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Numbers of infections with Neisseria gonorrhoeae are among the top three sexually transmitted infections (STI)
worldwide. In addition, the emergence and spread of antimicrobial resistance (AMR) in Neisseria gonorrhoeae
pose an important public-health issue. The integration of genomic, phenotypic and epidemiological data to

Surveillance . monitor Neisseria gonorrhoeae fosters our understanding of the emergence and spread of AMR in Neisseria gon-
Whole genome sequencing (WGS) . S 11 h . . .
STI orrhoeae and helps to inform therapy guidelines and intervention strategies. Thus, the Gonococcal resistance

surveillance (Go-Surv-AMR) was implemented at the Robert Koch Institute in Germany in 2021 to obtain mo-
lecular, phenotypic and epidemiological data on Neisseria gonorrhoeae isolated in Germany. Here, we describe the
structure and aims of Go-Surv-AMR. Furthermore, we point out future directions of Go-Surv-AMR to improve the
integrated genomic surveillance of Neisseria gonorrhoeae. In this context we discuss current and prospective
sequencing approaches and the information derived from their application. Moreover, we highlight the impor-
tance of combining phenotypic and WGS data to monitor the evolution of AMR in Neisseria gonorrhoeae in
Germany. The implementation and constant development of techniques and tools to improve the genomic sur-
veillance of Neisseria gonorrhoeae will be important in coming years.

1. Introduction azithromycin raise concerns about the efficacy of available treatment

options (Unemo et al., 2021; Unemo and Shafer, 2011). In recognition of

Sexually Transmitted Infections (STIs) continue to be a global health
concern, affecting populations worldwide. Among the various patho-
gens responsible for STIs, Neisseria gonorrhoeae (NG) remains a signifi-
cant public health challenge. NG is a human restricted pathogen causing
the STI gonorrhea. After infection of mucosal surfaces, clinical presen-
tation ranges from urethritis, cervicitis, proctitis and pharyngitis to
disseminated infections. If left untreated ascending infections of the
urogenital tract can cause chronic pelvic pain, infertility, miscarriages
and ectopic pregnancies (Meyer and Buder, 2020; Unemo and Shafer,
2014).

According to the World Health Organization (WHO) NG is respon-
sible for approximately 82.4 million infections annually. This alarming
prevalence ranks it as the third most common STI on a global scale
(WHO, 2023). However, the management and treatment of NG in-
fections have become increasingly complex due to the emergence of
antimicrobial resistance (AMR). NG has developed resistance to all
classes of antibiotics traditionally used to treat NG infections. Clinical
resistance against the first-line antibiotics cefixime, ceftriaxone and

the growing threat posed by NG and the challenges of AMR, the WHO
designated NG as a high-priority pathogen in 2017 (WHO, 2017).
Addressing the issue is crucial as it has the potential to undermine public
health efforts.

Moreover, NG is naturally competent and has thus the ability to take
up and integrate DNA from both related and divergent species, adding
an additional layer of complexity to its evolution and adaptability
(Cehovin and Lewis, 2017). In this context, the importance of pheno-
typic AMR testing is evident, as it allows monitoring the spread of
relevant AMR as well as tailoring therapy to individual cases. The basis
of phenotypic AMR testing is the isolation and cultivation of NG.
However, success is limited due to the fastidious nature of NG with very
specific nutrient, moisture and temperature requirements. In addition,
depending on the location of infection, low bacterial loads and sur-
rounding microbiota may further compromise successful isolation (Bis-
sessor et al., 2011; Nadal-Baron et al., 2022). Hence, understanding the
genetic mechanisms and evolution of this pathogen is crucial for the
development of effective control and treatment strategies.
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Molecular typing methods play a crucial role in these efforts. The use
of standardized nomenclatures allows for international comparisons of
sequence types. Over the years several typing schemes were developed
for NG, that are commonly used today: NG multilocus sequence typing
(MLST), which assigns sequence types based on seven housekeeping
genes (Bennett et al., 2007); NG multiantigen sequence typing
(NG-MAST) which relies on sequencing fragments of the outer mem-
brane protein genes porA and tbpB and assigns sequence types based on
the variants of these fragments (Martin, 2004); NG Sequence Typing for
Antimicrobial Resistance (NG-STAR) uses the sequences of seven genes
connected to AMR and assigns sequence types based on the combination
of these fragments (Demczuk et al., 2017). With the advent of whole
genome sequencing (WGS) a typing scheme based on the NG core
genome (cgMLST) was developed and can now be used in conjunction
with other typing schemes (Harrison et al., 2020).

