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Objectives: Gonorrhoea, caused by Neisseria gonorrhoeae, is a significant public health challenge due to
the rising incidence of antimicrobial resistant (AMR) strains. The Valencian Region, one of the top tourist
destinations in Eastern Spain, has witnessed an increase of over 200% in the number of cases in recent
years. Here, we aimed to investigate the impact of imported AMR lineages in shaping the local gon-
ococcal population and generating sustained transmission events.

Methods: We analysed 1647 N. gonorrhoeae isolates collected in the Valencian Region between 2012 and
2024 with accompanying phenotypic antimicrobial susceptibility and epidemiological data. Genomic
data was obtained through high-throughput sequencing and combined with 5894 genomes from
national and international isolates. From these, information on typing and genetic AMR determinants
was derived. Phylogenomic and statistical inference were used to investigate the local dynamics of this
pathogen.

Results: Results revealed high levels of AMR, including 63.6% (n = 449/706) ciprofloxacin resistance,
17.7% (n = 195/1102) azithromycin resistance, and 8.4% (n = 66/783) reduced susceptibility or resistance
to ceftriaxone. The two main circulating lineages were NG-STAR CC1615 and CC63, carrying 55.0%
(n = 121/220) and 26.5% (n = 45/170) isolates with a mosaic mtr (mosaic mtrD and mtrR promoter),
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respectively. Phylodynamic analyses identified multiple introductions of AMR lineages into the region
leading to sustained transmissions since the 1990s. These lineages significantly carried more isolates
with mtr mosaics (OR = 4.17 [3.27-5.34]; p 1.26E-33) and phenotypic resistance to azithromycin
(OR = 2.22 [1.60—3.06]; p 1.14E-06), among other antimicrobials.

Conclusions: This study highlights the dynamic evolution and dissemination of AMR N. gonorrhoeae at
the local level, highlighting the role of international mobility, sexual networks, and antibiotic usage in
shaping resistance patterns. Enhanced genomic surveillance, with special monitoring of mosaic mtr-
carrying lineages, together with targeted public health interventions, will be key to curb local and
regional spread of resistant gonococcal strains. Andrea Sanchez-Serrano, Clin Microbiol Infect

2026;=:1

© 2026 The Authors. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology
and Infectious Diseases. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Gonorrhoea, caused by Neisseria gonorrhoeae, is a significant
global public health threat. Without an appropriate treatment, the
sexually transmitted infection caused by this bacterial pathogen
can lead to infertility and other sexual and reproductive health
problems [1,2]. According to WHO estimates, there were 82.4
million new gonococcal infections worldwide in 2020 among
adults [3]. In the European Union/European Economic Area (EU/
EEA), the prevalence of gonorrhoea nearly doubled from 2018 to
2022 [4]. This rise has occurred in parallel with an increasing
incidence of N. gonorrhoeae resistance to every class of antibiotic
used for its treatment, threatening available options [5].

Travel has been key in the global expansion of antimicrobial-
resistant (AMR) gonococcal lineages, including those carrying
ceftriaxone and/or azithromycin resistance [2,6,7,8]. Spain, one of
the most visited countries, received over 80 million arrivals in
2024 [9]. The number of gonococcal infections reported in Spain
has also doubled in the 2018—2022 period, mirroring the increase
in the EU/EEA [4]. The Valencian Region (5.3 million population),
located in Eastern Spain, is a major tourist destination and has
experienced a marked rise, especially in the summer months [10].
It ranks as the seventh region in Spain with the highest rate of
gonococcal infections, with over 200% increase in the number of
cases between 2016 and 2022 [11].

A detailed understanding of circulating N. gonorrhoeae lineages,
their genetic determinants of resistance, and the impact of inter-
national introductions is key to prevent the local spread of this
pathogen. Here, we apply a genomic epidemiology approach to
investigate locally circulating N. gonorrhoeae lineages, genetic
determinants of resistance and the impact of external intro-
ductions on local transmission networks in the Valencian Region
between 2012 and 2024. The ultimate aim is to provide a robust
baseline for ongoing surveillance to support public health
responses against AMR gonorrhoea.

Methods
Study design and sample collection

A total of 2361 N. gonorrhoeae isolates were collected from
confirmed gonorrhoea cases detected in 13 hospitals throughout
the Valencian Region from November 2012 to February 2024. From
2021 all isolates were stored, when possible, while earlier isolates
were collected retrospectively. These isolates were provided
together with phenotypic antimicrobial susceptibility testing data
in the form of MIC for azithromycin, ceftriaxone, cefixime, cipro-
floxacin, tetracycline, and benzylpenicillin, as well as anonymized
epidemiological data from patients. MICs were interpreted using

EUCAST breakpoints (v14.0) as susceptible (S), susceptible with
increased exposure (I) or resistant (R) except for azithromycin,
where the epidemiological cut-off (ECOFF) was applied. Historical
data on laboratory-confirmed gonorrhoea cases reported in the
Valencian Region was obtained from local public health databases.
The project was approved by the FISABIO ethical committee
(Ref. 20201016/04 and 20210730/06). Consent from patients was
not needed. For more details see Supplementary Methods.

