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RESUMO

Resumo

Neisseria gonorrhoeae € 0 agente patogénico humano que causa a doenca sexualmente
transmissivel gonorreia, constituindo um problema de salde publica. Esta bactéria tem
capacidade de adquirir resisténcia antimicrobiana (RAM) a multiplas classes de antibiéticos. Sem
vacina, 0 controlo da gonorreia exige medidas preventivas e tratamentos antimicrobianos
eficazes, assim como vigilancia epidemioldgica. Programas nacionais e internacionais estéo a
promover progressivamente a aplicacdo da sequenciacdo total do genoma (WGS) para
monitorizar a circulacdo de N. gonorrhoeae e a emergéncia e propagacao de RAM.

O principal objetivo desta dissertacdo foi o de contribuir para o fortalecimento da
vigilancia epidemiolégica e de RAM em N. gonorrhoeae recorrendo a WGS. As principais
tendéncias de RAM em Portugal ao longo de 16 anos foram identificadas, beneficiando dos dados
colhidos pela Rede Nacional de Vigilancia Laboratorial de Estirpes de Neisseria gonorrhoeae
(PTGonoNET), sediada no Instituto Nacional de Saude, Doutor Ricardo Jorge, I.P. (INSA).
Através de dados de WGS Europeus, reportamos uma classificacdo de N. gonorrhoeae em
genogrupos, 0s quais representam as suas principais linhagens em circulagéo, correlacionando-se
com outras técnicas de tipagem e com perfis especificos de RAM. Aplicando uma abordagem
gene-a-gene, efetuou-se o primeiro estudo a escala do genoma para N. gonorrhoeae em Portugal,
revelando-se a diversidade genética das estirpes em circula¢do, assim como possiveis cadeias de
transmissdo, de forma a promover e/ou suportar a investigacdo epidemioldgica. Finalmente,
avaliou-se um método independente da cultura para obter dados de WGS diretamente de amostras
clinicas e a sua aplicacdo para a vigilancia epidemiolégica e na detecdo de RAM.

Os resultados apresentados nesta tese constituem um ponto de viragem para a
consolidacdo da epidemiologia genémica dos gonococos em Portugal com a implementacao de
uma metodologia de vigilancia baseada em WGS no Laboratério de Referéncia no INSA. Por
ultimo, este trabalho contribui para o fortalecimento da vigilancia de N. gonorrhoeae promovendo
a monotorizagdo da frequéncia e propagacao geogréafica de genogrupos e contribuindo para a¢bes

de Saude Publica mais orientadas para controlar a propagacdo de RAM de N. gonorrhoeae.

Palavras chave: Neisseria gonorrhoeae; Resisténcia antimicrobiana; Vigilancia; Sequenciacao

total do genoma
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ABSTRACT

Abstract

Neisseria gonorrhoeae is the human pathogen responsible for the sexually transmitted
disease gonorrhoea, whose burden remains a major public health concern. This bacterium has
shown an extraordinary ability to develop antimicrobial resistance (AMR) to multiple classes of
antimicrobials, with the advent of reaching a “superbug” status. With no available vaccine,
managing gonorrhoea infections demands effective preventive measures, antibiotic treatments
and epidemiological surveillance. National and international surveillance programmes are
increasingly promoting the application of whole-genome sequencing (WGS) data to track N.
gonorrhoeae circulation and the emergence and spread of AMR.

The major goal of the PhD dissertation was to strengthen N. gonorrhoeae epidemiological
and AMR surveillance using WGS. Particularly, we disclose the major AMR trends observed in
Portugal throughout 16 years, by reporting data from the National Laboratory Network for
Neisseria gonorrhoeae Collection (PTGonoNet), hosted at the Portuguese National Institute of
Health (NIH). Using WGS data from across Europe, we report a comprehensive WGS-based
genogroup assignment for N. gonorrhoeae. These genogroups represent main circulating lineages
and were correlated with other typing techniques and linked to specific AMR signatures. Using a
dynamic gene-by-gene approach, we performed the first genome-scale study of N. gonorrhoeae
in Portugal, highlighting the genetic diversity of circulating strains, as well as potential
transmission chains, which is essential to support epidemiological investigation. Finally, we
evaluated a culture-independent strategy to obtain WGS data directly from clinical samples and
its suitability for epidemiological surveillance and AMR detection.