In this context, this article examines the prevalence, impact, and
challenges of NG infections and its AMR in Germany, and the need for
innovative approaches to combat this persistent STI threat.

2. Establishment of an integrated genomic surveillance of AMR
in NG in Germany — Go-Surv-AMR

Surveillance systems are the cornerstone of public health, moni-
toring and tracking infectious diseases within populations (Aiello et al.,
2020). To address this critical information gap, the RKI assesses the
magnitude of NG AMR on the basis of the mandatory notification of
those events. As a central addition to the statutory notification system,
the RKI initiated a comprehensive Gonococcal resistance surveillance
(Go-Surv-AMR) program for NG infections on the basis of former and
smaller-scaled structures initiated in 2014 and in collaboration with the
consiliary laboratory for NG in Germany. In this framework, a nation-
wide network of clinical laboratories regularly provides cultivated NG
isolates and their own susceptibility test data (Fig. 1). In parallel, the RKI
collects essential epidemiological and clinical information connected to
these isolates that is indispensable for understanding the dynamics of
NG infections across Germany. To gain deeper insights into AMR trends,
the RKI conducts follow-up AMR testing and employs state-of-the-art
WGS analysis on the isolates submitted by these laboratories. These
advanced techniques enable the exploration of genetic factors associated
with resistance mechanisms. Facilitating collaboration and knowledge
sharing, participating laboratories receive annual feedback.
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3. New technologies improve the molecular epidemiology of NG
3.1. Genetic fingerprint

The high discriminatory power of WGS has revolutionized our ability
to distinguish closely related strains with unparalleled precision. This
capability is of immense value, particularly in outbreak investigations,
as it allows us to pinpoint the source of infection and the pathways of
transmission (Simar et al., 2021).

Gaining insights into the clonal connections among NG isolates is an
essential approach for managing the expansion of troublesome genetic
lineages (Costa-Lourenco et al., 2017). Starting from 2014, NG isolates
collected in Germany have been subjected to NG-MAST, a process that
not only facilitates international comparisons but also enables the
tracking of global and national lineage prevalence (Pinto et al., 2021).
Subsequently, in a study spanning from 2014 to 2017, various genotypes
were identified, linking genogroups with distinct AMR profiles. This
study offers compelling evidence of a genetically diverse and dynami-
cally evolving gonococcal population within Germany. Furthermore, it
sheds light on an association between genogroup G10557 and reduced
susceptibility to cefixime, a finding that was undescribed until then
(Banhart et al., 2020). Since the introduction of WGS in 2018 at the RKI,
enhanced discriminatory properties allow us to gain even deeper in-
sights into the genetic diversity of NG strains in Germany. This tech-
nological advancement has further improved our ability to distinguish
between different NG strains, providing a more comprehensive under-
standing of their genetic variations and facilitating more precise genetic
analyses.

3.2. Genomic resistance surveillance

In the case of NG, extensive investigations using WGS have offered
deep insights into the genetic mechanisms associated with the observed
susceptibility patterns for the primary antimicrobial classes. Thus, mu-
tations in the gyrA, parC and parE genes have been associated with
resistance to fluoroquinolone antibiotics such as ciprofloxacin (Ellington
et al., 2017; Unemo and Shafer, 2011).