High-throughput genome sequencing and analysis

Total DNA was extracted from all collected isolates, and 1883
with enough quality and quantity were whole-genome sequenced
(Ilumina). Raw reads were quality-checked and curated before
further processing. After quality filtering, 1647 local isolates were
retained for analysis (Table S1). Core genome single nucleotide
polymorphisms (SNPs) were identified by reference mapping,
followed by recombination masking and phylogenetic recon-
struction. Typing information was extracted from the curated
assemblies, and the detection of AMR determinants was obtained
from clean reads. Public genomes from the EU/EEA, global and
national (Spain) genomic surveillance initiatives were included for
phylogenetic context, and used to infer external introductions and
perform an evolutionary analysis using Bayesian-based time-
calibrated phylogenies. More details and references are available
in Supplementary Methods.

Results
Local epidemiology and antimicrobial susceptibility

The global rise in gonococcal infections has also been reflected
locally in the Valencian Region, where the number of cases of
gonorrhoea, mostly resistant to some antimicrobials, has been
rising sharply in the last decade (Fig. 1(a)) [11,12]. After data
quality control (Fig. S1), 1647 gonococcal genomes were analysed
(Fig. 1(b); Table S1). The majority of patients were male, 87.2%
(n=1386/1590), with a median age of 30.9 (Fig. 1(c)). Most isolates
were obtained from penile/urethral (70.6%, n = 1013/1435 with
epidemiological information) or cervicovaginal samples (9.5%,
n = 137).

Antimicrobial resistance was common during the study period:
76.8% of the isolates were phenotypically resistant to tetracycline,
63.6% to ciprofloxacin, 17.7% to azithromycin and 7.3% to benzyl-
penicillin (87.9% with susceptibility but increased exposure (I) or
resistance (R)). Resistance rates for cefixime and ceftriaxone were
lower (2.2% and 0.5%, respectively), although decreased suscepti-
bility (defined as MICs between 0.064 and 0.125 mg/L) was noted
in 12.9% and 7.9% of the isolates, respectively (Table 1). A
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Fig. 1. Gonococcal infections in the Valencian Region, Eastern Spain. (a) Historical incidence of gonococcal infection in the Valencian Region (1991-2023) shown as a bar plot up to
the latest report from 2022 [12]. Coloured series show the number of isolates declared as phenotypically resistant to different antimicrobials between January 2011 (when the
reporting of this data was made compulsory) and December 2023 (the latest complete year in the study) in the region. (b) Map of the Valencian Region indicating the geographical
locations of the health centres where the samples were taken. Marker sizes on the map indicate the relative magnitude of the data for each location. (c) Description of the isolates
collected in the Valencian Region for this study from 2012 to 2024 in terms of phenotypic antimicrobial resistance (upper plot) and epidemiological characteristics (in order: age

range, infection source and host sex; lower plot).

significant increasing trend in isolates with resistance or
decreased susceptibility was found from 2018 to 2023 for cipro-
floxacin and benzylpenicillin and a significant decreasing trend for
ceftriaxone (Table 1).

High burden of genetic determinants of AMR

Regarding azithromycin resistance (Table 2), a total of 3.6%
(n = 60) isolates carried mutated copies of the 23S rRNA genes
(Fig. 2 and Fig. S2(a)), and 25.0% (n = 411) isolates carried a mosaic
in the promoter of mtrR. Of those, 96.4% (n = 396, 24.0% of the total
dataset) also carried a mosaic in the mtrD gene (this combination
will be referred as mtr mosaic hereafter). Isolates with an mtr
mosaic 2 [13] and without 23S rRNA gene mutations had sig-
nificantly higher MICs than those without this determinant
(Table S2). Additionally, 28.9% (n = 476) isolates carried other

mosaic or semi-mosaic mtrD variants [14], 33.6% (n = 160) of them
together with an mtrR promoter mosaic. Of these other mtrD
variants, four were significantly associated with increased azi-
thromycin MICs after excluding isolates with 23S rRNA gene
mutations: mosaic 34, semi-mosaic 13, mosaic 35 and a new
mosaic type (named variant 88) (Table S2). This new mosaic type
associated with increased azithromycin MICs had only 1 SNP dif-
ference compared with mtrD mosaic 2. The prevalence of isolates
with mosaicism in mtrD has significantly increased over time, with
22.1% (n = 21/95) in 2013 to 66.7% (n = 256/384) in 2023 (Fisher
test p 4.05E-15) (Fig. 3(a) and (d)).

Four ceftriaxone-resistant isolates were identified according to
EUCAST (Table 1). All of them carried a mosaic in the penicillin-
binding protein 2-encoding penA gene (n = 1 penA34.001 and
n = 3 penA10.001; Table 2 and Tables S2 and S3). Cefixime resist-
ance was also predominantly linked to mosaic penA alleles (n = 5
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Table 1
Phenotypic antimicrobial resistance

Antimicrobial (EUCAST EUCAST breakpoint/ECOFF R or DS, R or DS, 2018, R or DS, 2018 vs. 2023; p
breakpoint or ECOFF) n (%) n (%) 2023, n (%)
Azithromycin R: MIC >1 mg/L 195/1102 (17.7) 13/100 (13.0) 52/297 (17.5) 0.3496 (n.s.)
Ceftriaxone R: MIC >0.125 mg/L 4/783 (0.5) 66/783 (8.4) 8/65 (12.3) 3/295 (1.0) 8.07E-05
DS: 0.064 < MIC <0.125 mg/L 62/783 (7.9)
Cefixime R: MIC >0.125 mg/L 15/678 (2.2) 103/678 (15.2) 5/54 (9.3) 12/260 (4.6) 0.1852 (n.s.)
DS: 0.064 < MIC <0.125 mg/L 88/678 (12.9)
Ciprofloxacin R: MIC >0.06 mg/L 449/706 (63.6) 13/40 (32.5) 214/310 (69.0) 1.25E-05
Benzylpenicillin R: MIC >1 mg/L 74/1007 (7.3) 885/1007 (87.9) 62/82 (75.6) 249/268 (92.9) 6.63E-05
I: 0.06 < MIC <1 mg/L 811/1007 (80.5)
Tetracycline R: MIC >0.5 mg/L 314/409 (76.8) 40/48 (83.3) 180/239 (75.3) 0.2663 (n.s.)