The findings presented in this dissertation constituted a turning point to consolidate the
genomic epidemiology of gonococci in Portugal through the implementation of a WGS-based
surveillance methodology in the Portuguese NIH. Ultimately, this work enhances N. gonorrhoeae
surveillance by promoting the prospective monitoring of genogroup frequency and geographic
spread, towards more oriented Public Health actions to control the spread of N. gonorrhoeae
AMR.

Keywords: Neisseria gonorrhoeae; Antimicrobial resistance; Surveillance; Whole-genome

sequencing
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Author’s Notes: thesis organization, format and outline

The main body of this PhD dissertation is composed of eight chapters, including a general
introduction of the subject, six research studies (either published or ongoing) and a final
discussion. Its core is based on three published manuscripts (listed below) that are presented as
individual chapters and three additional chapters that include proofs of concept of methodologies
or exploratory/ongoing studies. As three chapters correspond to published manuscripts in peer
reviewed international journals, they faithfully reproduce what was published. In this context, the
chapter presentation order neither perfectly reflects the chronological order of the manuscript
publication nor the time in which all studies were performed, as several of these were developed
simultaneously and the time elapsing between the manuscript submission and publication largely
depends on the journal and on the inherent revision requirements. As such, chapters were
organized following a rational order taking into account the objectives delineated for this PhD
work, and are preceded by a title page describing the reference of the publication (when
applicable) and the personal contributions of the author of the present PhD thesis. In brief, each

chapter includes the following contents:

Chapter I — General introduction
This chapter consists of a general introduction that intends to provide the reader with the state
of the art in the subjects addressed in this doctoral dissertation focusing on the sexually
transmitted pathogen Neisseria gonorrhoeae. It includes a historical context, a global
overview of the major aspects of N. gonorrhoeae taxonomy, biology, pathogenesis, impact on
human health and molecular epidemiology, followed by insights into the genetic features and
antimicrobial resistance mechanisms of this bacterium and the contribution of the whole-
genome sequencing era in this field. It ends with the description of the main objectives of this
PhD project, which include the specific research questions that drove the investigations carried

out on behalf of each chapter.

Chapter Il — Fifteen years of a nationwide culture collection of Neisseria gonorrhoeae
antimicrobial resistance in Portugal
This chapter corresponds to the following published manuscript: “Pinto M, Rodrigues JC,
Matias R, Agua—Doce I, Cordeiro D, Correia C, Gomes JP, Borrego MJ and the PTGonoNet.
(2020) Fifteen years of a nationwide culture collection of Neisseria gonorrhoeae
antimicrobial resistance in Portugal. European Journal of Clinical Microbiology and
Infectious Diseases; 39:1761-1770”. It reports all antimicrobial resistance data generated up
to 2018 on behalf of the National Laboratory Network for Neisseria gonorrhoeae Collection

(PTGonoNet), hosted and supported by the National Reference Laboratory for Sexually
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Transmitted Infections of the Portuguese National Institute of Health. The ultimate goal of this
study was to disclose the overall Neisseria gonorrhoeae antimicrobial resistance trends in
Portugal throughout fifteen years of surveillance.

Chapter 111 — Neisseria gonorrhoeae clustering to reveal major European WGS-based
genogroups in association with antimicrobial resistance
This chapter corresponds to the following published manuscript: “Pinto M, Borges V, Isidro
J, Rodrigues JC, Vieira L, Borrego MJ, Gomes JP. (2020) Neisseria gonorrhoeae clustering
to reveal major European WGS-based genogroups in association with antimicrobial
resistance. Microbial Genomics (in press)”. The aim of this study was to perform Neisseria
gonorrhoeae clustering into genogroups based on whole-genome sequencing data, for
enhanced prospective laboratory surveillance. Particularly, it identifies the major circulating
whole-genome sequencing-based genogroups in Europe and establishes a relationship between

these and antimicrobial resistance.

Chapter 1V - Insights into the Neisseria gonorrhoeae pan-genome: a preliminary assessment
of genogroup-specific genetic signatures
This chapter corresponds to an exploratory study that takes advantage of the data generated in
the previous chapter and complements it by analysing the pan-genome of Neisseria
gonorrhoeae. Particularly, it explores Neisseria gonorrhoeae’s accessory-genome in order to
associate the presence of specific genetic markers with the previously established whole-
genome sequencing-based genogroups.

