERE IDENTIFIED IN WHO-Y AND WHO-F, OF WHICH 
WHO-F HAS THE L ARGEST ACCESSORY GENOME. FROM INNER TO OUTER CIRCLE: GC SKEW, GC CONTENT, READING 
FR AME WITH ANNOTATED GENES. 

CHROMOSOMAL ACCESSORY ELEMENTS SHOW SIMILAR SYNTENY ACROSS GENOMES
The main chromosomal accessory elements were vis alised sing reference genomes FA1 9 , 

WHO-Y, and WHO-F Fig re . WHO-F has the largest chromosomal accessory genome, 

incl ding the GGI, VirB T4SS, and Nf1 phage island. WHO-Y has the GGI and the p tative secretion 

system while FA1 9  has the smallest chromosomal accessory genome and lacks all major 

elements. Interestingly, the accessory elements displayed similar synteny which indicates either

predisposition for these elements in these locations or ancestral inheritance, conserved d ring 

strain expansion.

THE N. GONORRHOEAE ACCESSORY GENOME

7
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THE ACCESSORY GENOME IS HIGHLY STRUCTURED AND ASSOCIATED WITH THE CORE 
GENOME

After characterisation of the accessory genome in the s bset of 765 isolates, associations 

between the accessory and core genome and or AMR were assessed sing all 8, 1  genomes 

available in P bMLST accessed April 1 . The accessory genome typing scheme agMLST 

v1.  was created in P bMLST incl ding all identi ed accessory loci. Based on this scheme, a 

minim m-spanning tree was generated incl ding all 8, 1  isolates. Nodes were colo red by 

cgMLST gro p and cl stering of colo rs demonstrated that there was a strong relationship 

between accessory and core genomes Fig re 4 . 

Among the 8, 1  isolates, the GGI was present in 69  5,5 4 8, 1 , the conj gative plasmid in 

7  ,174 8, 1 , and the beta-lactamase plasmid in 11  887 8, 1 . Associations between 

cgMLST and accessory elements were examined and res lts of the main cgMLST gro ps with 

5 isolates are shown in Table . When comparing the prevalence of accessory elements 

within a cgMLST gro p to the prevalence among all isolates, the GGI, conj gative plasmid, 

beta-lactamase plasmid, and the genes encoding the p tative secretion system were either 

signi cantly more prevalent or signi cantly less prevalent in most of the cgMLST gro ps 

P-val e range: . 5 - . 1  Table  and Table S . The Nf1 phage island was signi cantly 

more prevalent in isolates belonging to cgMLSTs 18, 415, and 4 P-val es . 1 , compared 

with the distrib tion among all isolates. Isolates belonging to cgMLSTs , 16, 18, and 196 showed 

little variation in accessory genome content, which is striking given the large n mbers of isolates 

in these gro ps. Isolates belonging to cgMLSTs 1, 8, and 1  had a more variable accessory 

genome content with almost half of the isolates possessing the GGI or beta-lactamase plasmid 

Table . The strong association fo nd between accessory and core genome is consistent with 

a str ct red gonococcal pop lation. This also indicated ancestral inheritance of accessory 

elements in certain gonococcal lineages which are conserved d ring lineage expansion with 

limited spread to other lineages.

ACCESSORY GENES INVOLVED IN DNA UPTAKE AND EXCRETION ARE ASSOCIATED WITH 
AMR

Associations between the accessory genome and resistance against penicillin, tetracycline, 

cipro oxacin, ceftriaxone, ce xime, and azithromycin were assessed. As expected, the 

beta-lactamase plasmid was signi cantly more prevalent among penicillin- P . 1  or 

tetracycline- P . 1  resistant isolates, compared with s sceptible isolates. However, this 

was also fo nd for cipro oxacin-resistant isolates P . 1 . Interestingly, the genes encoding 

the p tative secretion system NEIS 8  to 89 , all methyltransferases NEIS119  to 1194, 

NEIS1 11, NEIS 691 to 69  except one NEIS 18 , a DNA transcription protein NEIS 184  

and a toxin-antitoxin system NEIS 188 to NEIS  were signi cantly more prevalent among 

isolates resistant to penicillin, tetracycline, cipro oxacin, ce xime, or azithromycin P-val e 
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THE N. GONORRHOEAE ACCESSORY GENOME

FIGURE 4. MINIMUM-SPANNING TREE BASED ON THE N. GONORRHOEAE ACCESSORY GENOME MLST TYPING SCHEME 
CREATED IN PUBMLST. ALL 8,013 PUBLICLY AVAILABLE N. GONORRHOEAE ISOLATES WERE INCLUDED IN THE TREE. 
COLOURS REPRESENT CORE GENOME MLST GROUPS USING THE 300 OR FEWER LOCUS THRESHOLD (NG_CGC_300). 
CLUSTERING OF COLOURS INDICATED THAT THE GONOCOCCAL ACCESSORY- AND CORE GENOMES ARE STRONGLY 
ASSOCIATED, CONFIRMING THAT THE GONOCOCCAL GENOME IS HIGHLY STRUCTURED. TWO SEPARATE CLUSTERS COULD 
BE IDENTIFIED FOR THE LARGEST CORE GENOME MLST GROUPS 3 AND 16. THE PRESENCE OF THESE TWO CLUSTERS 
INDICATES DIVERGENCE IN BOTH CORE AND ACCESSORY GENOME CONTENT AND A REQUIREMENT FOR MORE STRINGENT 
LOCUS THRESHOLDS TO BE USED TO DELINEATE THESE CLUSTERS. THE TREE WAS CREATED WITH GRAPETREE AND 
NODES WERE POSITIONED THROUGH DYNAMIC RENDERING, MEANING THAT BRANCH LENGTHS ARE NOT SCALED. LEGEND 
SHOWS THE CORE GENOME MLST GROUP (300 OR FEWER LOCUS THRESHOLD).

7
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range: . 5 to . 1  Table  and Table S4 and S5 . The low n mber of ceftriaxone resistant 

isolates n   hampered identi cation of signi cant associations, altho gh genes encoding 

toxin-antitoxin systems were signi cantly more prevalent in ceftriaxone resistant isolates P 

. 5  and trends of increasing prevalence were seen for the other genes. The two hypothetical 

genes NEIS 64 to 65, which always occ r as a pair, were also signi cantly more prevalent 

in isolates resistant to all antibiotics except ceftriaxone P-val es . 1 . BLAST annotation 

showed that NEIS 65 encodes a predicted competence protein which interacts with incoming 

DNA. Altogether, these ndings indicated increased prevalence of genes encoding DNA ptake 

and excretion proteins in resistant isolates, independent of the class of antibiotic.

ACCESSORY GENES INVOLVED IN DNA UPTAKE AND EXCRETION ARE ASSOCIATED WITH 
AMR

Associations between the accessory genome and resistance against penicillin, tetracycline, 

cipro oxacin, ceftriaxone, ce xime, and azithromycin were assessed. As expected, the 

beta-lactamase plasmid was signi cantly more prevalent among penicillin- P . 1  or 

tetracycline- P . 1  resistant isolates, compared with s sceptible isolates. However, this 

was also fo nd for cipro oxacin-resistant isolates P . 1 . Interestingly, the genes encoding 

the p tative secretion system NEIS 8  to 89 , all methyltransferases NEIS119  to 1194, 

NEIS1 11, NEIS 691 to 69  except one NEIS 18 , a DNA transcription protein NEIS 184  

and a toxin-antitoxin system NEIS 188 to NEIS  were signi cantly more prevalent among 

isolates resistant to penicillin, tetracycline, cipro oxacin, ce xime, or azithromycin P-val e 

range: . 5 to . 1  Table  and Table S4 and S5 . The low n mber of ceftriaxone resistant 

isolates n   hampered identi cation of signi cant associations, altho gh genes encoding 

toxin-antitoxin systems were signi cantly more prevalent in ceftriaxone resistant isolates P 

. 5  and trends of increasing prevalence were seen for the other genes. The two hypothetical 

genes NEIS 64 to 65, which always occ r as a pair, were also signi cantly more prevalent 

in isolates resistant to all antibiotics except ceftriaxone P-val es . 1 . BLAST annotation 

showed that NEIS 65 encodes a predicted competence protein which interacts with incoming 

DNA. Altogether, these ndings indicated increased prevalence of genes encoding DNA ptake 

and excretion proteins in resistant isolates, independent of the class of antibiotic.

DISCUSSION

This st dy sed a rob st and detailed gene-by-gene approach to characterise the gonococcal 

accessory genome. Since the introd ction of the pangenome concept in bacterial research, 

m ltiple comp tational tools have been developed to examine pangenome content . Tools s ch 

as Roary and PIRATE are based on cl stering algorithms which se gene similarity thresholds 

to identify gene families. These thresholds can be di c lt to de ne as a conse ence of major 
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differences in diversity among genes. This often res lts in over-splitting of divergent alleles of 

the same gene into m ltiple cl sters or over-cl stering of related gene families. PIRATE tries to 

improve this by meas ring se ence diversity within the data set and correcting gene cl sters 

based on this16. However, the o tp t obtained here still contained far more gene cl sters than 

genes identi ed in P bMLST, indicating over-splitting. This was evidenced by erying the 

identi ed PIRATE se ences in P bMLST, with m ltiple se ences matching the same NEIS 

loc s. This therefore shows the necessity for caref l examination of raw o tp ts res lting from 

pangenome tools for ndertaking research on a gene level. F rthermore, gene-by-gene analysis 

combined with in-depth knowledge of the bacterial species is important to translate pangenome 

o tp ts from theoretical to f nctional genes.

The bacterial accessory genome provides genetic exibility, facilitating host and environmental 

adaptation. In the gonococc s, major accessory elements incl de plasmids, mediating 

resistance against beta-lactams and tetracycline. The content of the chromosomal accessory 

genome and its implications in pop lation biology and AMR are largely nknown. D e to fre ent 

intraspecies HGT, high genetic diversity is fo nd in gonococci exempli ed by the challenges 

enco ntered in vaccine development and rapidity with which AMR develops. S ch genetic 

diversity was also expected in the accessory genome, however, o r res lts showed that a small 

gene pool constit ted the accessory genome with the GGI and plasmids being the main accessory 

elements. Characterisation of the chromosomal gonococcal accessory genome revealed that it 

was highly organised consistent with retention of gene synteny despite fre ent HGT and that 

it was associated with the core genome. Therefore, the main driver of allelic variation in the 

gonococcal pop lation is the high rate of genetic exchange, whereas gene ac isition occ rs 

to a m ch lesser extent . This is evidenced by the rapid sat ration in new genes identi ed once 

a small n mber of genomes were examined, and the increase in gene diversity seen as more 

genomes were incl ded Fig re . Recombination being predominant to gene gain and loss 

has also been observed for Chlamydia trachomatis, s ggesting a typical genome constit tion 

for sex ally transmitted pathogens 4. The highly str ct red genome organization and small 

gene pool size are indicative of a fo nder effect res lting from an ancestral gonococc s rst 

transitioning to the rogenital tract, and res lting in a niche switch and a change in genome 

content that has been selected for and preserved. This co ld explain why the Neisseria gen s 

consists mostly of commensal and symbiotic species residing in the h man nasopharynx, with 

the gonococc s being n s al in that it is principally fo nd in the male and female rogenital 

tracts1.

The limited gonococcal gene pool is possibly a conse ence of the gonococc s being for 

the most part an obligate pathogen. Compared with opport nistic pathogens that are highly 

adaptable to diverse environments thro gh their extensive accessory genomes, obligate 

pathogens often have limited pangenomes, a conse ence of red ctive evol tion d e to 
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host restriction5, 5- 7. Gene sharing is also more prevalent among species that share the same 

habitat, and the gene diversity in the habitat determines the size and diversity of the species  

gene pool6,7. Species existing in diverse comm nities often have an open and highly variable 

pangenome, while “niche specialists” that exist in stable, less variable, and host-restricted 

environments have m ch smaller and more conserved pangenomes8. The gonococc s is s ch 

a host-restricted pathogen, predominantly inhabiting the h man rogenital tract and despite 

the male and female rogenital tract being different environments, the gonococc s can be 

considered a niche specialist. Pharyngeal gonococcal infections nonetheless occ r, which 

will facilitate interspecies genetic exchange between N. gonorrhoeae, N. meningitidis, and 

commensal Neisseria inhabiting the nasopharynx 8. These pharyngeal infections are considered 

to be the main driver for ptake of antibiotic resistance m tations from other Neisseria species, 

facilitated by the high prevalence of these infections in key pop lations 9. Genetic exchange 

has also been shown to occ r from gonococci to rogenital associated meningococci, of 

which increasing cases have been reported over the last decade , 1. This shows the potential 

for genetic exchange between these two Neisseria species . F rther st dies assessing the 

prevalence of gonococci and meningococci co-existing in the same environment may determine 

the likelihood of increased HGT between them.

The gonococcal accessory and core genomes were associated, indicating ancestral inheritance 

of accessory elements in certain gonococcal lineages which are conserved d ring lineage 

expansion with limited spread to other lineages. This is consistent with a previo s nding 

showing that plasmid distrib tion was lineage-associated in the gonococc s11. Similar 

str ct ring of bacterial pop lations, with strong associations between lineage and accessory 

genome content, has been fo nd in other bacterial species, incl ding Escherichia coli . This 

indicates that bacterial lineages are str ct red by both core and accessory genome content. 