Proportion of Neisseria gonorrhoeae isolates with phenotypic resistance (R) or decreased susceptibility (DS) to six antimicrobials in the Valencian Region during the study
period (2012-2024). Values were calculated out of the total number of isolates with MIC data for each category (azithromycin n = 1102/1647, 66.9%, n = 100 in 2018, and
n =297 in 2023; ceftriaxone n = 783/1647, 47.5%, n = 65 in 2018, and n = 295 in 2023; cefixime n = 678/1647, 41.2%, n = 54 in 2018, and n = 260 in 2023; ciprofloxacin
n =706/1647,42.9%,n = 40in 2018, and n = 310 in 2023; benzylpenicillin n = 1007/1647, 61.1%, n = 82 in 2018, and n = 268 in 2023; and tetracycline n = 409/1647, 24.8%,
n =48 in 2018, and n = 239 in 2023). Proportions are also provided only for 2018 and 2023, including the statistical significance of the change in proportions (Fisher test).

ECOFF, epidemiological cut-off.

Table 2
Genetic determinants of antimicrobial resistance (AMR)

Antimicrobial Genetic AMR determinant n (%)

Azithromycin 23S rRNA gene 2045A>G 3(0.2)
23S rRNA gene 2597C>T 57 (3.5)
mtrR promoter mosaic 411 (25.0)
mtrD mosaic or semi-mosaic 720 (43.7)
mtr mosaic® 396 (24.0)
RpID G70D 15 (0.9)

Ceftriaxone PenA 1312M, V316P/T, N512Y, and G545S 192 (11.7)

Cefixime PenA A501T/V 205 (12.4)
PenA P551S/L 209 (12.7)
PenA G542S 362 (22.0)
penA mosaic or semi-mosaic 237 (14.4)

Ciprofloxacin GyrA S91F 1003 (60.9)
GyrA D95G 291 (17.7)
ParC D86N 121 (7.3)
ParC S87R/I/N 714 (43.4)

Benzylpenicillin PonA L421P 814 (49.4)
blaTEM-1 121 (7.3)
blaTEM-135 18 (1.1)

Tetracycline tetM 122 (7.4)
Rps] V57M 1405 (85.3)

Multiple antimicrobials mtrR promoter -53Adel 413 (25.1)
MtrR A39T 567 (34.4)
MtrR G45D 95 (5.8)
PorB1b G120K 518 (31.5)
PorB1b A121D/N 510 (31.0)

Major genetic determinants of AMR found in circulating Neisseria gonorrhoeae
lineages in the Valencian Region during the study period (2012-2024).

2 mtr mosaic: double mosaicism involving the mtrD gene and the promoter of
mtrR.

penA10.001 and n = 2 penA34.001) (Fig. S2(c), Table 2, and
Tables S2 and S3). Most isolates with penA34.001 and
penA10.001 showed susceptible phenotypes for ceftriaxone
(n=40/44,90.9%) and cefixime (n = 29/36, 80.6%). The decrease in
both ceftriaxone and cefixime resistance over the years likely
corresponded to the loss of penA mosaic alleles, present in 28.2% of
the isolates (n = 22/78) in 2016 and in 14.8% (n = 57/384) in 2023
(Fisher test p 0.0076) (Fig. 3(a)). All of the ciprofloxacin-resistant
isolates (63.9%, n = 449/703) carried the GyrA S91F substitution
(Fig. S2(d)). ParC variants were also found in the dataset, including
ParC D86N, which predisposes to gepotidacin resistance [15,16], in
7.3% (n = 121) of the isolates (Table 2 and Table S1).

A total of 8.4% (n = 139) of isolates carried the blaTEM gene
(Table 2), and 80.6% (n = 58/72 with MIC data) were resistant to
benzylpenicillin (Fig. S2(f)). The tetM gene was found in 7.4%
(n = 122) isolates, of which all isolates with MIC information were

resistant to tetracycline. The Rps] V57M mutation was present in
85.3% (n = 1405) of the isolates, 82.8% (n = 309/373) with a
resistant phenotype (Fig. S2(e)). No spectinomycin (16S rRNA or
mutations in rpsE), zoliflodacin (GyrB D429 or K450 mutations)
nor gepotidacin (GyrA A92 mutations) resistance mutations were
identified [17].

Major circulating gonococcal lineages carried mtr mosaics

Circulating lineages in the Valencian Region from 2012 to 2024
included 73 NG-STAR CCs (38 with >5 isolates), 278 NG-STAR STs
(61 with >5 isolates) and 96 MLST STs (35 with >5 isolates)
(Table S4). The diversity of NG-STAR CCs has remained relatively
stable from 2016 to 2022, with a slight decrease observed in 2023
(Fig. 3(b)). The most prevalent NG-STAR CC in the dataset were
CC1615 (13.6%, n = 220/1612 isolates with a CC assigned; mostly
NG-STAR ST1969 MLST ST7822 [n = 92]) and CC63 (10.5%, n = 170/
1612; mostly NG-STAR ST2885 MLST ST11422 [n = 31]), which
were also the most prevalent in 2020 in Europe [18], followed by
CC1387 (7.9%, n = 127), CC158 (7.3%, n = 117) and CC213 (6.8%,
n = 109) (Table S4).