Mutations in genes encoding the MtrC-MtrD-MtrE efflux pump and
its transcription regulator MtrR as well as in the 23 S rRNA were iden-
tified as the main drivers of resistance to the macrolide azithromycin. In
2018, WGS using short reads conclusively demonstrated that the
observed increase in azithromycin resistance in Germany, from 4.3% in
2016 t0 9.2% in 2018, was directly linked to the clonal spread of isolates

Submitting laboratory GO-Surv-AMR laboratory

isolation of N. gonorrhoeae
from primary culture

antimicrobial resistance testing

e ®-°

Whole Genome Sequencing Epidemiology

genome assembly+ analysis

Fig. 1. Schematic representation of the data flow in the Go-Surv-AMR project. Submitting laboratories send NG isolates to the RKI Go-Surv-AMR laboratory, where
follow-up AMR testing and WGS analyses are performed. In parallel, essential epidemiological data is collected and analyzed. Once a year participating laboratories

receive feedback.
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carrying the mosaic-like mtr locus. (Banhart et al., 2021). Recent data
from 2022 reveal a continued trend. In the Go-Surv-AMR dataset, 22.2%
of the collected isolates carried the mtrD mosaic 2 gene, while 22.5%
carried the mtrR promoter mosaic 2 gene (Selb and Klaper et al., 2023).

Among the most notable resistance genes is penA, which, when
mutated, confers resistance to the crucial first-line antibiotics cefixime
and ceftriaxone, particularly in combination with specific mutations in
the rpoB, rpoD and mtrR/mtrCDE genes. However, the exact mechanism
of resistance to cefixime/ceftriaxone in NG has not been fully elucidated
(Cameron et al., 2019). The latest surveillance data show that the
prevalence of these strains in Germany remains consistently low (Selb
and Klaper et al., 2023).

In addition to chromosomally encoded genes, plasmids can also
mediate AMR in NG (Mlynarczyk-Bonikowska et al., 2022). The con-
jugative plasmid harboring a tetM gene and TEM p-lactamase expressing
plasmids confer resistance to tetracycline and penicillin, respectively
(Cehovin et al., 2020).

3.3. Pangenome analysis

While short read sequencing has revolutionized our ability to explore
the genetic makeup of various organisms, it also has its own set of
limitations, particularly when dealing with plasmids, complex genomic
diversity, genetic rearrangements, and the study of evolutionary
development (Romagnoli et al., 2023). NG is renowned for its capacity
to engage in genetic recombination and horizontal gene transfer, leading
to an extraordinary level of genetic diversity (Gibbs and Meyer, 1996).
This diversity is a key factor contributing to the bacterium’s adaptability
and its ability to develop antibiotic resistance (Quillin and Seifert,
2018). Particularly pharyngeal NG isolates are known to play a signifi-
cant role in the development and dissemination of AMR (Eyre et al.,
2018; Ohnishi et al., 2011). Within the oropharynx, other commensal
Neisseria species can host genetic antibiotic resistance elements that
have emerged due to prior exposure to antibiotics (Furuya et al., 2007;
Laumen et al., 2021). The coexistence of these related bacterial species
in the oropharynx creates an optimal environment for the transfer of
AMR through horizontal gene transfer (Unemo and Shafer, 2014). It is
believed that horizontal gene transfer events have given rise to genetic
mosaics (Boc and Makarenkov, 2011). The presence of mosaicism in
genes associated with immune evasion, such as the por gene as well as
within the penA and mtrR/mtrCDE loci responsible for resistance to key
antibiotics, underscores the significance of recombination as a vital
strategy employed by NG in its evolutionary adaptation and survival
(Ameyama et al., 2002; Fudyk et al., 1999; Wadsworth et al., 2018). A
mosaic gene is a gene with blocks of sequences having different
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evolutionary histories, often due to recombination events or partial gene
transfer, including genetic material from other species (Boc and
Makarenkov, 2011). Short read sequencing technologies often struggle
to accurately capture repetitive elements and identify complex struc-
tural variations (SV) within genomes (Fig. 2) (Cameron et al., 2019;
Chen et al., 2016). When the size of the genetic event is significantly
larger than the read size, the flanking regions of the event may not be
adequately covered, resulting in a fragmented assembly and incomplete
representation. Thus, short read sequencing leads to challenges in
accurately determining the orientation and structure of complex genetic
variations like inversions and duplications (Mahmoud et al., 2019).