Genomic elements, s ch as transposons or insertion se ences, play key roles in intra- and 

interchromosomal rearrangements 4. For example, GGI ptake is reg lated by the GGI insertion 

se ence and recombination in this region leads to GGI loss 5. F rther examination of these 

elements might inform whether lineage speci c prevalence of accessory elements is associated 

with partic lar insertion se ences. Examination of these se ences, which often contain 

repetitive regions, is challenging sing c rrent short-read se encing techni es. S ch st dies 

are foreseeable in the near f t re with the advent of cheaper and more accessible long-read 

se encing techni es.

Signi cant associations were fo nd between increased prevalence of DNA ptake and exchange 

reg lators and AMR, s ggesting a role for genetic exchange in the development or maintenance 

of AMR. This also s pports the hypothesis of certain genetic backgro nds being predisposed 

for resistance, as in the gonococc s resistance is highly associated with the core genome and 

speci c lineages are more resistant than others1 . Domenech et al. s ggested red cing the 

7
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spread of AMR by inhibiting bacterial competence 6. Important to note is that the prevalence 

indicated in this st dy is only at the gene level, whereas preg lation of DNA exchange and 

ptake sho ld be con rmed by f nctional examination at the gene expression level.

CONCLUSIONS

Despite fre ent HGT being responsible for high genetic diversity in the gonococc s, the 

gonococcal gene pool was fo nd to be small with the accessory genome consisting mainly of 

the GGI and plasmids. In addition, the gonococcal accessory genome was associated with the 

core genome, consistent with the ordered pop lation str ct re previo sly identi ed. These data 

indicate that recombination predominantly drives allelic variation and to a m ch lesser extent 

gene ac isition or loss. Increased prevalence of genes encoding DNA exchange reg lators 

in resistant gonococcal isolates s ggests that genetic material exchange may play a role in 

the development or maintenance of AMR. Understanding the role of s ch mechanisms will be 

important to limit the spread of AMR in the gonococc s. The ndings presented here enhance 

o r nderstanding of gonococcal genome architect re and have important implications for 

gonococcal pop lation biology.
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CHAPTER 7
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GC = Genome Comparator; GGI =  Gonococcal Genetic Island.
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METHE N. GONORRHOEAE ACCESSORY GENO

FIGURE S1. MINIMUM-SPANNING TREE BASED ON THE N. GONORRHOEAE CGMLST V1.0 TYPING SCHEME INCLUDING ALL 
8,013 N. GONORRHOEAE ISOLATES AVAILABLE IN PUBMLST. THE 765 ISOLATES INCLUDED IN THE REPRESENTATIVE 
SUBSET OF ISOLATES USED FOR ACCESSORY GENOME CHARACTERISATION ARE COLOURED IN BLUE. THE BLUE NODES 
ARE DISTRIBUTED THROUGHOUT THE TREE CONSISTENT WITH HETEROGENEOUS, NON-BIASED SAMPLING. THE TREE 
WAS CREATED WITH GRAPETREE AND NODES WERE POSITIONED THROUGH DYNAMIC RENDERING, MEANING THAT 
BRANCH LENGTHS ARE NOT SCALED.

7
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FIGURE S2. DETAILED WORKFLOW AND RESULTS OF EACH FILTERING STEP DURING ACCESSORY GENOME IDENTIFICATION.
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THE N. GONORRHOEAE ACCESSORY GENOME
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CHAPTER 8

In this thesis, I sed genomics to perform antimicrobial resistance AMR  s rveillance part I  

and to enhance the nderstanding of Neisseria gonorrhoeae biology part II . In this chapter, I 

rst disc ss aven es for f t re treatment of gonorrhoea in the light of the obtained D tch AMR 

s rveillance data. Second, I place the ndings abo t gonococcal biology in the context of AMR 

development and spread. Last, I disc ss important aspects of the genomic and bioinformatic 

analyses widely sed thro gho t this thesis, and I propose directions to improve genomic data 

management. 

GONORRHOEA TREATMENT IN AN ERA OF AMR

Worryingly, N. gonorrhoeae has developed resistance to all antibiotics sed for gonorrhoea 

treatment in the past, and isolates resistant to the c rrently sed antibiotic ceftriaxone have 

been reported sporadically. Since cephalosporins are antibiotics of last resort, resistance 

development forms a major threat to the treatment and control of gonorrhoea. If we are 

to s stain effective gonorrhoea treatment in the f t re, aven es to p rs e incl de the 

improvement of antimicrobial stewardship, the implementation of resistance-g ided therapy 

and the development of novel options for gonorrhoea treatment and prevention.

 

IMPROVING ANTIMICROBIAL STEWARDSHIP BY REDUCING MACROLIDE CONSUMPTION
Antimicrobial stewardship aims to improve the prescription and s bse ent se of antibiotics. 

The World Health Organisation WHO  and the E ropean International Union on Sex ally 

Transmitted Infections STIs  c rrently recommend empirical d al therapy with ceftriaxone and 

azithromycin for gonorrhoea1, . D al therapy ens res that ceftriaxone-resistant strains are still 

eliminated with azithromycin and therefore combat the spread of ceftriaxone resistance. D al 

therapy also aims to overcome the limited e cacy of ceftriaxone monotherapy for pharyngeal 

gonorrhoea cases reviewed in , which are of special interest beca se of the higher chance of 

ac iring AMR determinants thro gh exchange of genetic material with commensal Neisseria 

spp. at the oropharyngeal site4. Resistance to either ceftriaxone or azithromycin has been fo nd 

as well as sporadic cases of resistance to both antibiotics5–18. Despite the s stained transmission 

of ceftriaxone resistant strains in China, these resistant strains have not yet spread extensively 

and ceftriaxone resistance is still only rarely fo nd on a global level19. Ceftriaxone s sceptibility 

even increased d ring recent years in the Netherlands chapter 4  and in E rope , 1. 

An opposite pattern was observed for azithromycin d ring recent years, with an increasing trend 

in resistance in E rope and world-wide 1, . Remarkably, azithromycin resistance also increased 

in co ntries where gonorrhoea treatment does not incl de azithromycin, s ch as the Netherlands 

chapter 4 . The increase in resistance is pres mably d e to the widespread se of macrolides to 

treat Chlamydia trachomatis and Mycoplasma genitalium infections, non-gonococcal rethritis 
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and respiratory tract infections , 4. Macrolide cons mption is especially high in E rope and 

even higher among pop lations with high STI rates, s ch as men who have sex with men MSM  

sing pre-expos re prophylaxis PrEP 5, 6. High macrolide cons mption and s bse ent 

high macrolide expos re levels generally increase the azithromycin resistance selection 

press re, especially beca se azithromycin has a long half-life and may remain in s binhibitory 

concentrations in the body 7. This is demonstrated by the high macrolide resistance rates in 

other sex ally transmittable pathogens that are not generally treated with macrolides, s ch 

as Mycoplasma genitalium and Treponema pallidum 8– 1. D al therapy for gonorrhoea strongly 

increases macrolide cons mption and s bse ent expos re levels, especially in pop lations 

with high STI rates, thereby contrib ting to the development of resistance . Several co ntries 

c rrently recommend ceftriaxone monotherapy for gonorrhoea, which has recently been 

shown to be as effective as d al therapy for extragenital gonorrhoea – 7. To red ce macrolide 

cons mption and s bse ently slow down the development and spread of macrolide resistance, 

ceftriaxone monotherapy sho ld be considered as recommended gonorrhoea treatment in more 

co ntries, provided that ceftriaxone resistance is closely monitored.

TOWARDS RESISTANCE-GUIDED THERAPY 
The se of c rrently available antibiotics can be improved by determining antimicrobial 

s sceptibility prior to treatment. The WHO rejects an antibiotic as rst-line empirical treatment 

for gonorrhoea when the resistance prevalence exceeds the threshold of 5 8. However, at 

that point the vast majority of isolates are still s sceptible and infections with these isolates 

co ld still be s ccessf lly treated with that antibiotic, altho gh this re ires s sceptibility 

testing prior to treatment. C rrent antimicrobial s sceptibility testing strongly relies on 

the proced re of exposing p re N. gonorrhoeae c lt res to antibiotics in vitro, re iring at 

least  days. Altho gh the time-to-res lt already hampers s sceptibility-based therapy, 

this is even f rther complicated by the di c lty to c ltivate N. gonorrhoeae d e to logistic 

distances between the sample collection site and the laboratory. A faster and easier method 

for s sceptibility testing is the detection of genetic resistance determinants by n cleic acid 

ampli cation tests NAAT , referred to as resistance-g ided therapy. This concept is already 

applied for the treatment of m ltiple bacterial species, incl ding Mycobacterium tuberculosis and 

Staphylococcus aureus 9,4 . In chapter 2, an assay for resistance-g ided cipro oxacin therapy 

for N. gonorrhoeae is presented, thro gh detection of the cipro oxacin-resistance associated 

gyrA-S91F m tation. Cipro oxacin is no longer empirically sed for gonorrhoea beca se of the 

high resistance prevalence 1, . However, cipro oxacin is highly effective for gonorrhoea and 

has advantages s ch as oral administration and relatively few side effects. Several gonorrhoea 

treatment g idelines recommend the se of cipro oxacin when s sceptibility is known prior 

to treatment ,41. Using a similar assay to detect gyrA-S91 m tations in a prospective clinical 

trial, resistance-g ided cipro oxacin therapy was shown to be 1  effective for gonorrhoea 

treatment4 . This demonstrated the high potential for sing s ch assays in ro tine diagnostics 

8
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to reintrod ce previo sly sed antibiotics and s bse ently save alternative antibiotics for 

the f t re.

Resistance-g ided therapy with ceftriaxone is more challenging d e to the m ltifactorial 

and heterogeneo s nat re of the cephalosporin resistance mechanisms4 . The resistance 

mechanisms are also dynamic, with AMR determinants changing over time as lineages emerge 

and disappear, even f rther complicated by differences in dynamics among co ntries44. These 

AMR dynamics are described for the Netherlands in chapter 3, where m tations associated 

with ceftriaxone red ced s sceptibility shifted from a mosaic penA to a non-mosaic penA 

with A5 1V m tation. A Chinese st dy showed the potential of a molec lar assay to detect 

penA m tations associated with ceftriaxone red ced s sceptibility in N. gonorrhoeae, sing 

samples from a single province in China45. A Canadian st dy developed a molec lar assay to 

determine ceftriaxone s sceptibility by screening for m tations in 4 different genes ponA, 

mtrR, penA, porB 46. The assay performed well on Canadian isolates, however its speci city 

strongly red ced when incl ding isolates from different geographic locations. This showed 

that generalisation of these assays is di c lt d e to diverse geographical distrib tions of 

gonococcal strains47. Algorithms were developed to identify the combination of genetic markers 

with the highest predictive val e for ceftriaxone red ced s sceptibility, which co ld be sed 

for assay development48. However, the predictability of markers varies among isolate sets from 

different periods or different geographical locations, d e to the diversity of the mechanisms that 

mediate red ced s sceptibility chapter 3 . The mechanism for ceftriaxone resistance, instead of 

red ced s sceptibility, mostly incl ded the mosaic penA gene6–14,16–18. This co ld be d e to strong 

clonality of the ceftriaxone-resistant isolates identi ed so far. However, it co ld also s ggest a 

more homogeneo s mechanism for resistance and a higher potential for assays that discriminate 

between ceftriaxone s sceptible- and resistant isolates. This can c rrently not be validated 

beca se ceftriaxone resistant isolates are rare, however s ch assays may enable resistance-

g ided ceftriaxone therapy in the f t re. These assays sho ld then always be informed by 

contin o s AMR s rveillance to ens re that shifts in AMR determinants are not missed.