NG-STAR CC1615 (n = 220; Fig. 4) was mostly isolated from
males (90.4%, n = 189/209), primarily under 35 years old (67.1%,
n = 139/207) and mostly from penile/urethral infections (Tables S5
and S6). It was significantly associated with increased MICs of
azithromycin and ciprofloxacin (Tables S7—S10). In CC1615, 209
isolates (95.0%) carried a mosaic or semi-mosaic in mtrD, 121 of
those (57.9%; 55.0% of the total) together with mtrR promoter
mosaic 2. NG-STAR CC63 (n = 170; Fig. 4), included 90.4% isolates
from males (n = 151/167) and individuals <35 years old (n = 120/
167, 71.9%). It was significantly associated with penile/urethral
infections (Tables S5 and S6) but not to increased MICs or resist-
ance to key antibiotics (Tables S7—S10). Despite the latter, 93.5%
(n = 159) isolates carried mosaicism in mtrD, and 45 of them
(28.3%; 26.5% of the total) also in the promoter of mtrR (Table S1).

Sustained transmission driven by imported AMR lineages

A combined phylogeny of 1647 local and 5894 contextual
N. gonorrhoeae genomes [14,18,19,20,21][14,18,19,20,21] revealed
33 potential lineage introductions into the Valencian Region
encompassing 25.9% (n = 428) local isolates (Supplementary
Methods and Fig. S3). These introductions led to local sustained
transmission and were dated using Bayesian inference (Table S11).
Detailed examples of these introductions can be observed for I6,
118 and 127 (Fig. 5 and Figs S4—S6). The remaining isolates of the
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Fig. 2. Trends of phenotypic antimicrobial susceptibility and genetic determinants of antimicrobial resistance (AMR). Temporal evolution in the median MIC and genetic variants
associated with AMR to six antibiotics: (a) azithromycin, (b) cefixime, (c) ciprofloxacin, (d) ceftriaxone, (e) benzylpenicillin, and (f) tetracycline. The bar plots indicate the number
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Fig. 3. Dynamics of the gonococcal population in the Valencian Region, Eastern Spain, over time. (a) Percentage of isolates with mtrD or penA mosaic alleles per year. (b) Diversity
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Valencian Region outside these 33 introductions (74.0%, n = 1476)
represented sporadic cases or nonsustained transmissions.

Of the sustained transmissions, 63.6% (21/33) carried mtr
mosaics/semi-mosaics or penA mosaics (Fig. 5). These imported
lineages had a significantly higher burden of mosaic or semi-
mosaic mtr sequences than nonsustained sporadic cases
(Table S12). Eleven out of 33 (33.33%) lineages exclusively
involved males, while 22 out of 33 (66.7%) also involved
women, although men remained the majority. All these lineages
exhibited phenotypic antimicrobial resistance to at least one of

the antibiotics included in the study, mainly ciprofloxacin,
benzylpenicillin, or tetracycline, although 12 and 5 lineages also
carried azithromycin-resistant (8 with mtr mosaics) and
cephalosporin-resistant (2 with penA mosaics) isolates, respec-
tively (Fig. 5). These introduced lineages leading to sustained
transmissions included significantly more isolates with pheno-
typic resistance to azithromycin, ciprofloxacin and tetracycline
than isolates from sporadic or non-sustained introductions
cases (Table S13). Interestingly, mosaic or semi-mosaic mtr-
carrying lineages had significantly lower substitution rates than
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N. gonorrhoeae Sequence Typing for Antimicrobial Resistance (NG-STAR) ST and NG-STAR Clonal Complexes (CC); the azithromycin SIR status according to the EUCAST epi-
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lineages without mosaics (Table S14), despite most of them mtrD gene [14] (variants 13, 34, 35, 39 and the newly identified
being recent lineages less than 20 years since the most recent variant 88). Of those, all except semi-mosaic 13 co-occurred with

common ancestor, suggesting antibiotic-driven selective sweeps. mtrR promoter mosaic 2 (Table S2). These findings underscore the
key role of efflux pump alterations in conferring azithromycin

Discussion resistance [13].
The downward trend in the median MIC values for ceftriaxone
The landscape of AMR gonococcal infections in the Valencian and cefixime is likely linked to the global decline of the mosaic
Region is consistent with the resistance patterns observed in penA-carrying NG-STAR CC90 lineage [ 14]. The rate of ciprofloxacin
Spain [21,22] and the rest of Europe [5,14,18,19], The rate of azi- resistance in the Valencian Region showed an increasing trend and

thromycin resistance in this region has mimicked the global was higher than previously reported [14,21,22]. The detection of
increasing trend, with an overall prevalence of 17.7% resistant ParC D86N in 7.3% of the isolates, a variant also associated with

isolates, slightly higher than that previously reported by a mul- reduced susceptibility to gepotidacin [15,16] could threaten novel
ticentric study (15.1%) [21]. Phenotypic resistance to azi- treatment options for gonorrhoea in the region. Tetracycline and
thromycin was principally linked to genetic mutations in the benzylpenicillin resistance remained relatively stable throughout
different copies of the 23S rRNA gene, and to the presence of the study.