Chapter V — First case of a cephalosporin resistant Neisseria gonorrhoeae isolate detected
in Portugal
This chapter corresponds to the following published manuscript: “Pinto M, Matias R,
Rodrigues JC, Duarte S, Vieira L, Gongalves I, Gongalves MJ, Ramos MH, Gomes JP,
Borrego MJ. (2020) Cephalosporin-Resistant Neisseria gonorrhoeae Isolated in Portugal,
2019. Sexually Transmitted Diseases; 47(11):e54—e56”. It reports the first case detected in
Portugal of a cephalosporin resistant Neisseria gonorrhoeae isolate, in 2019. This chapter
corresponds to a timely analysis performed in the context of Public Health needs, as it was
important to rapidly report the existence of an isolate with such resistance profile in circulation
in our country. As such, in terms of organization, this work was placed between Chapter 111
and Chapter VI, as it took advantage of the dataset generated in Chapter 111 to perform the
analyses, with this isolate being integrated in the global Portuguese genomic study (Chapter

VI) only after the manuscript publication.

XXii



AUTHOR’S NOTES: THESIS ORGANIZATION, FORMAT AND OUTLINE

Chapter VI — Neisseria gonorrhoeae laboratory surveillance in Portugal in the whole-
genome sequencing era
This chapter corresponds to the first genome-scale study of Neisseria gonorrhoeae in Portugal,
enrolling isolates collected from 2003 up to 2019. As such, it includes an in-depth analysis of
all isolates sequenced in Chapter Il and V, as well as novel isolates that were sequenced a
posteriori to constitute a genomic sub-set representing the year 2019. Additionally, as Chapter
Il is presented as it was published at the time, the description of the all PTGonoNET isolates
collected during 2019 were included in the present chapter as an update. In this context, this
chapter applies the described methodology in Chapter Il to all sequenced Portuguese
Neisseria gonorrhoeae isolates to date, in order to disclose potential transmission chains
occurring in Portugal. This work constituted a turning point to consolidate the genomic
epidemiology of gonococci in Portugal that will be carried forward at the Portuguese National
Reference Laboratory for Sexually Transmitted Infections of the Portuguese National Institute
of Health.

Chapter VII — Novel approach to capture the genome of Neisseria gonorrhoeae directly from
clinical samples
This chapter corresponds to an ongoing study that evaluates the application of a culture-
independent strategy to obtain whole-genome sequencing data directly from clinical samples
collected from distinct anatomic sites. Particularly, it aimed to bypass the culture step prior to
whole-genome sequencing and assess its suitability for epidemiological surveillance and

antimicrobial resistance detection.

Chapter VIII - Final overview, concluding remarks and future directions
This chapter provides a global overview of the subjects addressed throughout the chapters,
highlighting the main results and conclusions achieved in this PhD dissertation. As each
chapter contains its own section discussing the obtained results, only the most relevant findings
are addressed here in order to avoid unnecessary redundancy. New research questions that can

be addressed in future follow-up studies, raised by this work, are also highlighted.

Considering the dissimilar layouts and in-text reference styles adopted by the different
scientific journals where the manuscripts were published, all chapters were formatted in a unique
style. In this regard, a single section of "References" is presented, with all references being cited
by sequential numbers and listed according to the order in which they appear in the dissertation.

Additionally, published supplementary figures were included in the main text to facilitate reading.
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Data availability

Finally, annexes relative to each chapter are also compiled in a last section of this thesis
(referred to as "Supplementary Material™). As most annexes corresponded to large Tables with
extensive information that could not be legibly formatted in the text, for the sake of simplicity
these data are made available digitally through an online publication (Figshare Project), with

hyperlinks to these provided in this Section.

All Neisseria gonorrhoeae raw read data generated in this study were published in the
European Nucleotide Archive (ENA) under BioProject accession no. PRJEB36482
(www.ebi.ac.uk/ena/data/view/PRJIEB36482), with all individual ENA sample accession

numbers detailed in the Supplementary Material. All Next-Generation Sequencing runs were
performed by the Technology and Innovation Unit of the Department of Human Genetics of the
National Institute of Health, Dr. Ricardo Jorge, I.P. In order to potentiate visualization,
interpretation and reproducibility of data, additional supplementary support materials for the
study performed in Chapter IIl were published in ZENODO and are available at
https://doi.org/10.5281/zenod0.3946223. Likewise, for Chapters Il and VI, two Projects were

created in the MicroReact web-platform, and made publicly available in order to analyse

dynamically antimicrobial resistance and molecular data presented in these studies by year and
geographic region:

- https://microreact.org/project/4U7YJ-70k/240ea921;

- https://microreact.org/project/g8vwip8gPLJAhRwz3RedFE/ec303d1f.