NOVEL STRATEGIES FOR GONORRHOEA TREATMENT AND PREVENTION 
Besides improving the se of c rrently available antibiotics, novel treatment options are needed 

to ens re effective gonorrhoea treatment in case ceftriaxone resistance development is 

inevitable. M ltiple clinical trials have provided evidence that alternative antibiotics or newly 

developed antibiotics may be s itable for gonorrhoea treatment. The New Antibiotic Treatment 

Options for Uncomplicated Gonorrhoea trial acronym NABOGO , performed in the Netherlands, 

and the Gentamicin for the Treatment of Gonorrhoea G-ToG  trial, performed in the UK, assessed 

the e cacy of the aminoglycoside gentamicin, either as monotherapy or with azithromycin as 

d al therapy49,5 . Gentamicin was non-inferior to ceftriaxone and therefore ns itable as rst-

line gonorrhoea treatment, b t it still has the potential to effectively treat isolated rogenital 
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gonorrhoea in case of a cephalosporin allergy. The carbapenem ertapenem was shown to be 

as effective as ceftriaxone for gonorrhoea treatment. However, ceftriaxone and ertapenem 

both belong to the β-lactam antibiotics, th s resistance to ceftriaxone might also in ence 

ertapenem s sceptibility49,51. Ertapenem ca sed strikingly more side-effects than ceftriaxone 

and the costs are signi cantly higher in most settings, both nfavo rable aspects for ertapenem 

to become the rst-line gonorrhoea treatment. A potential novel antibiotic is the DNA gyrase B 

inhibitor zoli odacin also referred to as ET 914 or A D 914 , being the rst in a new class of 

antibiotics and speci cally developed for gonorrhoea treatment5 –56. oli odacin has progressed 

from in vitro st dies to clinical trials, which showed s ccessf l treatment of rogenital and 

rectal gonorrhoea and mild side effects57,58. The estimated completion time of the phase  

clinical trial is  clinicaltrials.gov identi er: NCT 9595 7 , of which the res lts will show 

whether zoli odacin wo ld be a s itable rst-line treatment for gonorrhoea. In vitro zoli odacin 

resistance is ca sed by m tations in the gyrB gene, encoding the main target DNA gyrase B, 

however these m tations are hitherto barely fo nd in clinical isolates44,59–6 . The topoisomerase 

type II inhibitor gepotidacin is another rst-in-class antibiotic, developed for the treatment of 

rogenital tract infections and rogenital gonorrhoea. Despite its promising in vitro-activity 

and its high e cacy against rogenital gonorrhoea, resistance-ca sing m tations in gyrA, 

encoding the target DNA gyrase A, were already identi ed d ring the phase  clinical trial6 ,64. 

ParC m tations involved in cipro oxacin resistance act as stepping-stone to gepotidacin 

resistance, mediated by an additional gyrA m tation which differs from the cipro oxacin 

resistance associated gyrA m tation65. The estimated completion time of the phase  clinical 

trial is  clinicaltrials.gov identi er: NCT 4 1 5 9 , however AMR is already a concern for 

this antibiotic. 

The new antibiotics are not being developed for the treatment of pharyngeal gonorrhoea. 

Pharyngeal N. gonorrhoeae infection may be an important reservoir of ongoing N. gonorrhoeae 

transmission, hence effective treatment of these infections is essential in gonorrhoea 

control4,66. However, pharyngeal gonorrhoea is the most di c lt to treat and had the lowest 

c re rate in previo s clinical trials49,5 ,67. These low c re rates co ld be in enced by the time 

set between treatment and test-of-c re with RNA- or DNA based NAATs, as it may take longer 

to clear N. gonorrhoeae from the pharyngeal site than from rogenital or rectal sites68. A test-

of-c re after the recommended 7-14 days might therefore lead to sp rio s treatment fail res 

and lower c re rates. Treatment fail res might be f rther validated by genomic analyses, which 

provide means to separate cases of reinfection with another strain from cases of treatment 

fail re based on genomic pro les of the clinical isolates isolates sed in chapter 6 were 

obtained d ring a clinical trial and re ected treatment fail res49 . Optimisation of methods to 

identify treatment fail re might improve clinical trial o tcomes for pharyngeal gonorrhoea, 

however, a tr ly higher therapy fail re rate is expected for pharyngeal gonorrhoea compared 

to rogenital gonorrhoea beca se of s boptimal antibiotic concentrations in the pharyngeal 

8
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m cosa4. Higher antibiotic doses may therefore be needed to treat pharyngeal gonorrhoea, 

which re ires additional testing in clinical trials. 

Prevention is better than c re. Vaccines may become part of strategies to prevent N. 

gonorrhoeae transmission, since vaccines that protect against Neisseria meniningitidis 

serogro p B showed potential cross-protection to N. gonorrhoeae69,7 . Effectiveness of the 

4CMenB vaccine also referred to as Bexsero  against N. gonorrhoeae was shown to be 4  in a 

retrospective observational st dy71. A phase  clinical trial is c rrently prospectively assessing 

the e cacy of the 4CMenB vaccine against N. gonorrhoeae infection, and will be completed 

in 4 clinicaltrials.gov identi er: NCT 44154 4 . Besides, efforts are made towards the 

development of novel gonococcal vaccins, based on new insights into the imm nological 

response to a gonococcal infection7 ,7 . Estimates showed that even with an e cacy of 5 , 

vaccines co ld red ce gonorrhoea prevalence with 6  within  years, if  of the MSM wo ld 

be f lly vaccinated74. The vaccine wo ld also be cost-effective in an English p blic health setting, 

as shown by a dynamic-transmission model75. However, f rther research is needed on the roll-

o t of s ch vaccines in different settings and on the vaccine willingness in key pop lations. 

TACKLING THE DEVELOPMENT OF AMR IN N. GONORRHOEAE AND 
THE SPREAD OF RESISTANT STRAINS

Bacterial genomes are shaped thro gh selective evol tionary press re, which drives the 

ac isition and loss of genetic material re ired for environmental adaptation76. Emergence 

and disappearance of bacterial strains is driven by selective press re that gives strains with 

certain genetic characteristics tness bene t over others. Antimicrobial expos re is s ch a 

press re, with strains that ac ired resistance genes having bene t over s sceptible strains 

when exposed to antibiotics. In N. gonorrhoeae, antibiotic expos re has driven the evol tion 

towards a more clonal species with distinct strains77. Isolates of these strains have limited 

genetic diversity and mostly similar accessory genomes, as described in chapter 7. 

THE DEVELOPMENT OF AMR IN N. GONORRHOEAE 
N. gonorrhoeae has the extraordinary ability to develop AMR, either by taking p resistance 

determinants thro gh horizontal gene transfer or by de novo missense m tations. Altho gh 

the rate of de novo m tations may be low in N. gonorrhoeae, selection for resistance m tations 

can occ r after prolonged expos re to s binhibitory concentrations of an antibacterial agent, 

as shown for the antiseptic chlorhexidine78. The need for prolonged expos re is con rmed in 

chapter 6, in which is shown that ns ccessf l treatment with fosfomycin, and pres mably the 

s bse ent short-term expos re to s boptimal fosfomycin concentrations, did not res lt in 

AMR. However, once a bene cial de novo AMR-mediating m tation has occ rred, the m tation 
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may easily be transferred among gonococcal strains d e to high rates of horizontal gene transfer 

in N. gonorrhoeae. Despite intraspecies horizontal gene transfer being most fre ent in N. 

gonorrhoeae, interspecies recombination with closely related Neisseria spp. also occ rs and 

has been responsible for the ac isition of mosaic penA and mtr genes that mediate resistance 

to respectively cephalosporins and macrolides79,8 . 

THE ACQUISITION AND CONSERVATION OF AMR IN GONOCOCCAL STRAINS 
AMR determinants are strongly associated with certain gonococcal strains chapter 3 and 4 , 

s ggesting its ancestral inheritance or predisposition in certain genetic backgro nds81. Genomes 

predisposed for AMR might contain genes that drive the ac isition of AMR determinants. 

Indeed, the presence of a type IV secretion system on the gonococcal genetic island GGI , that 

enhances horizontal gene transfer, has been associated with AMR to m ltiple antibiotics8 . The 

role of genetic exchange in AMR is con rmed in chapter 7, in which associations were identi ed 

between AMR and the presence of m ltiple other accessory genes, besides the GGI, that encode 

proteins involved in genetic exchange. Resistant strains can s bse ently be conserved and 

expanded once they have a selective advantage over other strains. Some AMR determinants 

have been shown to improve gonococcal tness and are therefore likely conserved8 ,84. Other 

AMR determinants red ce tness b t can still be conserved if the tness cost is compensated 

with m tations in other genes8 ,85,86. When the tness cost is not completely compensated, 

strains with the AMR determinant may be o tcompeted by s sceptible strains once the antibiotic 

press re is red ced87.

TACKLING AMR IN N. GONORRHOEAE
The spread of gonococcal strains with red ced ceftriaxone s sceptibility has been feared 

d ring recent years. Indeed, the ceftriaxone red ced s sceptible MLST 78 7 strain emerged 

in Amsterdam between 17 and 19, as described in chapter 3. However, from 19 onwards 

an opposite trend towards higher ceftriaxone s sceptibility was observed in the Netherlands 

chapter 4  and in E rope44. This raises the estions what factors contrib te to this increase 

in ceftriaxone s sceptibility despite ceftriaxone still being sed for treatment, and what can 

be learned from this regarding the spread of AMR. 

The increase in s sceptibility has been attrib ted to the implementation of d al therapy with 

azithromycin for gonorrhoea, which sho ld prevent the spread of ceftriaxone resistant strains1. 

However, this does not explain the trend in the Netherlands, where ceftriaxone monotherapy is 

recommended 7. In vitro and in vivo st dies have shown that cephalosporin resistance comes 

with a tness cost, pres mably leading to resistant strains being o tcompeted by s sceptible 

strains once the antibiotic press re red ces85. Indeed, the antibiotic selective press re might 

have been changed d e to the increase in recommended ceftriaxone dose from . 5 gram to 

.5 or 1 gram, which appeared to be more effective and prevented the expos re to s binhibitory 

8
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concentrations1, 6, 7,88,89. As described above, a major driver of AMR development in N. gonorrhoeae 

is the expos re to s binhibitory antibiotic concentrations with interspecies recombination being 

mainly responsible for AMR development and intraspecies recombination being the facilitator of 

AMR transfer among strains. The oropharyngeal site is of partic lar importance in this regard, 

as limited antibiotic penetration towards the pharyngeal m cosa may lead to s binhibitory 

concentrations at this site. Moreover, N. gonorrhoeae mostly enco nters other commensal 

Neisseria spp. at the oropharyngeal site, facilitating interspecies recombination4. The increase 

in ceftriaxone dose and s bse ent prevention of exposing alive N. gonorrhoeae bacteria to 

s binhibitory concentrations co ld therefore have played an important role in the observed 

increase in ceftriaxone s sceptibility, as it may have blocked the spread of ceftriaxone red ced 

s sceptible strains as well as the development of novel AMR mechanisms. This demonstrates 

how dose adj stments based on pharmacokinetic and pharmacodynamic parameters co ld 

aid in tackling AMR9 . Optimised doses also contrib te to timely gonorrhoea treatment, which 

in t rn contrib tes to blocking AMR development by limiting the time for intra- and interspecies 

recombination in N. gonorrhoeae in the h man body. Shortening the d ration of infection sho ld 

also be s pported by p blic health screening programmes aiming to timely detect and treat 

asymptomatic N. gonorrhoeae infections. 

CHALLENGES IN GENOMICS AND BIOINFORMATICS

Genomics and bioinformatics analyses are widely sed thro gho t this thesis. As shown, 

genomics methodologies can be sed for a variety of research objectives, however each 

application re ires speci c analyses that come with certain considerations. Several aspects 

regarding data management and re se sho ld also be considered when performing bacterial 

genomics research. 

THE DIFFERENT LEVELS OF RESOLUTION TO DETERMINE GENETIC RELATEDNESS
Genomics analyses enable the determination of genetic relationships between bacterial 

isolates, which can inform o tbreak analyses, bacterial pop lation st dies, or transmission 

interventions. Genomics methodologies can also be applied to st dy the relationship 

between geno- and phenotype and to nravel genetic mechanisms of AMR. Whatever p rpose 

genomics methodologies may serve, the analyses mainly entail gro ping of isolates that are 

related in a certain way. The level on which relatedness can be st died varies among different 

methodologies. Typing of m ltiple genes or gene fragments provides portable and relatively 

cheap means to st dy genetic diversity in a bacterial pop lation. However, the selection of typing 

genes strongly in ences the composition of gro ps of a certain se ence type . For example, 

in chapter 6 is demonstrated that isolates with different N. gonorrhoeae M lti-Antigen Se ence 

Types NG-MAST  had nearly identical core genomes, and that NG-MAST genes of a single isolate 
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can vary over the co rse of infection, potentially d e to host imm ne press re. This typing 

scheme sho ld therefore not solely be sed in longit dinal st dies, b t rather for transmission 

st dies, which was the intended application of this scheme91. The N. gonorrhoeae M lti-Loc s 

Se ence Typing MLST  scheme is s itable to st dy pop lation dynamics9 , as shown in chapter 

3 and 4. However, in chapter 6 is shown that MLST is less s itable for transmission analyses 

beca se the low discriminatory val e wo ld yield sp rio s transmission links. Since typing 

schemes are developed to serve a certain p rpose, its resol tion for other p rposes sho ld 

always be validated. 

M ch higher resol tion is obtained with the core genome MLST cgMLST  scheme sed in 

chapter 7 , incl ding core genes that are present in nearly all N. gonorrhoeae isolates81. However, 

most isolates wo ld be separated when sing the allelic pro le of all 1668 genes incl ded in the 

scheme, beca se isolates with 1  genome identity are very rare d e to se encing errors 

already ca sing slight variation9 . To still be able to gro p isolates, core genome gro ps may be 

formed by cl stering isolates sing a certain threshold of allelic differences between them81. 

Using a threshold of 4  allelic differences between isolates in a cl ster res lted in stable 

core genome gro ps. This core genome gro ping has a dynamic nat re beca se sing another 

threshold will yield different gro ps. It is therefore important to clearly state the sed thresholds 

in research reports for correct data interpretation and to enable comparison between st dies.