mosaic structures in the mtrR promoter and/or the mtrD gene. The increase of mosaic mtr alleles in recent years in the region
Particularly, mtr mosaic 2 (mtrR promoter and mtrD mosaic 2) is consistent with trends reported in other EU/EEA countries
was the most frequent and significantly associated with higher [14,18], highlighting the role of recombination events in the evo-
MICs [13], such as other mosaic and semi-mosaic variants in the lution of N. gonorrhoeae resistance [23]. The major circulating
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Fig. 5. Overview of the Neisseria gonorrhoeae lineages introduced into the Valencian Region. (a) Number of isolates belonging to each N. gonorrhoeae Sequence Typing for
Antimicrobial Resistance (NG-STAR) Clonal Complex (CC) and the distribution by sex for each introduced lineage. Sampling dates are represented by blue lines and the estimated
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lineages in the Valencian Region, NG-STAR CC1615 and CC63, ciprofloxacin resistance. Previous studies reported that the COVID-
which were among the most prevalent in Europe in 2020 [14], 19 pandemic had an impact on the diversity of gonococcal isolates,
played a key role in the local dissemination of AMR gonorrhoea. leading to a temporary decrease in the diversity of circulating
CC1615 and CC63 were linked to the presence of mtr mosaics, with lineages [24,25]. However, a decrease in diversity was not detected
CC1615 showing a significant association with azithromycin and around 2020—-2021 in the Valencian Region (Fig. 3(b)).
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Our results identified multiple lineage introductions into the
region that led to local sustained transmissions since the 1990s
(Fig. 5). This is consistent with historical evidence of a notable
increase in national and international tourism into the Valencian
Region from the 1990s—2000s [26]. These introduced lineages
carried significantly more isolates with mtr mosaics and pheno-
typic resistance to azithromycin than isolates causing sporadic or
nonsustained transmissions. Lineages carrying a mosaic mtr
exhibited significantly lower substitution rates than those lacking
these mosaic variants, reflecting the evolutionary impact of azi-
thromycin usage on recently-emerged N. gonorrhoeae lineages,
where antibiotic-driven selection pressure reduced genetic diver-
sity through selective sweeps. Importantly, the majority of strains
isolated in the Valencian Region (74.0%) were intermixed with
isolates from Spain and the rest of Europe, indicating constant
bidirectional transmission between the Valencian Region likely
driven by international mobility. The sex distribution observed
among sustained introductions, with lineages exclusively detected
in males, suggested a transmission dynamic likely shaped by
specific sexual networks, such as men who have sex with men.
However, transmission networks in lower-risk groups and, espe-
cially women, may be underrepresented in this study. This is
because these groups may show higher proportions of asympto-
matic infections that did not seek medical assistance and from
which cultured isolates were not obtained. Further studies based
on high-throughput sequencing from direct samples will be key to
unravel the real picture. Other limitations in the study include
differences in the number of isolates available per year, especially
over the first part of the study period, as well as differences in the
geographical distribution of isolates, although no intra-region
conclusions are drawn from the study.

In conclusion, this study provides a comprehensive insight into
the dynamics and evolution of AMR N. gonorrhoeae lineages at the
local level, demonstrating that both persistent introductions and
sustained local transmissions are central to the spread of AMR
strains. Results from this work reinforce that genome-based
enhanced surveillance systems can strengthen public health
responses tailored to local sexual networks and transmission
patterns. This, together with targeted public health interventions
and timely outbreak responses, will be key to mitigate the dis-
semination of AMR gonococcal lineages at both the local and wider
scale.

CRediT authorship contribution statement

Leonor Sdnchez-Busd: Conceptualization, Methodology, Coor-
dination, Laboratory investigation, Statistical analysis, Ana-
lyzation, Data interpretation, Data access, Publication. Andrea
Sdnchez-Serrano: Methodology, Laboratory investigation, Stat-
istical analysis, Analyzation, Data interpretation, Data access,
Publication. Fernando Gonzalez-Candelas: Support, Data curation.
Carlos Francés-Cuesta: Support, Data curation. Lidia Ruiz-Roldan:
Support. Nuria Jiménez-Hernandez: Performed all the Illumina
library preparation and high-throughput sequencing. Javier Colo-
mina-Rodriguez: Data collection, Investigation, Data transfer. Devi
Carolina Salas-Olortegui: Data collection, Investigation, Data
transfer. Maria Jests Castano-Aroca: Data collection, Investigation,
Data transfer. José Miguel Sahuquillo-Arce: Data collection,
Investigation, Data transfer. Araceli Molina de Diego: Data collec-
tion, Investigation, Data transfer. José Luis Lopez-Hontangas: Data
collection, Investigation, Data transfer. José Luis Ramos Marti: Data
collection, Investigation, Data transfer. Olalla Martinez-Macias:
Data collection, Investigation, Data transfer. Nieves Orta Mira:
Data collection, Investigation, Data transfer. Inmaculada Vidal
Catala: Data collection, Investigation, Data transfer. Victoria

Dominguez-Marquez: Data collection, Investigation, Data transfer.
Silvia Madrid Camacho: Data collection, Investigation, Data
transfer. José Miguel Nogueira-Coito: Data collection, Inves-
tigation, Data transfer. Cori Gazquez Gomez: Data collection,
Investigation, Data transfer. Victoria Ortiz De La Tabla Ducasse:
Data collection, Investigation, Data transfer. Oihana Sabalza-
Baztan: Data collection, Investigation, Data transfer. Maria Gil-
Fortuno: Data collection, Investigation, Data transfer. Oscar Pérez
Olaso: Data collection, Investigation, Data transfer. Noelia
Herndndez Pérez: Data collection, Investigation, Data transfer.
Mercedes Roig Cardells: Data collection, Investigation, Data
transfer. All the authors read, commented on, and approved the
final manuscript.