A fragmented assembly is also a challenge in plasmid identification
and reconstruction. (Wick et al., 2021). In addition to SVs, plasmids and
chromosomes can share highly similar genetic regions, making the
assignment of reads to its origin difficult (Tang et al., 2023). Researchers
often mitigate these limitations by using long read sequencing tech-
nologies to obtain a more detailed view of the genomic structure (Marx,
2023). The long reads are able to span SVs and thereby the technology
provides more sequence information that facilitates de novo assembling
of the chromosome and plasmids (Mahmoud et al., 2019). Nevertheless,
short read sequencing is often considered more accurate than long read
sequencing due to lower per-base error rates resulting from the
sequencing technology and well-established base-calling algorithms.
Thus, the trend is moving towards combining short and long reads
(Amarasinghe et al., 2020; Xu et al., 2022). In NG AMR is determined by
mutations in chromosomal genes, such as the mosaic mtrR/mtrCDE loci,
as well as plasmid encoded resistance genes. Therefore, the combination
of the sequence accuracy of short read sequencing and the structural
overview provided by long read sequencing are needed to fully capture
the extend of AMR within the NG population in Germany.

4. Conclusions and future perspectives

In conclusion, it is evident that improved molecular and phenotypic
surveillance serves as an indispensable tool for monitoring the evolving
landscape of NG, particularly in the context of AMR, in Germany. The
ability to track the development and spread of NG is pivotal to guide
public health efforts. Looking ahead, several future perspectives have to
be considered:

Since 2022 notification of all laboratory diagnosed gonorrhea cases
irrespective of the AMR status of the pathogen is mandatory which
represents a further significant step. This enables the collection of more
comprehensive data and extends our understanding of the epidemiology
of NG infections. Simultaneously, the incorporation of pangenome
analysis can provide valuable insights into the genetic transfer dynamics
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Fig. 2. De novo assembly of DNA inversion (A) and duplication (B) based on short read and long read sequencing. Short read sequencing fails to correctly assign the
orientation (A) or genetic structure (B) as the read size does not span the genetic event. Long-read sequencing correctly assigns orientation (A) and genetic structure

(B). Yellow: reads of genetic event; green: reads of flanking regions.
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in this context.

The advances in molecular analysis constantly improve our under-
standing of the mechanisms contributing to AMR and help in monitoring
the spread of AMR-related NG populations. Still, AMR predictions solely
based on molecular methods are not always accurate. Mutations or
combinations of mutations in the DNA of NG that lead to AMR are
currently not fully understood. Furthermore, the genetic variability of
NG allows for the uptake of novel genes or determinants that could
confer a new, currently unknown AMR mechanism in NG. Consequently,
phenotypic AMR testing is still necessary to further elucidate the genetic
determinants contributing to AMR and to identify new mutations lead-
ing to AMR. Thus, the combination of both approaches is needed to fully
track the development of AMR in NG. The resistance surveillance pro-
gram Go-Surv-AMR employs exactly this course of action to generate
data on the genetic background of AMR within the NG population in
Germany.

Additionally, the investigation of the pharynx as a potential reservoir
for AMR is a critical avenue to explore. This can be due to factors such as
limited accessibility of antibiotics in the pharynx or the possibility of
horizontal gene transfer from commensal Neisseria species. Therefore,
the isolation of NG from the pharynx is crucial to determine the extent of
NG resistance to antibiotics and to unravel the genetic underpinnings
contributing to this resistance. In order to approach these essential
questions, the RKI initiated a study to assess the AMR of NG isolated
from the pharynx (Go-Pharynx).

In summary, these perspectives underscore the importance of pro-
active and adaptive strategies for addressing the complex challenges
posed by STIs and AMR in Germany. This multi-faceted approach will
not only enhance our understanding of these issues but also support the
development of more effective prevention and treatment strategies.

CRediT authorship contribution statement

Heuer Dagmar: Conceptualization, Project administration, Super-
vision, Writing — original draft, Writing — review & editing. Jansen
Klaus: Project administration, Writing — original draft, Writing — review
& editing. Selb Regina: Writing — original draft, Writing — review &
editing. Tlapak Hana: Conceptualization, Visualization, Writing —
original draft, Writing — review & editing. Klaper Kathleen: Concep-
tualization, Visualization, Writing — original draft, Writing — review &
editing.