Whole-genome se encing WGS  and s bse ent Single-N cleotide Polymorphism SNP  

analyses provide even higher resol tion by comparing the whole genome, incl ding the 

intergenic regions. Its high resol tion is promising for transmission analyses, however the 

de nition of a SNP threshold for transmitted isolates is a major challenge, as SNP distances 

depend on the methods sed for SNP distance determination, the bacterial species nder 

st dy and the time between sampling of the compared isolates94,95. The comparative analyses 

of extended-spectr m β-lactamase-prod cing Escherichia coli ESBL-Ec  isolates in chapter 5 

sed a threshold of 5 SNPs to identify isolates that were potentially transmitted between st dy 

participants. This threshold was previo sly de ned when st dying long-term E.coli carriage in 

international travellers, with persistent strains differing 5 SNPs96. Remarkably, this st dy also 

identi ed isolates with 5 SNPs in nrelated travellers between whom transmission was very 

nlikely, and these isolates all belonged to a highly clonal E.coli s btype. This ill strated that 

SNP thresholds can even differ between s btypes of a bacterial species, and that SNP distances 

sho ld always be interpreted in context of the expected genetic diversity in the st dy pop lation 

and the epidemiological metadata. 

There is ongoing debate on whether or not to mask recombination before comparing genomes. 

For bacterial species with high recombination rates, s ch as N. gonorrhoeae, recombination 

events can lead to high SNP co nts between otherwise closely related bacterial isolates, 

8
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whereas masking recombination co ld lead to sp rio s cl stering of isolates95. Recombination 

was masked when calc lating the SNP distances between N. gonorrhoeae isolates in chapter 

6, and a SNP threshold of 1  recombination ltered SNPs was de ned for indisting ishable 

isolates, either representing a persistent N. gonorrhoeae infection over time or an infection 

with a single N. gonorrhoeae strain on m ltiple anatomical locations. Isolates from different 

individ als with 1  recombination ltered SNPs s ggested N. gonorrhoeae transmission 

between individ als. In chapter 4, N. gonorrhoeae isolates were compared that were obtained 

d ring two periods in time at the Center for Sex al Health of Amsterdam, which showed that the 

majority of isolates belonging to the MLST 9 6  strain, which emerged d ring the st dy period, 

differed 1  recombination ltered SNPs. As it is impossible that this high n mber of isolates 

have all been directly transmitted between individ als, isolates with s ch high similarity might 

also be part of a transmission network. Therefore, additional epidemiological data are needed 

to con rm that a direct transmission event has taken place. When epidemiological data are 

navailable, SNP analyses might preferably be sed to r le o t transmission events instead of 

to identify them. 

DATA AVAILABILITY
The wide se of genomics in bacterial research strongly increased the amo nt of available 

genomic se ence data. This asked for a good data infrastr ct re that enabled re sability 

of data within the research comm nity. FAIR principles were introd ced to improve data 

management and stewardship, by stating that data sho ld be Findable, Accessible, Interoperable 

and Re sable97. Several platforms for bacterial genomic data have been developed that 

adhere to these principles, thereby enabling the s mmary and comparison of data on a large 

scale. Examples are the P bMLST, Enterobase and Pathogenwatch platforms, which contain 

searchable p blic databases of se ences with corresponding metadata that can be viewed and 

analysed in a ser-friendly way98–1 . P blic N. gonorrhoeae isolates from the P bMLST database 

were sed for comparative analyses in chapter 3 and 7, as well as p blic E.coli isolates from 

Enterobase in chapter 5. Maintenance of s ch databases is very important to keep high data 

ality, however this is ite labo r-intensive and therefore re ires time-investment. Since 

time is money, more dedicated f nding sho ld become available to s pport research instit tes 

in s ch practices and s bse ently s pport the research comm nity to improve data se. 

Besides, databases are only sef l when there is s cient data in it, which re ires effort 

from all researchers who are prod cing data. With p blication of research articles, good ality 

raw se ence data with corresponding metadata sho ld always be made p blic to enable 

re se. Scienti c jo rnals and research f nding bodies increasingly demand for p blication 

of raw se ence data, however the way of p blication is not always reg lated. For instance, 

corresponding metadata might not be p blished and raw se ence data witho t metadata is 

often seless and do not align with FAIR principles. Since the role of se ence data will be 

increasingly important in the f t re, the FAIR principles need to be f rther implemented in 
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bacterial genomics research. Despite researchers having the primary responsibility for FAIR 

data se, scienti c jo rnals and research f nding bodies can aid in its reg lation.

 

ISOLATE SELECTION
Correct sample selection is essential in good research practice. The selection of bacterial 

isolates for WGS has a major impact on the st dy o tcomes and sho ld therefore be caref lly 

considered. The  selection of isolates for chapter 3 was based on ceftriaxone s sceptibility, 

in order to identify genetic AMR determinants for red ced ceftriaxone s sceptibility. This 

collection th s contains a disproportionately high n mber of ceftriaxone red ced s sceptible 

that do not re ect the prevalence of ceftriaxone red ced s sceptible isolates in the MSM 

pop lation of Amsterdam. Since m ch research is foc sed on AMR, prioritisation of AMR isolates 

for se encing often occ rs in research settings. P blishing of s ch isolate sets leads to a 

general overrepresentation of AMR isolates in p blic databases, which is important to take 

into acco nt when sing p blic data. A completely different selection method based on date 

of isolation was sed in chapter 4, to investigate time-dependent changes in the gonococcal 

pop lation d ring the COVID-19 pandemic. The isolate selection solely represented the 

gonococcal pop lation d ring the st dy periods, and additional se ence data wo ld be needed 

to p t these isolates in a wider context. Th s, conditions for initial selection of isolates sho ld 

be considered when re sing these isolate sets. 

A lack of genomic data from speci c s bpop lations can also in ence isolate selections and 

s bse ently, in ence st dy o tcomes. In chapter 5, the E.coli isolates of D tch MSM were 

compared to p blicly available isolates to validate the identi ed p tative transmission events. 

Isolates involved in p tative transmission belonged to a certain type that was very rarely fo nd in 

the Netherlands before, according to the p blic database. However, d e to pop lation sampling 

not being done on a reg lar basis, data on circ lating E.coli strains in the Netherlands might be 

incomplete in p blic databases. For s rveillance st dies in general, this means that concl sions 

abo t the prevalence of certain types are valid with the available data at that moment, altho gh 

they co ld change when additional data becomes available. 

Also, genomic data from low- and middle-income co ntries is mostly lacking in p blic databases 

d e to the limited reso rces for genomic se ences in these co ntries1 1. This sho ld be taken 

into acco nt when st dying AMR, as low- and middle-income co ntries are disproportionately 

b rdened by AMR b t genomic AMR data are mostly navailable1 ,1 . Comparative analyses 

of p blicly available N. gonorrhoeae isolates from the P bMLST database were performed in 

chapter 7, to identify the gonococcal accessory genome, which consisted of genes present in 

95  of isolates in the database. The P bMLST database mainly contains N. gonorrhoeae isolates 

from high-income co ntries, whereas certain AMR determinants or genomic elements might 

occ r more often in strains circ lating in low- and middle income co ntries, d e to differences 

in antibiotic or environmental press res. For example, the tetracycline resistance-mediating 

8
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tetM plasmid was signi cantly more prevalent in N. gonorrhoeae strains from low- and middle 

income co ntries1 4. As a res lt, the accessory genome identi ed in chapter 7 might not be the 

de nitive accessory genome, since additional data from nst died gonococcal pop lations co ld 

potentially add hitherto nde ned accessory genes to it. Additionally, genetic elements can be 

incorporated into the genome in the f t re to adapt to environmental press res that have not 

been applied before76. The composition of the N. gonorrhoeae pangenome might therefore differ 

among different isolate sets, th s instead of de ning a strictly separated core- and accessory 

genome, the pangenome sho ld rather be considered somewhat dynamic1 5. 

REPRODUCIBILITY OF BIOINFORMATIC ANALYSES 
The need for comp tational algorithms for genomic data analyses grew in parallel with the 

increase in se ence data. A m ltit de of bioinformatics tools are available now to address 

scienti c estions, of which the majority has been developed by the research comm nity. Since 

many microbial bioinformaticians are microbiologists by training and had no extensive training 

in software engineering, good practices for software engineering are not yet widely adopted 

within the comm nity. For example, contin o sly testing the f nctionality of software prevents 

comp tational errors and strongly improves software reprod cibility and s stainability, however 

this practice is not widely applied1 6. As a res lt, a major concern is the lack of reprod cibility 

of comp tational analyses with the same software1 7. Reprod cibility is also hampered by 

scientists not p blishing the code of their analyses pipelines, thereby not enabling others to 

repeat their analyses with the exact same parameters. In an attempt to overcome this problem, 

many open-so rce pipelines have been p blished that in theory enable instant data analyses and 

can easily be shared between scientists examples are Gen Epi, Bactopia, rMAP and CABgen1 8–

111 . However, sing these pipelines is often more challenging in practice, for example d e to 

di c lt software installation that re ires many dependencies or deprecation of incl ded 

software. These pipelines are also developed for a speci c p rpose or bacterial species and 

might still need some adaptation, which in t rn re ires bioinformatics skills. Since the role of 

bioinformatics will only increase in the f t re, dedicated training sho ld become more available 

for scientists and sho ld form a basic part of ed cational programmes11 . 

CONCLUDING REMARKS

Despite the expectation that AMR will keep evolving in N. gonorrhoeae in the f t re, this 

development may be slowed down by red cing the cons mption of c rrent rst-line antibiotics 

or by reintrod cing previo sly sed antibiotics, s ch as cipro oxacin. For the latter p rpose, 

molec lar methods to rapidly test for s sceptibility prior to treatment need to be developed, 

informed by contin o s genomic AMR s rveillance to ens re that AMR dynamics are not missed. 

Clinical trials with the novel antibiotic zoli odacin for rogenital and rectal gonorrhoea treatment 



213

GENERAL DISCUSSION

yield hopef l res lts, however the need for novel treatment options for pharyngeal gonorrhoea 

remains. Management of pharyngeal gonorrhoea is essential since pharyngeal gonorrhoea 

is a potential reservoir of ongoing N. gonorrhoeae transmission as well as the main driver of 

AMR development. F rther research is needed on pharmacokinetic and pharmacodynamic 

parameters of antibiotics in the oropharynx and how antibiotic doses sho ld be optimised for 

effective treatment of pharyngeal gonorrhoea. In addition, p blic health interventions sho ld 

foc s on timely treatment by excessively screening pop lations at high risk for pharyngeal 

gonorrhoea. 

Genomics analyses may s pport f t re research on AMR in N. gonorrhoeae in m ltiple ways. 

As shown in this thesis, genomics analyses enable the identi cation of AMR mechanisms 

and provide means to perform genomic AMR s rveillance, which informs abo t gonococcal 

pop lation- and AMR dynamics. Genomics analyses also aid in improving the nderstanding 

of processes involved in AMR development and spread. The obtained knowledge co ld inform 

p blic health interventions targeting key pop lations for AMR or to develop molec lar tests that 

enable rapid AMR detection in ro tine diagnostics and that s bse ently facilitate individ alised 

treatment. The choice of genomics methodology largely depends on the st dy objective and 

on st dy parameters, s ch as the species and pop lation nder st dy. However, in general, 

genomic data only act as s pplement to st dies and sho ld always be interpreted together with 

corresponding epidemiological metadata. 

8
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SUMMARY

GENOMICS APPROACHES FOR CHARACTERISING AND TRACKING 
ANTIMICROBIAL RESISTANCE IN NEISSERIA GONORRHOEAE

The bacteri m Neisseria gonorrhoeae, the gonococc s, ca ses the sex ally transmittable 

infection STI  gonorrhoea, one of the most prevalent STIs world-wide. Treatment and control 

of gonorrhoea is c rrently threatened by antimicrobial resistance AMR , since N. gonorrhoeae 

has developed resistance to all antibiotics formerly sed for gonorrhoea treatment. Resistance 

to the c rrently sed antibiotic ceftriaxone has already been detected, albeit very rarely. To 

prevent the spread of antimicrobial-resistant N. gonorrhoeae strains, AMR s rveillance is 

indispensable. AMR s rveillance can be s pplemented by genomics to identify and track 

genetic AMR determinants. Part I of this thesis contains genomics approaches to perform AMR 

s rveillance on a national level in the Netherlands. Similar genomics approaches are sed in 

part II, for the p rpose of gaining novel insights in gonococcal biology. 

In chapter 1, several aspects of gonorrhoea are introd ced, and the history of antimicrobial 

treatment of gonorrhoea and the associated genetic mechanisms of resistance are s mmarised. 

The genomics methodologies and bioinformatic analyses that are sed thro gho t this thesis 

are also introd ced in this chapter. Molec lar typing is described as a tool to st dy genetic 

diversity among bacterial pop lations based on se ences of genes or gene fragments. Whole-

genome se encing WGS  has a considerably higher resol tion and can be sed for comparative 

analyses on a gene-by-gene level or a single n cleotide polymorphism SNP  level. 