Transparency declaration
Potential conflict of interest

The authors declare no competing interests.

Financial report

This study was funded by Plan GenT, Conselleria de Sanitat
Universal i Salut Pablica (Generalitat Valenciana, Valencia, Spain;
ref. CDEI-06/20-B), project PID2020-120113RA-I00, funded by
MICIU/AEI/10.13039/501100011033, Ministry of Science, Innova-
tion and Universities, Spain, and the Miguel Servet program
(Instituto de Salud Carlos III, ref. CP23/00084, co-funded by the
European Union through Fondo Social Europeo). L.S.B. is part of the
CSIC's Global Health Platform (PTI Salud Global). A.S.S. is funded by
the Ministry of Science and Innovation, Spain, ref. PRE2021-
098199. Additional funds were provided by projects BFU2017-
89594-R and PID2021-1270100B-100 from the Spanish MICIN, and
CIPROM2021-053 from Generalitat Valenciana to F.G.C.

Data availability

Individual data associated with the isolates and patients is
included in Online Supplement 2 and in Microreact (https://
microreact.org/project/vr-gonococcus-genomic-epidemiology).
The genome data derived from this study is available at the
European Nucleotide Archive public repository (PRJEB83795).
Contextual genome data is already available in public repositories.
Experimental and analytical protocols can be made available from
the corresponding author after publication on reasonable request.
Online Supplement files are available from Zenodo: https://doi.
org/10.5281/zenodo.17519415.

Acknowledgements

Preliminary results from this study were presented in different
national and international conferences: ESCMID Global 2024
(27th-30th April, Barcelona, Spain), the national Congress of the
Spanish Society of Infectious Diseases and Clinical Microbiology
(SEIMC 1-3 June 2023, Santiago de Compostela, Spain; SEIMC 30
May 2024-1 June 2024, Zaragoza, Spain; SEIMC 22-24 May 2025,
Madlaga, Spain), the 1st Congress of the Spanish Society of Bio-
informatics and Computational Biology (16-38 October 2024,
Valencia, Spain), Antimicrobial Resistance—Genomes, Big Data
and Emerging Technologies (27-29 April 2022, virtual event,
Wellcome Connecting Science) and Applied Bioinformatics and
Public Health Microbiology (3-5 May 2023, virtual event, Well-
come Connecting Science).

Please cite this article as: Sanchez-Serrano A et al., The recent introduction of mosaic mtr-carrying Neisseria gonorrhoeae lineages boosts local
transmission, Clinical Microbiology and Infection, https://doi.org/10.1016/j.cmi.2025.12.026



https://microreact.org/project/vr%2Dgonococcus%2Dgenomic%2Depidemiology
https://microreact.org/project/vr%2Dgonococcus%2Dgenomic%2Depidemiology
https://doi.org/10.5281/zenodo.17519415
https://doi.org/10.5281/zenodo.17519415

10

A. Sanchez-Serrano et al. / Clinical Microbiology and Infection xxx (Xxxx) Xxx

Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.cmi.2025.12.026.

References

[1]

2

3

[4

(5

6

[7

[8

[9

[10]

[11]

[12]

[13]

Unemo M, Seifert HS, Hook EW, Hawkes S, Ndowa F, Dillon J-AR. Gonorrhoea.
Nat Rev Dis Primers 2019;5:79. https://doi.org/10.1038/s41572-019-0128-6.
Kirkcaldy RD, Weston E, Segurado AC, Hughes G. Epidemiology of gonor-
rhoea: A global perspective. Sex Health 2019;16:401—11. https://doi.org/
10.1071/SH19061.

World Health Organization (WHO). Global progress report on HIV, viral
hepatitis and sexually transmitted infections, 2021. Accountability for the
global health sector strategies 2016-2021: actions for impact. Geneva: World
Health Organization. Licence: CC BY-NC-SA 3.0 IGO; 2021. Geneva, https://
iris.who.int/bitstream/handle/10665/341412/9789240027077-eng.pdf.
[Accessed January 2022].

European Centre for Disease Prevention and Control (ECDC). Gonorrhoea.
Annual epidemiological report for 2022. Stockholm: ECDC; 2024. https://
www.ecdc.europa.eu/sites/default/files/documents/ GONO_AER_2022_
Report%20FINAL.pdf. [Accessed June 2024].

Jensen JS, Unemo M. Antimicrobial treatment and resistance in sexually
transmitted bacterial infections. Nat Rev Microbiol 2024;22:435—50. https://
doi.org/10.1038/s41579-024-01023-3.

Chen S-C, Han Y, Yuan L-F, Zhu X-Y, Yin Y-P. Identification of Internationally
Disseminated Ceftriaxone-Resistant Neisseria gonorrhoeae Strain FC428,
China. Emerg Infect Dis 2019;25:1427-9. https://doi.org/10.3201/eid2507.
190172.