Declaration of Generative AI and Al-assisted technologies in the
writing process

During the preparation of this work the authors used ChatGPT in
order to improve readability and language. After using this tool, the
authors reviewed and edited the content as needed and take full re-
sponsibility for the content of the publication.

Acknowledgments

We thank Patrick Feige, Jascha Eggert and Petra Kreher for their
laboratory support and Dr. Susanne Buder for helpful discussions. We
would also like to acknowledge all laboratories contributing isolates to
the Go-Surv-AMR project. Furthermore, we would like to thank all
members of Unit 18 “Sexually transmitted bacterial pathogens and HIV’
at the Robert Koch Institute, We apologize to those investigators whose
work we were unable to cite because of space constraints.

Declarations of interest

None.

International Journal of Medical Microbiology 314 (2024) 151611

References

Aiello, A.E., Renson, A., Zivich, P.N., 2020. Social media- and internet-based disease
surveillance for public health. Annu. Rev. Public Health 41, 101-118.

Amarasinghe, S.L., Su, S., Dong, X., Zappia, L., Ritchie, M.E., Gouil, Q., 2020.
Opportunities and challenges in long-read sequencing data analysis. Genome Biol.
21, 30.

Ameyama, S., Onodera, S., Takahata, M., Minami, S., Maki, N., Endo, K., Goto, H.,
Suzuki, H., Oishi, Y., 2002. Mosaic-like structure of penicillin-binding protein 2 Gene
(penA) in clinical isolates of Neisseria gonorrhoeae with reduced susceptibility to
cefixime. Antimicrob. Agents Chemother. 46, 3744-3749.

Banhart, S., Jansen, K., Buder, S., Tamminga, T., Calvignac-Spencer, S., Pilz, T.,
Martini, A., Dudareva, S., Nikisins, S., Dehmel, K., Zuelsdorf, G., Guhl, E., Graeber, 1.,
Kohl, P.K., Unemo, M., Bremer, V., Heuer, D., group, G.s., 2020. Molecular
epidemiological typing of Neisseria gonorrhoeae isolates identifies a novel association
between genogroup G10557 (G7072) and decreased susceptibility to cefixime,
Germany, 2014 to 2017. Eur. Surveill. 25.

Banhart, S., Selb, R., Oehlmann, S., Bender, J., Buder, S., Jansen, K., Heuer, D., 2021. The
Mosaic mtr locus as major genetic determinant of azithromycin resistance of
Neisseria gonorrhoeae-Germany, 2018. J. Infect. Dis. 224, 1398-1404.

Bennett, J.S., Jolley, K.A., Sparling, P.F., Saunders, N.J., Hart, C.A., Feavers, L.M.,
Maiden, M.C., 2007. Species status of Neisseria gonorrhoeae: evolutionary and
epidemiological inferences from multilocus sequence typing. BMC Biol. 5, 35.

Bissessor, M., Tabrizi, S.N., Fairley, C.K., Danielewski, J., Whitton, B., Bird, S.,
Garland, S., Chen, M.Y., 2011. Differing Neisseria gonorrhoeae bacterial loads in the
pharynx and rectum in men who have sex with men: implications for gonococcal
detection, transmission, and control. J. Clin. Microbiol 49, 4304-4306.

Boc, A., Makarenkov, V., 2011. Towards an accurate identification of mosaic genes and
partial horizontal gene transfers. Nucleic Acids Res. 39, e144.

Cameron, D.L., Di Stefano, L., Papenfuss, A.T., 2019. Comprehensive evaluation and
characterisation of short read general-purpose structural variant calling software.
Nat. Commun. 10, 3240.

Cehovin, A., Jolley, K.A., Maiden, M.C.J., Harrison, O.B., Tang, C.M., 2020. Association
of Neisseria gonorrhoeae plasmids with distinct lineages and the economic status of
their country of origin. J. Infect. Dis. 222, 1826-1836.