PART I:  
USING GENOMICS FOR ANTIMICROBIAL RESISTANCE SURVEILLANCE

A MOLECULAR ASSAY TO DETERMINE N. GONORRHOEAE FLUOROQUINOLONE 
SUSCEPTIBILITY 

Recommendations for the treatment of bacterial infections change according to resistance 

prevalence. In the past, gonorrhoea was effectively treated with the oro inolone 

cipro oxacin, which has advantages over other antibiotics s ch as oral administration and 

relatively few side effects. Cipro oxacin was eliminated as recommended gonorrhoea treatment 

when oro inolone-resistant N. gonorrhoeae strains emerged. However, still a considerable 

proportion of N. gonorrhoeae strains is s sceptible to cipro oxacin and infections with 

s sceptible strains co ld still be treated with this antibiotic. This wo ld re ire s sceptibility 

testing prior to treatment, which is impossible with c rrent c lt re-based s sceptibility 

tests that re ire at least  days. In chapter 2, a PCR assay for sim ltaneo s detection of 

N. gonorrhoeae and the cipro oxacin resistance-mediating m tation gyrA-S91F is eval ated. 
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We s ggest implementation of this PCR assay in ro tine diagnostics for oro inolone-

s sceptibility testing after N. gonorrhoeae detection with the c rrently sed TMA assay, as 

this has a higher detection sensitivity. Besides enabling resistance-g ided prescription of 

cipro oxacin, the PCR assay also provides oro inolone s sceptibility testing for samples 

that cannot be c ltivated and thereby aids in AMR s rveillance.

CEFTRIAXONE REDUCED SUSCEPTIBLE N. GONORRHOEAE STRAINS IN AMSTERDAM
The c rrently sed antibiotic ceftriaxone is the last remaining treatment option for gonorrhoea, 

th s ceftriaxone resistance s rveillance is of great importance. Ro tine ceftriaxone 

s sceptibility testing had shown an increase in ceftriaxone red ced s sceptible isolates 

between 14 and 19 in Amsterdam. Typing of the gene encoding the primary ceftriaxone 

target penA gene  had led to the identi cation of the mosaic penA gene as the initial ca se of 

the red ced ceftriaxone s sceptibility among the gonococcal pop lation in Amsterdam, which 

later changed to a non-mosaic penA gene with A5 1 m tation. In chapter , previo s data is 

s pplemented with WGS data to f rther el cidate AMR dynamics in the Amsterdam gonococcal 

pop lation. All ceftriaxone red ced s sceptible isolates minim m inhibitory concentration 

MIC  . 64 mg L  obtained  between 14 and 19 were genetically characterised, as well 

as a random selection of ceftriaxone s sceptible isolates from the same time period. Previo s 

observations regarding the change in penA represented a shift in ceftriaxone red ced 

s sceptible N. gonorrhoeae strains over time from MLST 19 1 with mosaic penA to MLST 7 6  

and more recently to MLST 78 7, both with a non-mosaic penA with A5 1 m tation. Additional 

porB1b m tations were fre ently fo nd among ceftriaxone red ced s sceptible isolates. 

The ceftriaxone red ced s sceptible MLST 78 7 strain with penA A5 1V and porB1b G1 K

A1 1D m tations emerged in Amsterdam between 17 and 19. The MLST 78 7 strain had 

also emerged in Norway, and D tch and Norwegian MLST 78 7 isolates strongly cl stered on a 

WGS level, s ggesting extensive spread of the strain in E rope. This demonstrated the need for 

contin o s AMR s rveillance to detect changes in AMR mechanisms over time.

GONOCOCCAL POPULATION DYNAMICS DURING THE FIRST COVID-19 LOCKDOWN IN 
AMSTERDAM

An pdate on the genomic s rveillance of N. gonorrhoeae is given in chapter 4, in which the 

N. gonorrhoeae pop lation dynamics were investigated d ring the rst COVID-19 lockdown 

in Amsterdam in . A previo s st dy had shown a temporary red ction in the n mber of 

cas al sex partners reported by clients of the Centre for Sex al Health CSH  in Amsterdam 

d ring the lockdown. This behavio ral change might also have in enced STI transmission 

networks and might s bse ently have changed the composition of sex ally transmittable 

bacteria pop lations. In this chapter, the genotypic and phenotypic characteristics were 

compared of the N. gonorrhoeae pop lation in Amsterdam before between Jan ary 15th and 

Febr ary 9th  and d ring between May 15th and J ne th  the rst lockdown. 
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The composition of the gonococcal pop lation changed, with a shift from the MLST 8156 strain 

being slightly predominant before lockdown to the vastly predominant MLST 9 6  strain d ring 

lockdown. The MLST 9 6  carried mosaic mtr genes associated with azithromycin resistance 

and had no m tations associated with ceftriaxone red ced s sceptibility, which explains the 

observed increase in azithromycin resistance and the higher ceftriaxone s sceptibility d ring 

the lockdown. The high genetic similarity of MLST 9 6  isolates showed that this strain clonally 

expanded in Amsterdam, s ggesting local transmission of this strain d ring the lockdown. 

This chapter demonstrated the conse ences of p blic health meas res for the pop lation 

dynamics of infectio s diseases, s ch as gonorrhoea, which sho ld be taken into acco nt when 

performing s rveillance.

GENOMIC SURVEILLANCE OF EXTENDED-SPECTRUM CEPHALOSPORIN-RESISTANT 
ESCHERICHIA COLI

Similar genomic methodologies were applied to the s rveillance of extended-spectr m 

β-lactamases ESBL -prod cing Escherichia coli ESBL-Ec , resistant to extended-spectr m 

cephalosporins. E.coli is an opport nistic h man pathogen that can ca se rinary tract 

infections or gastrointestinal symptoms, b t is mainly asymptomatically carried in the intestines. 

Since ESBL genes can be horizontally transferred between different bacterial species not 

towards Neisseriaceae , circ lation of ESBL genes are of great relevance to AMR s rveillance. 

A previo s D tch st dy had identi ed a strikingly higher carriage of ESBL-Ec among men who 

have sex with men MSM  participating in the Amsterdam Cohort St dies 16. , compared to 

the general D tch pop lation 8.6 . In chapter 5, ESBL-Ec isolates obtained from MSM were 

genetically characterised and it was investigated whether the increased ESBL-Ec prevalence 

co ld be explained by transmission between st dy participants. Genomic characterisation 

showed that the majority of isolates belonged to the globally expanded MLST 1 1 lineage. 

P tative transmission cl sters were identi ed based on genomic similarity between isolates. 

Two p tative transmission cl sters contained MLST 14 and MLST 94 isolates, which are strains 

very rarely fo nd in p blic data. The identi cation of these strains in m ltiple participants, with 

very low genetic distance between them, s pported potential ESBL-Ec transmission between 

MSM in Amsterdam. This implies that ESBL-Ec infection sho ld be considered when sex ally 

active MSM present with symptoms associated with E.coli infection.

PART II: 
USING GENOMICS TO UNDERSTAND GONOCOCCAL BIOLOGY

ENHANCING THE UNDERSTANDING OF N. GONORRHOEAE INFECTION DYNAMICS
Genetic variation that occ rs in N. gonorrhoeae d ring an infection can inform abo t the 

processes involved in infection. In chapter 6, within-host genetic variation was assessed over 

the co rse of infection by comparing M lti-Loc s Se ence Types MLST , NG-M lti Antigen 
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Se ence Types NG-MAST  and NG-Se ence Types for Antimicrobial Resistance NG-STAR  

and recombination ltered- and n ltered SNP distances between paired isolates from a single 

individ al from consec tive time points or from m ltiple anatomical locations at a single time 

point. Comparisons showed that isolates with different typing pro les also had high SNP 

distances, whereas low SNP distances were fo nd between isolates with similar pro les or 

with a different NG-MAST only. Isolates from a single patient were highly similar, with only p to 

1  recombination ltered SNPs difference. The genetic variation observed d ring infection was 

concentrated in genomic regions that encode hypervariable proteins nder imm ne press re, 

demonstrating that the h man imm ne response is the main driver of genetic variation in N. 

gonorrhoeae d ring infection. N. gonorrhoeae isolates from different patients co ld also differ 

in less than 1  recombination ltered SNPs, indicating cases of transmission between patients. 

This showed that genetic variation alone cannot always disting ish between a persistent and a 

transmitted infection, th s additional patient reported metadata are needed. Knowledge on the 

extent of genetic variation that co ld occ r within a patient or between patients may be applied 

in the p blic health setting, for instance when sing genomics data to identify transmission 

networks. 

ENHANCING UNDERSTANDING OF GONOCOCCAL POPULATION BIOLOGY
The bacterial pangenome consist of a core genome, containing genes essential for s rvival 

and present in all isolates of a bacterial species, and an accessory genome, consisting of 

genes that are present in only a s bset of isolates as these provide exibility to the bacteri m 

for environment- or host adaptation. The gonococcal accessory genome contains plasmids 

associated with AMR, however, the chromosomally encoded gonococcal accessory genome and 

its role in AMR was hitherto nde ned. In chapter 7, the chromosomally encoded gonococcal 

accessory genome was characterised by performing gene-by-gene comparative analyses 

on N. gonorrhoeae genomes p blicly available in the P bMLST database. A small accessory 

genome was identi ed containing 47 genes that were mainly located on known large mobile 

genetic elements, s ch as plasmids. Prevalence of accessory genes was associated with certain 

core genome types, indicating that the gonococcal pop lation str ct re is ordered with either 

predisposition for accessory elements in certain lineages or ancestral inheritance of accessory 

elements and its conservation d ring strain expansion. Associations were fo nd between AMR 

and accessory genes encoding DNA exchange proteins, indicating that the exchange of genetic 

material plays an important role in the development or maintenance of AMR.  

In chapter 8, an overview of the insights obtained in this thesis is given and recommendations 

for f t re research are provided. Based on the res lts in this thesis and on recent literat re, 

it is expected that AMR in N. gonorrhoeae will contin e to develop in the f t re. To slow AMR 

development down, the cons mption of c rrently sed antibiotics co ld be red ced and 

previo sly sed antibiotics co ld be reintrod ced for infections with s sceptible strains. F t re 
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research sho ld foc s on the development of molec lar tests that enable s sceptibility testing 

prior to treatment, and these tests sho ld be contin o sly informed by AMR s rveillance data. 

Research on gonorrhoea vaccines and on novel antibiotics for gonorrhoea treatment is still 

necessary, especially for pharyngeal gonorrhoea. C rrent antibiotic dose regimen might be 

s b-optimal for pharyngeal gonorrhoea treatment and s bse ently facilitate AMR development 

at the oropharyngeal site. Therefore, f t re research sho ld foc s on optimisation of antibiotic 

dose regimen for pharyngeal gonorrhoea based on pharmacokinetic and pharmacodynamic 

parameters. Genomics methodologies can s pplement AMR research by providing means for 

genomic AMR s rveillance as well as to improve nderstanding of processes involved in AMR 

development and spread. As the choice of genomics methodology largely depends on the st dy 

objectives and on st dy parameters, transparency abo t the sed software and thresholds is 

important in genomics research. Scientists sho ld therefore always p blish raw se ence data 

and bioinformatic pipelines in p blic databases, for which maintenance sho ld be s pported 

by dedicated f nding.
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GENOOMANALYSES OM ANTIBIOTICARESISTENTIE IN NEISSERIA 
GONORRHOEAE TE KARAKTERISEREN EN TE VOLGEN

De bacterie Neisseria gonorrhoeae, de gonokok, veroorzaakt de seks eel overdraagbare 

aandoening SOA  gonorroe, wereldw d een van de meest voorkomende SOA s. Behandeling 

en beheersing van gonorroe wordt momenteel bedreigd door antibioticaresistentie ABR . 

N. gonorrhoeae heeft namel k resistentie ontwikkeld tegen alle antibiotica die voorheen 

gebr ikt werden voor de behandeling van gonorroe, en ook resistentie tegen het h idige 

antibiotic m ceftriaxon is de laatste jaren al sporadisch gedetecteerd. Om de verspreiding van 

antibioticaresistente N. gonorrhoeae te voorkomen, is het noodzakel k om ABR te monitoren. 

Dit kan worden onderste nd met genoomanalyses, welke het mogel k maken om genetische 

determinanten voor ABR te detecteren en te volgen. Deel I van dit proefschrift beschr ft 

genoomanalyses voor het monitoren van ABR binnen Nederland. Vergel kbare genoomanalyses 

z n gebr ikt in deel II, met het doel om nie we inzichten te verkr gen in de biologie van de 

gonokok. 

In hoofdstuk 1 worden verschillende aspecten van gonorroe ge ntrod ceerd en dit hoofdst k 

bevat een samenvatting van de tot op heden gebr ikte antibiotica voor gonorroe met de 

b behorende genetische resistentiemechanismen. Ook worden de voor dit proefschrift 

gebr ikte genoomanalyses en bioinformatica-analyses ge ntrod ceerd. Molec lair 

typeren wordt beschreven als mogel kheid om genetische diversiteit in bacteriepop laties 

te best deren, waarb  gebr ik gemaakt wordt van se enties van bepaalde genen of 

genfragementen. Volledige genoomanalyses whole-genome sequencing  hebben een aanzienl k 

hogere resol tie en k nnen worden gebr ikt voor het vergel ken van genomen op gen-nivea  

of op n cleotide-nivea . 