This work was supported the Portuguese Foundation for Science and Technology under
the individual Grant no. SFRH/BD/109264/2015.
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1. General introduction
1.1. The genus Neisseria

The genus Neisseria belongs to the family Neisseriaceae of the order Neisseriales [1],
which is placed in the class Betaproteobacteria. Currently the genus Neisseria consists of 35
Gram negative species (according to the List of Prokaryotic names with Standing in Nomenclature
[2]) that in general grow optimally under aerobic conditions at temperatures from 35 to 37 °C.
Most are cocci with a diameter of up to 2 um, presenting as single bacteria or in pairs (diplococci)
[3]. Nevertheless, novel Neisseria species are still being characterized [4]. The members of this
genus have a high affinity for the mucous membranes of animals and humans [3], but can also be
found as free-living organisms in the environment [5]. Several species can be isolated from
humans, namely Neisseria gonorrhoeae, N. meningitidis, N. cinerea, N. elongata, N. flavescens,
N. lactamica, N. mucosa, N. polysaccharea, N. sicca, and N. subflava, while in animals the most
predominant species are N. animalis, N. animaloris, N. zoodegmatis (cats and dogs), N.
denitrificans (guinea pigs), N. dentiae (domestic cows), N. macacae (rhesus monkeys), and N.
weaveri (dogs) [3, 5]. While most human Neisseria species normally inhabit the upper respiratory
tract, only causing disease in an opportunistic fashion, in immune-compromised hosts, or
systemic infections [5], species of animal origin are not associated with human disease and have
only rarely caused infections in human wounds after animal bites [6]. The species N. gonorrhoeae
and N. meningitidis are considered to be exclusive human pathogens. While the latter is a
commensal of the human oropharynx, capable of causing acute disease in healthy individuals, N.
gonorrhoeae is always considered a transmitted pathogen. Still, N. meningitidis is the only species
that expresses a polysaccharide capsule, of which thirteen different serogroups can be
distinguishable [7]. Contrasting with many of the species in the Neisseria genus that are not
nutritionally demanding, N. gonorrhoeae and N. meningitidis are fastidious bacteria, showing
particular susceptibility to unfavourable environmental factors, such as extreme temperatures,
desiccation, and alkaline or acidic conditions. Finally, all species in this genus are naturally

competent for DNA uptake and display a high frequency of horizontal gene transfer (HGT) [8].

1.2. Gonorrhoea origin and history

Sexually transmitted diseases (STD) are known to have existed from antiquity and are
recorded in many of humanity’s earliest surviving texts, suggesting that sexually transmitted
infections (STI) such as syphilis, gonorrhoea, chlamydiosis and herpes have been a constant bane
of human health. Gonorrhoea is considered an old malady or, as George Luys famously put it,

“gonorrhoea is as old as the world” [9]. Its history is long (reviewed in [10]), with its causative
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agent, the obligate human pathogen N. gonorrhoeae (gonococcus), having coexisted with
humanity and caused this STD for a long time. Evidence suggests that gonorrhoea existed in early
human cultures, as seen referenced in ancient Egyptian texts believed to date back as far as 3000
BC [11], in the Bible [12], in descriptions from physicians from Ancient Greece to the Roman
Empire which carried on to the Middle Ages and were further elaborated in the Renaissance [13].
Indeed, the first mention of the word “gonorrhoea” is attributed to Aelius Galen (129-216 A.D.),
a Greek physician, surgeon and philosopher of the Roman Empire [13], while the discovery of
the gonococcus came much later, credited to the German microbiologist Albert Ludwig Siegmund
Neisser (1855-1916) [14], to whom the bacteria Neisseria gonorrhoeae owes its name [15, 16].
From then on, gonococcal biology would rapidly be unveiled, from its consistent isolation to its
association with clinical manifestations and, in the twentieth century, gonorrhoea was well
accepted as an STI caused by a singular human pathogen. Culture provided the grounds for
microbiology and molecular biology based studies on N. gonorrhoeae, which contributed to
disclose the structure of this pathogen and its virulence factors, while immunobiology allowed
the understanding of the interactions with its human host, its innate and adaptive immune
responses and to develop effective treatments and prophylactic measures. Still, sulfanilamide
(belonging to the sulfonamide functional group), the first drug used to reliably cure gonorrhoea
was only introduced in 1938 [17], with gonococcal resistance to this drug and to others rapidly
emerging [18-20], signalling the beginning of an enduring arms race between antimicrobials and
the gonococcus (discussed further in another section of this Chapter). Finally, in 2000, the
genomic era brought the release of the first complete genome of a N. gonorrhoeae strain (FA
1090, Genbank accession number NC_002946), with thousands of genomes being sequenced
since then (discussed further in another section of this Chapter). This new era has challenged our
understanding of gonorrhoea, not only suggesting that the origin of modern gonococci
populations could lie around the sixteenth century, but also that it has been continuously shaped
by antimicrobial treatment [21]. Nevertheless, with all the knowledge gained until now, the