Lahra MM, Martin I, Demczuk W, Jennison AV, Lee KI, Nakayama SI, et al.
Cooperative recognition of internationally disseminated ceftriaxone-
resistant Neisseria gonorrhoeae strain. Emerg Infect Dis 2018;24:735—40.
https://doi.org/10.3201/eid2404.171873.

Sanchez-Busé L, Golparian D, Corander ], Grad YH, Ohnishi M, Flemming R,
et al. The impact of antimicrobials on gonococcal evolution. Nat Microbiol
2019;4:1941-50. https://doi.org/10.1038/s41564-019-0501-y.

World Population Review. Most visited countries. 2025. https://world
populationreview.com/country-rankings/most-visited-countries.2025.
[Accessed March 2025].

FRONTUR. Estadistica de movimientos turisticos en fronteras. Portal Esta-
distico de la Generalitat Valenciana, Generalitat Valenciana. https://pegv.gva.
es/es/moviments-turistics-en-fronteres-frontur-2025. [Accessed March
2025].

Unidad de vigilancia de VIH 1 y hepatitis B y CCN de EI de SCI de C de VIH
virales y TDG de SP y E en Salud. Vigilancia epidemiolégica de las infecciones
de transmision sexual. 2023. https://cne.isciii.es/documents/d/cne/vigil-
ancia_its_1995_2023-2.2025. [Accessed November 2024].

Servicio de Vigilancia y Control Epidemiolégico. Subdireccion General de
Epidemiologia y Vigilancia de la Salud. Direccién General de Salud Piblica y
Adicciones. Conselleria de Sanitat Universal i Salut Pdblica. Generalitat
Valenciana. Informe Enfermedades Transmision Sexual. Comunitat Valenci-
ana. Vigilancia epidemioldgica ano 2022. 2023. http://www.sp.san.gva.es/
DgspPortal/docs/Inf_ETS_2022.pdf. [Accessed June 2024].

Wadsworth CB, Arnold BJ, Sater MRA, Grad YH. Azithromycin resistance
through interspecific acquisition of an epistasis-dependent efflux pump

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

component and transcriptional regulator in Neisseria gonorrhoeae. MBio
2018;9:e01419—18. https://doi.org/10.1128/mBio.01419-18.

Golparian D, Cole MJ, Sanchez-Bus6 L, Day M, Jacobsson S, Uthayakumaran T,
et al. Antimicrobial-resistant Neisseria gonorrhoeae in Europe in 2020 com-
pared with in 2013 and 2018: A retrospective genomic surveillance study.
Lancet Microbe 2024;5:e478—88. https://doi.org/10.1016/S2666-5247(23)
00370-1.

Scangarella-Oman NE, Hossain M, Dixon PB, Ingraham K, Min S, Tiffany CA,
et al. Microbiological analysis from a phase 2 randomized study in adults
evaluating single oral doses of gepotidacin in the treatment of uncomplicated
urogenital gonorrhea caused by Neisseria gonorrhoeae. Antimicrob Agents
Chemother 2018;62:e01221. https://doi.org/10.1128/AAC.01221-18. 18.
Jacobsson S, Golparian D, Scangarella-Oman N, Unemo M. In vitro activity of
the novel triazaacenaphthylene gepotidacin (GSK2140944) against MDR
Neisseria gonorrhoeae. ] Antimicrob Chemother 2018;73:2072—7. https://
doi.org/10.1093/jac/dky162.

Unemo M, Ahlstrand ], Sdnchez-Busé L, Day M, Aanensen D, Golparian D,
et al. High susceptibility to zoliflodacin and conserved target (GyrB) for
zoliflodacin among 1209 consecutive clinical Neisseria gonorrhoeae isolates
from 25 European countries, 2018. ] Antimicrob Chemother 2021;76:
1221-8. https://doi.org/10.1093/jac/dkab024.

Sanchez-Bus6 L, Cole MJ, Spiteri G, Day M, Jacobsson S, Golparian D, et al.
Europe-wide expansion and eradication of multidrug-resistant Neisseria
gonorrhoeae lineages: A genomic surveillance study. Lancet Microbe 2022;3:
e452—63. https://doi.org/10.1016/S2666-5247(22)00044-1.

Harris SR, Cole M], Spiteri G, Sanchez-Busé L, Golparian D, Jacobsson S, et al.
Public health surveillance of multidrug-resistant clones of Neisseria gonor-
rhoeae in Europe: A genomic survey. Lancet Infect Dis 2018;18:758—68.
https://doi.org/10.1016/S1473-3099(18)30225-1.

Salmerén P, Buckley C, Arando M, Alcoceba E, Romero B, Clavo P, et al.
Genome-based epidemiology and antimicrobial resistance of Neisseria gon-
orrhoeae in Spain: A prospective multicentre study. ] Eur Acad Dermatol
Venereol 2023;37:2575—82. https://doi.org/10.1111/jdv.19458.

Salmero6n P, Vinado B, Arando M, Alcoceba E, Romero B, Menéndez B, et al.
Neisseria gonorrhoeae antimicrobial resistance in Spain: A prospective mul-
ticentre study. ] Antimicrob Chemother 2021;76:1523—31. https://doi.org/
10.1093/jac/dkab037.

Herrero M, Broner S, Cruells A, Esteve S, Ferré L, Mendioroz ], et al. Epi-
demiology and antimicrobial resistance profile of Neisseria gonorrhoeae in
Catalonia, Spain, 2016—2019. Eur ] Clin Microbiol Infect Dis 2023;42:883—93.
https://doi.org/10.1007/s10096-023-04601-0.