DEEL I:  
GENOOMANALYSES OM ANTIBIOTICARESISTENTIE TE MONITOREN

EEN MOLECULAIRE TEST OM FLUOROQUINOLONEN-GEVOELIGHEID VAN N. GONORRHOEAE 
TE BEPALEN 

Behandelrichtl nen voor bacteri le infecties worden opgesteld op basis van ABR prevalentie. In 

het verleden werd gonorroe effectief behandeld met cipro oxacine, behorend tot de antibiotica 

klasse oro inolonen. Cipro oxacine heeft voordelen ten opzichte van andere antibiotica, 

zoals orale toediening en relatief weinig b werkingen. Toen oro inolonen-resistente N. 

gonorrhoeae stammen sterk opkwamen, werd cipro oxacine niet langer aangeraden als 
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behandeling. Een aanzienl k deel van de N. gonorrhoeae stammen is echter nog gevoelig 

voor cipro oxacine en infecties met deze gevoelige stammen zo den nog behandeld k nnen 

worden met cipro oxacine. Dit vereist wel dat de gevoeligheid wordt bepaald voorafgaand aan 

de behandeling, wat onmogel k is met de h idige kweek-gebaseerde gevoeligheidsbepalingen 

die minimaal  dagen d ren. In hoofdstuk 2 is een molec laire test polymerase chain reaction  

PCR  ge val eerd voor gel kt dige detectie van N. gonorrhoeae en de cipro oxacine-resistentie 

veroorzakende m tatie gyrA-S91F. We stellen voor om deze PCR-test te implementeren in de 

ro tinediagnostiek voor oro inolonen- gevoeligheidsbepaling van monsters waarin N. 

gonorrhoeae reeds is gedetecteerd met de h idige detectiemethode transcription-mediated 

ampli cation; TMA , aangezien deze een hogere sensitiviteit heeft voor N. gonorrhoeae 

detectie. Naast dat de snellere oro inolonen-gevoeligheidsbepaling het voorschr ven 

van cipro oxacine weer mogel k maakt, voorziet de PCR-test ook in oro inolonen-

gevoeligheidsbepalingen van niet-kweekbare monsters en daarmee onderste nt deze test 

het monitoren van ABR. 

CEFTRIAXON VERMINDERD-GEVOELIGE N. GONORRHOEAE STAMMEN IN AMSTERDAM 
Het h idige antibiotic m ceftriaxon is de laatste beschikbare behandelmogel kheid voor 

gonorroe en daarom is het van groot belang om ceftriaxon-resistentie contin  te monitoren. 

Ro tinematige ceftriaxon-gevoeligheidsbepalingen lieten een toename zien in het aantal N. 

gonorrhoeae isolaten met verminderde gevoeligheid voor ceftriaxon t ssen 14 en 19 in 

Amsterdam. Het typeren van het gen dat codeert voor het aangr pingsp nt van ceftriaxon penA 

gen  had itgewezen dat de verminderde ceftriaxon-gevoeligheid in de eerste instantie werd 

veroorzaakt door een mozaïek penA gen st kken van het penA gen z n hierin verwisseld met 

het penA gen van een gerelateerde bacterie . Later veranderde het penA gen van ceftriaxon 

verminderd-gevoelige isolaten naar een niet-mozaïek gen met een A5 1 m tatie. In hoofdstuk 

3 is deze versch iving in ABR mechanisme in meer detail onderzocht door middel van volledige 

genoomanalyses. Alle isolaten met verminderde gevoeligheid voor ceftriaxon verkregen t ssen 

14 en 19 z n genetisch gekarakteriseerd, evenals een willeke rige selectie ceftriaxon-

gevoelige isolaten van dezelfde t dsperiode. De eerdere observatie van de versch iving in het 

penA gen bleek een versch iving in ceftriaxon verminderd-gevoelige N. gonorrhoeae stammen 

over de t d: van het mozaïek penA gen bevattende type MLST  19 1 naar MLST 7 6  en recent 

naar MLST 78 7, beide met een niet-mozaïek penA gen met een A5 1 m tatie. Ook m taties 

in het porB1b gen kwamen veelv ldig voor onder ceftriaxon verminderd-gevoelige stammen. 

De ceftriaxon verminderd-gevoelige MLST 78 7 stam met penA A5 1V en porB1b G1 K A1 1D 

m taties kwam op in Amsterdam t ssen 17 en 19. Ook in Noorwegen kwam deze stam op in 

deze t dsperiode en de genomen van Noorse en Nederlandse isolaten van dit type waren vr wel 

identiek, wat s ggereerde dat deze stam circ leerde in E ropa. Dit benadr kt het belang van het 

contin  monitoren van ABR om versch ivingen in ABR mechanismen over de t d te detecteren.
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DE DYNAMIEK VAN DE GONOKOKKENPOPULATIE IN AMSTERDAM TIJDENS DE EERSTE 
COVID-19 LOCKDOWN

Een pdate van het monitoren van N. gonorrhoeae is gegeven in hoofdstuk 4, waarin de 

dynamiek van N. gonorrhoeae stammen wordt beschreven t dens de eerste COVID-19 lockdown 

in Amsterdam in . Een eerdere st die had laten zien dat bezoekers van het Centr m voor 

Seks ele Gezondheid CSG  in Amsterdam t dens de lockdown t del k minder losse sekspartners 

rapporteerden. Deze gedragsverandering heeft mogel k ook invloed gehad op de verspreiding 

van SOA s en daardoor mogel k ook op pop laties seks eel overdraagbare bacteri n. In dit 

hoofdst k vergeleken we de genotypische en fenotypische karakteristieken van N. gonorrhoeae 

stammen van voor t ssen 15 jan ari en 9 febr ari  en t dens 15 mei en  j ni  de 

eerste lockdown. De samenstelling van de gonokokkenpop latie veranderde: terw l de MLST 

8156 stam licht dominant was voor de lockdown, was de MLST 9 6  stam dat overd idel k t dens 

de lockdown. Deze MLST 9 6  stam droeg m taties in mtr genen, welke geassocieerd z n met 

azitromycine-resistentie. M taties die verband ho den met verminderde gevoeligheid voor 

ceftriaxon werden niet gevonden in deze stam. De opkomst van deze stam res lteerde daarom 

in meer azitromycine-resistentie en een hogere ceftriaxon gevoeligheid t dens de lockdown. 

De volledige genomen van de MLST 9 6  isolaten waren vr wel identiek, hetgeen erop wees 

dat deze stam klonaal is verspreid binnen Amsterdam t dens de lockdown, mogel k door lokale 

transmissie. Dit hoofdst k laat zien dat p blieke gezondheidsmaatregelen gevolgen k nnen 

hebben voor de dynamiek van infectieziekten zoals gonorroe, en dat hiermee rekening geho den 

moet worden b  het monitoren ervan.

HET MONITOREN VAN ANTIBIOTICARESISTENTE ESCHERICHIA COLI 
Vergel kbare genoomanalyses z n toegepast op het monitoren van extended-spectrum 

β-lactamases ESBL  prod cerende Escherichia coli bacteri n, welke resistent z n tegen 

extended-spectrum cefalosporines. ESBL-dragende E. coli ESBL-Ec  is een ziekteverwekker 

die blaasontsteking of darmklachten kan veroorzaken, maar vaak in de darmen wordt gedragen 

zonder dat er symptomen optreden. Omdat ESBL genen k nnen worden itgewisseld t ssen 

verschillende bacteriesoorten en daardoor breed ABR k nnen veroorzaken hoewel niet in de 

Neisseriaceae familie , is het iterst relevant om de circ latie van deze genen te monitoren. Een 

eerdere Nederlandse st die had meer ESBL-Ec gevonden in een groep mannen die seks hebben 

met mannen MSM  die deelnemen aan de Amsterdam Cohort St dies 16.  vergeleken met 

de algemene Nederlandse pop latie 8.6 . In hoofdstuk 5 z n de genetische karakteristieken 

van de ESBL-Ec isolaten van MSM in kaart gebracht en is onderzocht of de verhoogde ESBL-

Ec prevalentie mogel k verklaard kon worden door transmissie t ssen cohort deelnemers. 

Volledige genoomanalyses lieten zien dat de meeste ESBL-Ec isolaten behoorden tot de 

wereldw d verspreide MLST 1 1 stam. Indien volledige genomen van ESBL-Ec isolaten vr wel 

identiek waren, werd dit gede nieerd als mogel ke transmissie. Onder andere waren de MLST 

14 en MLST 94 stammen betrokken b  mogel ke transmissie en deze stammen z n na wel ks 
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gevonden in p blieke data. Het feit dat w  deze stammen hebben gevonden in meerdere 

deelnemers en dat de isolaten genetisch vr wel identiek waren, onderbo wt de mogel kheid 

van ESBL-Ec transmissie t ssen deelnemers. Dit betekent dat ESBL-Ec infectie overwogen zo  

moeten worden in het geval dat seks eel actieve MSM symptomen hebben die mogel k verband 

hebben met een E. coli infectie.

DEEL II:  
GENOOMANALYSES OM DE BIOLOGIE VAN DE GONOKOK  
BETER TE BEGRIJPEN

HET VERLOOP VAN EEN N. GONORRHOEAE INFECTIE BETER BEGRIJPEN
Het in kaart brengen van de genetische variatie die optreedt in N. gonorrhoeae t dens een 

infectie kan inzicht geven in de processen die een rol spelen in het verloop van de infectie. In 

hoofdstuk 6 z n de genomen vergeleken van N. gonorrhoeae isolaten die verkregen z n van 

eenzelfde lichaamslocatie van een pati nt op meerdere t dstippen verkregen in het geval 

van behandelfalen t dens een klinische st die , of van verschillende lichaamslocaties op n 

t dstip. Van deze isolaten z n gense enties behorende tot veelgebr ikte typeringsschema s 

vergeleken, evenals de volledige genomen op n cleotide-nivea , zowel met als zonder het 

maskeren van recombinatie recombinatie is het itwisselen van genetisch materiaal t ssen 

bacteri n . Een groot aantal n cleotiden verschilden t ssen isolaten met verschillende 

typeringspro elen, terw l isolaten met dezelfde typeringspro elen na wel ks verschilden op 

n cleotide-nivea . Isolaten van n pati nt waren genetisch vr wel identiek, met minder dan 

1  n cleotides verschil wanneer recombinatie werd gemaskeerd. De genetische variatie die 

optrad t dens de infectie werd voornamel k gevonden in genen die hypervariabel z n onder 

imm ndr k, wat aand idde dat de h mane imm nrespons de belangr kste veroorzaker 

is van genetische variatie in N. gonorrhoeae t dens een infectie. Isolaten van verschillende 

pati nten verschilden soms ook minder dan 1  n cleotides, wat mogel k w st op N. gonorrhoeae 

transmissie t ssen pati nten. Dit liet zien dat alleen genetische variatie niet alt d onderscheid 

kan maken t ssen een persisterende infectie en een overgedragen infectie, en dat hiervoor 

aanv llende pati ntgegevens nodig z n. De kennis over de mate waarin N. gonorrhoeae 

isolaten van een pati nt of van meerdere pati nten genetisch k nnen verschillen, kan worden 

toegepast in de p blieke gezondheidszorg, b voorbeeld b  het gebr ik van genoomanalyses 

om transmissienetwerken te identi ceren.

DE POPULATIEBIOLOGIE VAN DE GONOKOK BETER BEGRIJPEN
Het bacteri le genoom bevat genen die essentieel z n om te overleven en daarom aanwezig z n 

in alle isolaten van een bacteriesoort core genome . Daarnaast z n er ook genen die slechts in 

een deel van de isolaten aanwezig z n omdat deze enkel benodigd z n voor aanpassingen aan 

een bepaalde omgeving of gastheer accessory genome . o draagt slechts een deel van de 
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gonokokken plasmiden die ABR k nnen veroorzaken. Naast de plasmiden, wat circ laire st kken 

DNA z n die zich b iten het chromosoom bevinden, k nnen er in het chromosoom mogel k ook 

genen z n die slechts in een deel van de gonokokken aanwezig z n en die mogel k verband 

ho den met ABR. In hoofdstuk 7 z n deze genen geïdenti ceerd door p bliekel k beschikbare 

N. gonorrhoeae genomen in de online P bMLST database te vergel ken op gen-nivea . In totaal 

bleken 47 genen aanwezig te z n in slechts een deel van de gonokokken. Deze genen waren 

vooral gelokaliseerd op de alreeds bekende mobiele genetische elementen, zoals de plasmiden. 

Opvallend was dat de aanwezigheid van deze genen veelal samenhing met de samenstelling en 

se enties in de rest van het genoom. Dit liet zien dat de pop latiestr ct r van de gonokok 

ordel k te verdelen is in groepen, welke al dan niet een karakteristiek hebben dat leidt tot 

aanwezigheid van deze genen. Het is ook mogel k dat een stam met bepaalde genen verder 

is verspreid en dat de samenstelling van het genoom daarb  intact is gebleven. Aanwezigheid 

van bepaalde genen die coderen voor eiwitten die betrokken z n b  DNA itwisseling bleek 

samen te hangen met ABR, wat doet vermoeden dat de itwisseling van genetisch materiaal 

een belangr ke rol speelt in de ontwikkeling of het beho d van ABR. 