Cehovin, A., Lewis, S.B., 2017. Mobile genetic elements in Neisseria gonorrhoeae:
movement for change. Pathog. Dis. 75.

Chen, R., Lau, Y.L., Zhang, Y., Yang, W., 2016. SRinversion: a tool for detecting short
inversions by splitting and re-aligning poorly mapped and unmapped sequencing
reads. Bioinformatics 32, 3559-3565.

Costa-Lourenco, A., Barros Dos Santos, K.T., Moreira, B.M., Fracalanzza, S.E.L.,
Bonelli, R.R., 2017. Antimicrobial resistance in Neisseria gonorrhoeae: history,
molecular mechanisms and epidemiological aspects of an emerging global threat.
Braz. J. Microbiol 48, 617-628.

Demczuk, W., Sidhu, S., Unemo, M., Whiley, D.M., Allen, V.G., Dillon, J.R., Cole, M.,
Seah, C., Trembizki, E., Trees, D.L., Kersh, E.N., Abrams, A.J., de Vries, H.J.C., van
Dam, A.P., Medina, L., Bharat, A., Mulvey, M.R., Van Domselaar, G., Martin, L., 2017.
Neisseria gonorrhoeae sequence typing for antimicrobial resistance, a novel
antimicrobial resistance multilocus typing scheme for tracking global dissemination
of N. gonorrhoeae strains. J. Clin. Microbiol. 55, 1454-1468.

Ellington, M.J., Ekelund, O., Aarestrup, F.M., Canton, R., Doumith, M., Giske, C.,
Grundman, H., Hasman, H., Holden, M.T.G., Hopkins, K.L., Iredell, J., Kahlmeter, G.,
Koser, C.U., MacGowan, A., Mevius, D., Mulvey, M., Naas, T., Peto, T., Rolain, J.M.,
Samuelsen, O., Woodford, N., 2017. The role of whole genome sequencing in
antimicrobial susceptibility testing of bacteria: report from the EUCAST
Subcommittee. Clin. Microbiol Infect. 23, 2-22.

Eyre, D.W., Sanderson, N.D., Lord, E., Regisford-Reimmer, N., Chau, K., Barker, L.,
Morgan, M., Newnham, R., Golparian, D., Unemo, M., Crook, D.W., Peto, T.E.,
Hughes, G., Cole, M.J., Fifer, H., Edwards, A., Andersson, M.I., 2018. Gonorrhoea
treatment failure caused by a Neisseria gonorrhoeae strain with combined ceftriaxone
and high-level azithromycin resistance, England, February 2018. Eur. Surveill. 23.

Fudyk, T.C., Maclean, I.W., Simonsen, J.N., Njagi, E.N., Kimani, J., Brunham, R.C.,
Plummer, F.A., 1999. Genetic diversity and mosaicism at the por locus of Neisseria
gonorrhoeae. J. Bacteriol. 181, 5591-5599.

Furuya, R., Onoye, Y., Kanayama, A., Saika, T., Iyoda, T., Tatewaki, M., Matsuzaki, K.,
Kobayashi, I., Tanaka, M., 2007. Antimicrobial resistance in clinical isolates of
Neisseria subflava from the oral cavities of a Japanese population. J. Infect.
Chemother. 13, 302-304.

Gibbs, C.P., Meyer, T.F., 1996. Genome plasticity in Neisseria gonorrhoeae. FEMS
Microbiol Lett. 145, 173-179.

Harrison, O.B., Cehovin, A., Skett, J., Jolley, K.A., Massari, P., Genco, C.A., Tang, C.M.,
Maiden, M.C.J., 2020. Neisseria gonorrhoeae population genomics: use of the
gonococcal core genome to improve surveillance of antimicrobial resistance.

J. Infect. Dis. 222, 1816-1825.

Laumen, J.G.E., Van Dijck, C., Abdellati, S., Manoharan-Basil, S.S., De Baetselier, I.,
Martiny, D., Crucitti, T., Kenyon, C., 2021. Markedly reduced Azithromycin and
ceftriaxone susceptibility in commensal Neisseria species in clinical samples from
Belgian men who have sex with men. Clin. Infect. Dis. 72, 363-364.