Yahara K, Ma KC, Mortimer TD, Shimuta K, Nakayama S-I, Hirabayashi A,
et al. Emergence and evolution of antimicrobial resistance genes and
mutations in Neisseria gonorrhoeae. Genome Med 2021;13:51. https://
doi.org/10.1186/s13073-021-00860-8.

Zondag HCA, de Korne-Elenbaas ], Bruisten SM, de Vries HJC, van Dam AP.
Increased clonality among Neisseria gonorrhoeae isolates during the COVID-
19 pandemic in Amsterdam, the Netherlands. Microb Genom 2023;9:
mgen000975. https://doi.org/10.1099/mgen.0.000975.

Alharbi B, Jennison AV, Hicks V, Whiley DM, Sweeney E, Trembizki E.
Decreased Neisseria gonorrhoeae genotypic diversity following COVID-19
restrictions in Queensland, Australia 2020. Epidemiol Infect 2023;151:e67.
https://doi.org/10.1017/S0950268823000523.

Agencia Valenciana del Turisme. Tourism in the Region of Valencia. 2004.
https://[www.turisme.gva.es/opencms/opencms/turisme/es/files/pdf/
observatorio/anuarios/turismo_cv_2004_ing.pdf. [Accessed March 2025].
2004.

Please cite this article as: Sanchez-Serrano A et al., The recent introduction of mosaic mtr-carrying Neisseria gonorrhoeae lineages boosts local
transmission, Clinical Microbiology and Infection, https://doi.org/10.1016/j.cmi.2025.12.026



https://doi.org/10.1016/j.cmi.2025.12.026
https://doi.org/10.1038/s41572%2D019%2D0128%2D6
https://doi.org/10.1071/SH19061
https://doi.org/10.1071/SH19061
https://iris.who.int/bitstream/handle/10665/341412/9789240027077%2Deng.pdf
https://iris.who.int/bitstream/handle/10665/341412/9789240027077%2Deng.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/GONO_AER_2022_Report%20FINAL.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/GONO_AER_2022_Report%20FINAL.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/GONO_AER_2022_Report%20FINAL.pdf
https://doi.org/10.1038/s41579%2D024%2D01023%2D3
https://doi.org/10.1038/s41579%2D024%2D01023%2D3
https://doi.org/10.3201/eid2507.190172
https://doi.org/10.3201/eid2507.190172
https://doi.org/10.3201/eid2404.171873
https://doi.org/10.1038/s41564%2D019%2D0501%2Dy
https://worldpopulationreview.com/country%2Drankings/most%2Dvisited%2Dcountries.2025
https://worldpopulationreview.com/country%2Drankings/most%2Dvisited%2Dcountries.2025
https://pegv.gva.es/es/moviments%2Dtur%26amp;iacute%3Bstics%2Den%2Dfronteres%2Dfrontur%2D2025
https://pegv.gva.es/es/moviments%2Dtur%26amp;iacute%3Bstics%2Den%2Dfronteres%2Dfrontur%2D2025
https://cne.isciii.es/documents/d/cne/vigilancia_its_1995_2023%2D2.2025
https://cne.isciii.es/documents/d/cne/vigilancia_its_1995_2023%2D2.2025
http://www.sp.san.gva.es/DgspPortal/docs/Inf_ETS_2022.pdf
http://www.sp.san.gva.es/DgspPortal/docs/Inf_ETS_2022.pdf
https://doi.org/10.1128/mBio.01419%2D18
https://doi.org/10.1016/S2666%2D5247%2823%2900370%2D1
https://doi.org/10.1016/S2666%2D5247%2823%2900370%2D1
https://doi.org/10.1128/AAC.01221%2D18
https://doi.org/10.1093/jac/dky162
https://doi.org/10.1093/jac/dky162
https://doi.org/10.1093/jac/dkab024
https://doi.org/10.1016/S2666%2D5247%2822%2900044%2D1
https://doi.org/10.1016/S1473%2D3099%2818%2930225%2D1
https://doi.org/10.1111/jdv.19458
https://doi.org/10.1093/jac/dkab037
https://doi.org/10.1093/jac/dkab037
https://doi.org/10.1007/s10096%2D023%2D04601%2D0
https://doi.org/10.1186/s13073%2D021%2D00860%2D8
https://doi.org/10.1186/s13073%2D021%2D00860%2D8
https://doi.org/10.1099/mgen.0.000975
https://doi.org/10.1017/S0950268823000523
https://www.turisme.gva.es/opencms/opencms/turisme/es/files/pdf/observatorio/anuarios/turismo_cv_2004_ing.pdf
https://www.turisme.gva.es/opencms/opencms/turisme/es/files/pdf/observatorio/anuarios/turismo_cv_2004_ing.pdf

	The recent introduction of mosaic mtr-carrying Neisseria gonorrhoeae lineages boosts local transmission
	Introduction
	Methods
	Study design and sample collection
	High-throughput genome sequencing and analysis

	Results
	Local epidemiology and antimicrobial susceptibility
	High burden of genetic determinants of AMR
	Major circulating gonococcal lineages carried mtr mosaics
	Sustained transmission driven by imported AMR lineages

	Discussion
	CRediT authorship contribution statement
	Transparency declaration
	Potential conflict of interest
	Financial report

	Data availability
	Acknowledgements
	Appendix A. Supplementary data
	References