In hoofdstuk 8 is een overzicht gegeven van de inzichten die verkregen z n in dit proefschrift 

en worden aanbevelingen gedaan voor toekomstig onderzoek. Op basis van de res ltaten in 

dit proefschrift en it recente literat r wordt verwacht dat ABR in N. gonorrhoeae zal bl ven 

ontwikkelen in de toekomst. Om deze ontwikkeling af te remmen, zo  het gebr ik van h idige 

antibiotica verminderd k nnen worden en zo  voormalige antibiotica weer voorgeschreven 

k nnen worden voor infecties met daarvoor gevoelige stammen. Toekomstig onderzoek moet 

zich daarom richten op de ontwikkeling van molec laire testen die gevoeligheidsbepaling 

voorafgaand aan de behandeling mogel k maakt en deze testen moeten contin  worden 

afgestemd op ABR monitoringsdata. Onderzoek naar gonorroe vaccins en naar nie we 

antibiotica voor gonorroe behandeling is nog steeds noodzakel k, in het b zonder voor gonorroe 

in de keel. H idige antibiotica doseringen z n mogel k s boptimaal voor de behandeling van 

gonorroe in de keel, wat ABR ontwikkeling in de hand werkt. Toekomstig onderzoek moet daarom 

gericht z n op het optimaliseren van antibiotica dosering voor gonorroe in de keel, gebaseerd 

op farmacokinetische en farmacodynamische parameters. Onderzoek naar ABR kan worden 

aangev ld met genoomanalyses om genetische determinanten voor ABR te monitoren en om 

begrip over ABR ontwikkeling en verspreiding te vergroten. De ke ze voor methodologie van 

de genoomanalyses hangt sterk af van de onderzoeksvraag en daarom is transparantie over de 

gebr ikte parameters hierb  erg belangr k. Wetenschappers zo den h n r we se entiedata 

en h n bioinformatica analyseprotocollen daarom alt d beschikbaar moeten maken in p blieke 

databases, waarvoor tevens meer nanciering beschikbaar moet komen om ze goed te 

onderho den.
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PHD PORTFOLIO 

PhD TRAINING

YEAR
WORKLOAD

(ECTS)

GENERAL COURSES

2019 Infectio s Diseases, AMC Grad ate School 1.

2019 e-BROK: Basisc rs s Regelgeving en Organisatie voor Klinische 
Onderzoekers, AMC Grad ate School

1.5

2020 Research Data Management, AMC Grad ate School .9

2020 Genetic Epidemiology, AMC Grad ate School 1.1

2022 Talent Ontwikkelings Programma, De Baak, Driebergen 1.1

SPECIFIC COURSES

2019 Bioinformatics Se ence Analysis, AMC Grad ate School 1.1

2019 Clinical bioinformatics for microbial genomics and metagenomics, 
E ropean Society of Clinical Microbiology and Infectio s Diseases, 
La sanne, Switzerland

1.5

2021 - 
2022 Data Analyst with Python virt al , DataCamp 1.1

2019 - 
2023

Weekly PhD ed cational ho r Jo rnal Cl b, Peer ed cation, 
Epidemiology ed cation , Department of Infectio s Diseases, P blic 
Health Service of Amsterdam

14

SEMINARS, WORKSHOPS AND MASTER CLASSES

2019 GGD Onderzoeksdag 19 .

2019 SOA & HIV expert meeting, RIVM, Bilthoven .

2019 Special Interest Gro p for Bioinformatics meeting, Nederlandse 
Vereniging voor Medische Microbiologie NVMM , Utrecht

.

2020 Seminar Genomic Epidemiology of Infectio s Diseases, Koninkl ke 
Nederlandse Vereniging voor Microbiologie KNVM , virt al

.

2021 GGD Onderzoeksdag 1, virt al .

2021 Workshop Presenteren, Association of Amsterdam UMC PhD 
Candidates ASAP , virt al

.1

2021 Research Meeting Genomic pop lation str ct res of microbial 
pathogens , Royal Society London, virt al

.

2021 ASM-NGS pre-conference hackathon Software testing in microbial 
bioinformatics , virt al

.4
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2019 - 
2023

Monthly seminar of the P blic Health Laboratory, P blic Health 
Service of Amsterdam

1

2021 - 
2023

Weekly seminar of the Laboratory of Experimental Biology, 
Amsterdam UMC

1

PRESENTATIONS

2019 Sim ltaneo s detection of Neisseria gonorrhoeae and 
oro inolone resistance m tations to enable rapid prescription of 

oral antibiotics oral , IUSTI-E rope Congress, Tallinn, Estonia

.5

2020 Emergence of Neisseria gonorrhoeae cl ster MLST78 7  
with red ced s sceptibility to ceftriaxone in Amsterdam, The 
Netherlands oral , IUSTI-E rope Congress, virt al

.5

2021 Emergence of a cephalosporin red ced s sceptible Neisseria 
gonorrhoeae clone between 14- 19 in Amsterdam poster , KNVM 
& NVMM Scienti c Spring Meeting, virt al

.5

2021 The Neisseria gonorrhoeae accessory genome and its association 
with the core genome oral , P bMLST for m on STDs, virt al

.5

2021 Assessing within-host genetic variation in Neisseria gonorrhoeae 
at different anatomical locations and over time, STI & HIV World 
Congress 1, virt al

.5

2022 Within-host genetic variation in Neisseria gonorrhoeae over the 
co rse of infection oral , NgoRS Conference, virt al

.5

2022 Within-host genetic variation in Neisseria gonorrhoeae over the 
co rse of infection oral , Department of Dermatology of Amsterdam 
UMC, virt al

.5

2022 The Neisseria gonorrhoeae accessory genome and its association 
with the core genome and antimicrobial resistance oral , ECCMID 

, Lisbon, Port gal

.5

2022 Within-host genetic variation in Neisseria gonorrhoeae over the 
co rse of infection oral , ECCMID , Lisbon, Port gal

.5

2022 Molec laire epidemiologie van Neisseria gonorrhoeae t dens de 
eerste lockdown in Amsterdam oral , SOA & HIV Expert Meeting 

, RIVM, Bilthoven

.5

YEAR
WORKLOAD

(ECTS)



239

PhD PORTFOLIO

2022 Tracking Mycoplasma genitalium on a molec lar levelin the Netherlands 
and globally, symposi m Time to test and treat Mycoplasma genitali m 
infection  oral , P blic Health Laboratory of Amsterdam

.5

2022 Increased clonality among Neisseria gonorrhoeae isolates d ring the 
COVID-19 pandemic in Amsterdam poster , IMMEM III, Bath, United 
Kingdom

.5

2022 Emergence of a cephalosporin red ced s sceptible Neisseria 
gonorrhoeae clone between 14- 19 in Amsterdam oral , IPNC , 
Cape Town, So th Africa

.5

2022 Increased clonality among Neisseria gonorrhoeae isolates d ring the 
COVID-19 pandemic in Amsterdam poster , IPNC , Cape Town, 
So th Africa

.5

(INTER)NATIONAL CONFERENCES

2019 E ropean Congress of Microbiology and Infectio s Diseases ECCMID , 
Amsterdam, The Netherlands

1.1

2019 International Union against STIs IUSTI -E rope, Tallinn, Estonia 1.1

2020 IUSTI-E rope, virt al .5

2020 ASM Conference on Rapid Applied Microbial Next-Generation 
Se encing and Bioinformatic Pipelines ASM-NGS , virt al

.5

2021 KNVM & NVMM Scienti c Spring Meeting, virt al .6

2021 STI & HIV World Congress, virt al .5

2022 Neisseria gonorrhoeae Research Society NgoRS  Conference, virt al .9

2022 ECCMID, Lisbon, Port gal 1.1

2022 1 th International Meeting on Microbial Epidemiological Markers IMMEM 
III , Bath, United Kingdom

1.1

2022 International Pathogenic Neisseria Conference IPNC , Cape Town, So th 
Africa

1.1

YEAR
WORKLOAD

(ECTS)
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LECTURING

2021 G est lect re on STIs, Medical Microbiology Co rse, BSc Biomedical 
Sciences, Amsterdam UMC 

.5

TUTORING, MENTORING

2020 & 
2021 Assisting Medical Microbiology Comp ter Practicals in Galaxy 1.1

SUPERVISING 

2021 Internship Niels Boek, MSc st dent Biomedical Sciences at University 
of Amsterdam

2022 Internship Serife cal, BSc st dent Gezondheid & Leven at Vr e 
Universiteit Amsterdam

PARAMETERS OF ESTEEM

GRANTS

2020 Short-term Fellowship from the E ropean Molec lar Biology Organization EMBO  for 
the research visit to the Maiden Lab at Oxford University

PUBLICATIONS
 

PEER REVIEWED

2020 De Korne-Elenbaas J, Pol A, Vet J, Dierdorp M, van Dam AP, Br isten SM.  . 
Sim ltaneo s detection of Neisseria gonorrhoeae and oro inolone resistance 
m tations to enable rapid prescription of oral antibiotics. Sexually Transmitted 
Diseases, 47 4 : 8- 4 . doi: 1 .1 97 OLQ. 1141

2020 Osnes MN, Didelot , de Korne-Elenbaas J, Alfsnes K, Brynildsr d OB, Syversen 
G, Nilsen J, De Blasio BF, Ca gant DA, Eldholm V. . S dden emergence of a 
Neisseria gonorrhoeae clade with red ced s sceptibility to extended-spectr m 
cephalosporins, Norway. Microbial Genomics, 6 1 :mgen 48 . doi: 1 .1 99
mgen. . 48 . 

2021 De Korne-Elenbaas J, Br isten SM, de Vries HJC, Van Dam AP. 1 . Emergence of a 
Neisseria gonorrhoeae clone with red ced cephalosporin s sceptibility between 14 
and 19 in Amsterdam, The Netherlands, revealed by genomic pop lation analysis. 
Journal of Antimicrobial Chemotherapy, 18 76 7 :1759-1768. doi: 1 .1 9 jac dkab 8

YEAR

TEACHING WORKLOAD
(ECTS)
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2021 Van der P tten BCL, Mendes CI, Talbot BM, de Korne-Elenbaas J, Mamede R, Vila-
Cer eira P, Coelho LP, G lvik CA, Katz L. 1 . Software testing in microbial 
bioinformatics: a call to action. Microbial Genomics, 8 : 79 . doi: 1 .1 99
mgen. . 79

2022 De Vries HCJ, de Laat M, Jongen VW, He man T, Wind CM, Boyd A, de Korne-Elenbaas 
J, van Dam AP, Schim van der Loeff M. . E cacy of ertapenem, gentamicin, 
fosfomycin, and ceftriaxone for the treatment of anogenital gonorrhoea NABOGO : 
a randomised, non-inferiority trial. Lancet Infectious Diseases, 5 :7 6-717. doi: 
1 .1 16 S147 - 99 1 6 5-  

2022 De Korne-Elenbaas J, Br isten SM, de Vries HJC, van Dam AP.  Within-host 
genetic variation in Neisseria gonorrhoeae over the co rse of infection. Microbiology 
Spectrum, 1 :e 1 . doi: 1 .11 8 spectr m. 1 -

2022 De Korne-Elenbaas J, Br isten SM, van Dam AP, Maiden MCJ, Harrison OB. . The 
Neisseria gonorrhoeae accessory genome and its association with the core genome 
and antimicrobial resistance. Microbiology Spectrum, 1 :e 654 1. doi: 1 .11 8
spectr m. 654- 1

OTHER

2022 De Korne-Elenbaas J*, van der P tten BCL , Boek NDM, Matser A, Sch ltsz C, Br isten 
SM, van Dam AP. . P tative transmission of Extended-Spectr m β-Lactamase-
prod cing Escherichia coli among men who have sex with men in Amsterdam, the 
Netherlands. Submitted. 

2022 ondag HCA , de Korne-Elenbaas J*, de Vries HJC, Br isten SM, van Dam AP. . 
Increased clonality among Neisseria gonorrhoeae isolates d ring the COVID-19 
pandemic in Amsterdam, the Netherlands. Submitted.

e al contrib tion
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DANKWOORD

God dank ligt dit proefschrift er  onder kracht van boven was het me nooit gel kt. Ik ben 

ontzettend dankbaar voor alles wat ik afgelopen jaren heb k nnen ontdekken, beleven en leren 

op het gebied van de wetenschap, maar zeker ook op persoonl k vlak. Hier z n heel veel mensen 

onmisbaar voor geweest.

Allereerst wil ik m n promotor Henry bedanken. De gesprekken met jo  voelde alt d als 

aanmoediging. Je gaf r imte voor m n eigen interesses, maar toch hield je alt d het 

grotere plaatje voor ogen. In plaats van de vraag Hoe gaat het , vroeg j  b  een van m n 

voortgangsgesprekken: Slaap je goed . Voor m  het toonbeeld van jo w klinische blik, waar ik 

veel van heb geleerd. Dank ook voor het vertro wen dat je me alt d gaf, mede daardoor leerde 

ik ook meer op mezelf vertro wen. 