Mahmoud, M., Gobet, N., Cruz-Davalos, D.I., Mounier, N., Dessimoz, C., Sedlazeck, F.J.,
2019. Structural variant calling: the long and the short of it. Genome Biol. 20, 246.

Marx, V., 2023. Method of the year: long-read sequencing. Nat. Methods 20, 6-11.

Meyer, T., Buder, S., 2020. The laboratory diagnosis of Neisseria gonorrhoeae: current
testing and future demands. Pathogens 9.

Mlynarczyk-Bonikowska, B., Kowalewski, C., Krolak-Ulinska, A., Marusza, W., 2022.
Molecular mechanisms of drug resistance and epidemiology of multidrug-resistant
variants of Neisseria gonorrhoeae. Int. J. Mol. Sci. 23.


http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref1
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref1
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref2
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref2
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref2
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref3
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref3
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref3
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref3
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref4
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref4
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref4
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref4
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref4
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref4
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref5
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref5
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref5
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref6
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref6
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref6
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref7
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref7
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref7
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref7
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref8
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref8
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref9
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref9
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref9
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref10
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref10
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref10
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref11
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref11
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref12
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref12
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref12
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref13
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref13
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref13
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref13
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref14
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref14
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref14
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref14
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref14
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref14
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref15
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref15
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref15
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref15
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref15
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref15
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref16
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref16
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref16
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref16
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref16
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref17
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref17
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref17
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref18
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref18
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref18
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref18
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref19
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref19
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref20
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref20
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref20
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref20
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref21
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref21
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref21
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref21
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref22
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref22
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref23
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref24
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref24
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref25
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref25
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref25

K. Klaper et al.

Nadal-Baron, P., Salmeron, P., Garcia, J.N., Trejo-Zahinos, J., Sulleiro, E., Lopez, L.,
Jimenez de Egea, C., Zarzuela, F., Ruiz, E., Blanco-Grau, A., Llinas, M., Barbera, M.J.,
Larrosa, M.N., Pumarola, T., Hoyos-Mallecot, Y., Drassanes Expres Collaborative, G.,
2022. Neisseria gonorrhoeae culture growth rates from asymptomatic individuals with
a positive nucleic acid amplification test. Lett. Appl. Microbiol. 75, 1215-1224.

Ohnishi, M., Golparian, D., Shimuta, K., Saika, T., Hoshina, S., Iwasaku, K.,
Nakayama, S., Kitawaki, J., Unemo, M., 2011. Is Neisseria gonorrhoeae initiating a
future era of untreatable gonorrhea?: detailed characterization of the first strain with
high-level resistance to ceftriaxone. Antimicrob. Agents Chemother. 55, 3538-3545.

Pinto, M., Borges, V., Isidro, J., Rodrigues, J.C., Vieira, L., Borrego, M.J., Gomes, J.P.,
2021. Neisseria gonorrhoeae clustering to reveal major European whole-genome-
sequencing-based genogroups in association with antimicrobial resistance. Micro
Genom. 7.

Quillin, S.J., Seifert, H.S., 2018. Neisseria gonorrhoeae host adaptation and pathogenesis.
Nat. Rev. Microbiol 16, 226-240.

Romagnoli, S., Bartalucci, N., Vannucchi, A.M., 2023. Resolving complex structural
variants via nanopore sequencing. Front. Genet 14, 1213917.

Selb, R., Klaper, K., Buder, S., Bremer, V., Heuer, D., Jansen, K., 2023. Epidemiologie und
Resistenzlage der Gonorrho in Deutschland im Jahr 2022 Robert Koch-Institut,
Epidemiologisches Bulletin.