Ook heel veel dank aan m n copromotoren. Sylvia, j  had alt d t d voor me en leefde helemaal 

met me mee de afgelopen jaren. Tegel k gaf je me vr heid als je merkte dat het me wel l kte. 

J  blinkt it in het halen van deadlines, sterker nog, jo w feedback ontving ik vr wel alt d r im 

voor de deadline. Voor vragen kon ik alt d b  je binnenlopen en meestal wist je de antwoorden 

precies te vinden t ssen de stapels geprinte emails, zelfs t ssen die van jaren geleden  Dat we 

allebei van aanpakken ho den, maakte onze samenwerking jn. Ik ben je dankbaar voor alle 

kansen die je me hebt gegeven om mezelf te ontwikkelen en voor jo w aanmoediging daarb .

Alje, wat heb ik ontzettend veel van jo  geleerd. Vaak hanteerde ik de regel Als Alje het zegt, 

dan klopt het . Jo w kennis over microbiologie is on itp ttel k, waardoor brainstormen met 

jo  me alt d weer inspireerde. Ik ben bl  dat ik jo  toch ook wat kon leren over se encen en 

bio-informatica. Ik waardeer enorm hoe je alt d t d vr  wist te maken om te vragen hoe het 

met me ging, zelfs toen je alleen nog op donderdag voor de GGD werkte. Heel veel dank voor je 

eerl kheid, betrokkenheid, realisme en vertro wen. Ik ben bl  dat we toch nog samen naar de 

IPNC in Kaapstad konden!

Dear members of my PhD committee, thank yo  for joining the committee and for reading my 

thesis. I look forward to the disc ssions with yo . 

 

Onnoemel k veel ste n heb ik t dens m n promotietraject gekregen van m n lieve mede lab-

PhD ers en kamergenoten Joyce en H l ne. Fantastisch dat j llie m n paranimfen z n! We liepen 

t dens onze promotietrajecten veel samen op, en dat maakt het des te b zonder dat j llie t dens 

m n verdediging daadwerkel k naast m  staan.
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Joyce, w  hadden beide onze eerste werkdag t dens de GGD Onderzoeksdag in 19 en groeiden 

samen op  b  de GGD. Dank voor alle gezellige ren kletsen, over PhD iss es, maar nog veel 

meer over baksels, reizen, tro wen, d rzaamheid en sporten. Dank dat ik alt d m n hart mocht 

l chten en dat je alt d bereid was om met me mee te denken. Dank ook dat je in Istanb l getro wd 

bent, zodat ik daar met een goede reden op vakantie kon . Ik bewonder jo w doelgerichte 

ho ding en je doorzettingsvermogen, welke ervoor zorgden dat je netjes op t d je promotie 

afrondde en dat je een le ke nie we baan hebt gevonden. Dat ik jo w paranimf mocht z n, en j  

n  de m ne bent, betekent veel voor me. 

H l ne, wat hebben w  veel le ke momenten samen beleefd en wat hebben we ontzettend veel 

gelachen! Dank voor de vele ren gezelligheid op kantoor en daarb iten, voor je on itp ttel ke 

h mor, voor alle keren dat ik m n hart b  je mocht l chten en voor je medeleven op die momenten. 

Dank ook voor alle keren dat je me hebt opgevrol kt met een toepassel k poezen-gifje of een 

foto van Odin. J  hebt alt d oog voor de mensen om je heen en tegel k ben je ook heel toegew d 

aan werk, mede daardoor heb ik met veel plezier aan ons DINGL project gewerkt. Je bent echt 

een enorme ste n voor me geweest in m n hele promotietraject en ik had me geen betere PhD-

collega k nnen wensen. 

Heel veel dank aan al m n collega s van het Streeklab. Ik heb veel bewondering voor de manier 

waarop j llie het lab, dag in dag it, draaiende ho den. Een aantal mensen wil ik in het b zonder 

bedanken. Michelle, voor jo  is geen vraag te gek. Jo w beh lpzaamheid is on itp ttel k en 

bewonderingswaardig. Heel erg bedankt voor al je h lp, en ook voor de gezelligheid en de vele 

w ntjes zelfs it papieren bekertjes op de 7e , t dens welke we hele bescho wingen konden 

ho den over het lab, het leven of katten. Sahare, de warmte die j  geeft aan mensen om je heen 

is echt niek. Dank voor je goede zorg en voor alle kn ffels. Dank ook voor je h lp op het lab, in 

het b zonder b  de stage van Serife. Nadia, dankz  jo  heb ik kennis gemaakt met de Iraanse 

c lt r, en ik ben vooral bl  dat ik n  ook weet dat er pittige a g rken bestaan. Domini e, dank 

dat ik samen met jo  onbeschaamd mee kon zingen met fo te Nederlandse hits. Jeffrey, als 

iemand oog heeft voor collega s, ben j  het. J  wist alt d de weg te vinden naar de 6e verdieping 

om even te komen kletsen. Dank voor je oprechte interesse en voor de le ke feestjes b  jo  th is 

met meer dan genoeg GT! . Dank dat je me gepassioneerd meer leerde over Amsterdam. Hopel k 

heb ik jo  ook nog wat religie ze kennis k nnen b brengen . Mirjam, dank voor je tro we h lp b  

het NYtor project en voor alle antwoorden op m n vragen over projecten die m n voorgangers 

hadden gedaan. Dankz  jo w h lp had ik een vliegende start! Martine, Ren , Margreet, Brenda, 

Akke, Moni e en Nikki, ook j llie maakten kantoordagen een st k gezelliger, dank j llie wel!

Ik wil ook m n collega s van de bacteriologie enorm bedanken voor h n h lp b  het kweken van 

alle GO s, in het b zonder Ineke, Kao tar, Sandra, Neeltje, Jeffrey, Ursa, Fallon en Kawtar. Dankz  

j llie ging alles met een sneltreinvaart! Ursa, aan jo  kon ik de moeil kste experimenten met 
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een ger st hart overlaten. Ook al hebben de res ltaten de p blicatie niet gehaald, het was zeker 

niet voor niets. Heel veel dank voor je h lp hierb !

Een van de hoogtep nten van afgelopen jaren was de t d dat ik hielp met de logistiek van de 

COVID-19 testen. Ik kon zo van heel dichtb  meemaken wat er gebe rt b  een crisis. Dank aan 

alle collega s met wie ik zo jn heb samengewerkt in die periode. Het zorgde ervoor dat ik veel 

mensen beter heb leren kennen en dat ik me nog veel meer een onderdeel van het lab ben gaan 

voelen. In het b zonder, Do we, dank voor onze samenwerking. We hebben samen toen een 

heleboel ge xt! Ook voor jo w h lp b  alle administratieve zaken rondom m n onderzoek wil ik 

je enorm bedanken. Mariken, dank dat je me de mogel kheid gaf om m n steentje b  te dragen. 

Dank dat je m n brede interesse opmerkt en voor de kansen die je me daarom bood.  

Dank aan de GLIMS collega s, John, Carla, Frans, Nadia en Michelle H, die alt d voor me 

klaarstonden als ik labgegevens nodig had. Dank aan de datamanagers, Michelle K en Steffen, 

zonder wie m n onderzoek niet mogel k was geweest. Caspar, dank voor jo w h lp b  vragen 

waar niemand anders antwoord op wist. 

Ook dank aan m n collega s van Team Onderzoek. Maarten, van jo  leerde ik dat de wereld te 

vangen is in een x  tabel. Dank voor alle leerzame onderw s ren en dat je alt d klaarstond om 

m n epidemiologische vragen te beantwoorden. Dank aan alle PhD-collega s, j llie z n belangr k 

geweest t dens m n promotietraject doordat we van elkaar konden leren, PhD iss es met elkaar 

konden bespreken en gezellige dingen konden doen. Het itje naar het ping-pong cafe zal ik nooit 

vergeten vooral omdat ik toen volledig ingemaakt ben door Jeffrey . 

Ik heb ook ontzettend veel gehad aan de samenwerking met collega s van het AMC. Constance, 

dank dat je me adopteerde  in jo w onderzoeksgroep. Het heeft me een schat aan kennis en 

contacten opgeleverd. Boas, jo  kan ik niet genoeg bedanken. Vanaf onze eerste meeting deelde 

j  openl k je kennis met me en zorgde je ervoor dat ik vliegend van start kon gaan. J  was m n 

bioinformatica h lpl n, waarvan ik alt d antwoord kreeg. Ik heb jo w on itp ttel ke kennis alt d 

bewonderd, evenals je bereidheid om kennis, scripts en data te delen. Mede dankz  jo  heb ik 

n  een heel netwerk van bioinformatici om me heen en ik weet zeker dat ik daar in de toekomst 

nog veel aan ga hebben. F n dat n daarvan n  b  het RIVM zit . Ik hoop dat we nog vaak samen 

ko e k nnen drinken en de wondere wereld van de bioinformatica k nnen bescho wen. Kees en 

Thomas, dank dat j llie met me meedachten over een mogel k RNA se encing project. Ik heb 

veel aan j llie kennis en ervaring gehad. Rik, dank voor de brainstormsessies die we hadden over 

Neisseria gonorrhoeae, dat gaf m  ook weer nie we inzichten. Many thanks also to the other ex-

colleag es of the Sch ltsz lab, who always made me feel welcome d ring the Monday meetings. 
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A special thanks to Odile, who ta ght me so m ch abo t Neisseria genomics. I really enjoyed o r 

collaboration and all the Teams meetings we had. Many thanks that I co ld disc ss everything 

with yo  abo t o r project, b t also abo t a career in science and o r lives. I am very hono red 

that yo  are physically present d ring my PhD defence as an opponent! Also thanks to the other 

colleag es from the Maiden Lab in Oxford, I am very happy that I got to spend some time with yo . 

Ik heb ook veel te danken aan m n lieve vrienden en vriendinnen. Lieve Lis en Mies, de dates 

met j llie zorgden er alt d voor dat ik m n werk kon relativeren. Met j llie kan ik lachen, dansen, 

slapen, klagen, eten, h ilen en w nen. Lis, dank dat j  alt d laat zien hoe je van het leven moet 

genieten. Mies, dank voor de zetjes die j  kan geven om dingen gewoon te doen. Peet, ook al zien 

we elkaar niet vaak, we bl ven z sjes for life! Dank dat je alt d interesse had in m n onderzoek 

en dat je zelfs m n artikel hebt proberen te lezen. Tir, dank dat je alt d l istert en meedenkt. 

Jo w doorzettingsvermogen inspireert m  ook. San en Aad, wat ben ik bl  dat j llie nog steeds 

in Leiden wonen. Dank voor de heerl ke w nen en maalt den die problemen als snee w voor 

de zon laten verdw nen. Toon en Jant, dank dat alles open op tafel mag liggen b  j llie. J llie 

w ze raad heeft me vaak verder geholpen. Jant, heel veel dank voor je creativiteit waarmee je 

dit proefschrift zo prachtig hebt gemaakt. Robin, dank voor alle keren slap o wehoeren. Hoe j  

ambitie en h mor combineert is een inspiratie voor m . Lieve mosterdzaadjes, onmisbaar waren 

de afgelopen jaren ook j llie b dragen, in de vorm van heerl ke maalt den, prachtige taartjes, 

goede gesprekken, nachtjes weg, m ziek, snowboarden, s rfen en cocktails. 

Lieve schoonfamilie, dank voor j llie warmte en dat j llie alt d begaan waren met de voortgang 

van m n onderzoek. Lieve oma, wat b zonder dat je b  m n promotie bent. Dank voor je medeleven 

waarmee ik opgroeide, mede daardoor kon ik worden wie ik n  ben. Lieve schoon z ssen , broers 

en zwagers, dank voor de nodige ee wse  n chterheid die j llie in m n leven brengen. Patrick 

en Menno, j llie als grote broers leerden me hoe ik m n mannetje moest staan. Elselien, j  liet me 

zien dat je niet alt d de gebaande wegen hoeft te gaan. Ilona, van jo  leerde ik dat dingen loslaten 

heel bevr dend kan z n. Pa en ma, j llie laten me m n eigen pad volgen en geven tegel kert d 

onvoorwaardel ke ste n, wat van onbeschr fel ke waarde voor me is. Pa, dank dat j  werkel k 

alt d klaar staat om te helpen, of het n  een etsreparatie is of een verh izing. Met jo  kan ik 

problemen ontleden tot op het bot en daar hebben we dan nog plezier in ook. Mams, doordat 

j  me het beste aanvoelt, k n je me ook de beste adviezen geven. Dank dat hotel mama  4 7 

geopend is en dat het daar nog alt d voelt als th is.  

Frank, wat ben ik bl  met jo  in m n leven. Jo w ste n heeft me gebracht waar ik n  ben. J  

remt me af als ik te hard van stapel loop en moedigt me aan als ik even niet meer kan. Dank voor 

je optimisme en dat voor jo  niets te gek is. Dank ook voor je onvoorwaardel ke liefde, wat m  

zoveel sterker maakt. Ik ben klaar voor een nie w avont r met jo !

 



Is dit nu later als je groot bent? 

Stef Bos