Simar, S.R., Hanson, B.M., Arias, C.A., 2021. Techniques in bacterial strain typing: past,
present, and future. Curr. Opin. Infect. Dis. 34, 339-345.

International Journal of Medical Microbiology 314 (2024) 151611

Tang, X., Shang, J., Ji, Y., Sun, Y., 2023. PLASMe: a tool to identify PLASMid contigs
from short-read assemblies using transformer. Nucleic Acids Res. 51, e83.

Unemo, M., Lahra, M.M., Escher, M., Eremin, S., Cole, M.J., Galarza, P., Ndowa, F.,
Martin, 1., Dillon, J.R., Galas, M., Ramon-Pardo, P., Weinstock, H., Wi, T., 2021.
WHO global antimicrobial resistance surveillance for Neisseria gonorrhoeae 2017-18:
a retrospective observational study. Lancet Microbe 2, e627-e636.

Unemo, M., Shafer, W.M., 2011. Antibiotic resistance in Neisseria gonorrhoeae: origin,
evolution, and lessons learned for the future. Ann. N. Y Acad. Sci. 1230, E19-E28.

Unemo, M., Shafer, W.M., 2014. Antimicrobial resistance in Neisseria gonorrhoeae in the
21st century: past, evolution, and future. Clin. Microbiol Rev. 27, 587-613.

Wadsworth, C.B., Arnold, B.J., Sater, M.R.A., Grad, Y.H., 2018. Azithromycin resistance
through interspecific acquisition of an epistasis-dependent efflux pump component
and transcriptional regulator in Neisseria gonorrhoeae. mBio 9.

WHO 2017, Diagnostics for gonococcal antimicrobial resistance, (https://www.who.
int/teams/global-hiv-hepatitis-and-stis-programmes/stis/testing-diagnostics/diag
nostics-for-gonococcal-antimicrobial-resistance).

, 2023WHO, 2023. Gonorrhoea (Neisseria gonorrhoeae infection), https://www.who.int/

news-room/fact-sheets/detail/gonorrhoea-(neisseria-gonorrhoeae-infection).

Wick, R.R., Judd, L.M., Wyres, K.L., Holt, K.E., 2021. Recovery of small plasmid
sequences via Oxford Nanopore sequencing. Micro Genom. 7.

Xu, G., Zhang, L., Liu, X., Guan, F., Xu, Y., Yue, H., Huang, J.Q., Chen, J., Wu, N., Tian, J.,
2022. Combined assembly of long and short sequencing reads improve the efficiency
of exploring the soil metagenome. BMC Genom. 23, 37.


http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref26
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref26
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref26
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref26
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref26
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref27
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref27
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref27
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref27
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref28
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref28
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref28
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref28
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref29
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref29
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref30
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref30
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref31
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref31
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref32
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref32
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref33
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref33
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref33
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref33
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref34
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref34
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref35
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref35
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref36
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref36
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref36
https://www.who.int/teams/global-hiv-hepatitis-and-stis-programmes/stis/testing-diagnostics/diagnostics-for-gonococcal-antimicrobial-resistance
https://www.who.int/teams/global-hiv-hepatitis-and-stis-programmes/stis/testing-diagnostics/diagnostics-for-gonococcal-antimicrobial-resistance
https://www.who.int/teams/global-hiv-hepatitis-and-stis-programmes/stis/testing-diagnostics/diagnostics-for-gonococcal-antimicrobial-resistance
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref37
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref37
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref38
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref38
http://refhub.elsevier.com/S1438-4221(24)00015-8/sbref38

	Integrated molecular, phenotypic and epidemiological surveillance of antimicrobial resistance in Neisseria gonorrhoeae in G ...
	1 Introduction
	2 Establishment of an integrated genomic surveillance of AMR in NG in Germany – Go-Surv-AMR
	3 New technologies improve the molecular epidemiology of NG
	3.1 Genetic fingerprint
	3.2 Genomic resistance surveillance
	3.3 Pangenome analysis

	4 Conclusions and future perspectives
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Acknowledgments
	Declarations of interest
	References