development of an effective vaccine for this disease remains to be accomplished.

1.3. Neisseria gonorrhoeae pathogenesis and impact in human health

1.3.1. Disease, pathogenesis and adaptation

N. gonorrhoeae is generally transmitted from infected individuals during sexual activity,
by direct contact between the mucosal membranes of the urogenital tract, anal canal, and
oropharynx. Occasionally it also causes infections in the eye, as well as other anatomic sites
(Figure 1.1.) [20, 22, 23]. Gonorrhoea is associated with significant morbidity with the most

common results for urogenital gonorrhoea being urethritis in men and cervicitis in women. While
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most rectal infections and almost all pharyngeal infections are asymptomatic, it has been
considered that the vast majority of urethral infections in men (about 90%) present with discharge
or dysuria. In contrast, in women urethral and cervical infections are more commonly
asymptomatic, as less than 50% develop symptoms [20, 24]. Although in cases of “uncomplicated
cervicitis” women do not report symptoms, upon direct examination of the cervix they often

manifest physical signs of inflammation [25, 26].
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Figure 1.1. | Depiction of typical and atypical anatomical sites infected by Neisseria gonorrhoeae and
associated clinical manifestations. Corresponding references refer to clinical case reports of
unusual infections. Many of the unusual gonococcal infections are either associated with
preceding Disseminated Gonococcal Infection (DGI) or considered the cause of subsequent
gonococcal septicemia and/or other manifestations of DGI. (Adapted from [23])

Gonorrhoea infections are usually treatable by antibiotic therapy and most individuals
who develop symptoms are no longer infectious after seeking medical attention. Nevertheless, it
is estimated that about two-thirds of all infected men are asymptomatic (mainly due to
oropharyngeal and anoretal infections) and the major source of spread [22]. Moreover, if left
untreated, N. gonorrhoeae can cause ascending infections resulting in epididymo-orchitis,
salpingitis and pelvic inflammatory disease (PID), by transluminal dissemination starting from
the urogenital mucosae [61, 62]. These have a large impact on the female reproductive system as
they may result in tubal factor infertility, ectopic pregnancy and chronic pelvic pain. Additionally,
these can lead to adverse pregnancy outcomes, like low birth weight infants, small for gestational
age infants, conjunctivitis (ophthalmia neonatorum) and oropharyngeal infections through
transmission to newborns [49, 63]. In rare cases, in Disseminated Gonococcal Infection (DGI),

N. gonorrhoeae can enter the bloodstream and spread systemically causing severe complications
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(Figure 1.1.) like fever/septicemia [43—48], arthritis [50, 51, 64], tenosynovitis [35], endocarditis
[44, 45, 55-57] or meningitis [52-54].

As an obligate human colonizer, N. gonorrhoeae has developed unique features that are
crucial to its pathogenesis and adaptation to its host (reviewed in [65]). Its infection process is
summarized in Figure 1.2. N. gonorrhoeae’s survival depends on a successful transmission
between hosts, as this pathogen cannot survive ex-vivo, unlike N. meningitidis which can survive
for short periods of time and spread via respiratory droplets [65]. After transmission, N.
gonorrhoeae adheres, colonizes and invades the mucosal epithelium of the lower and upper
genitourinary tract, which is mediated by bacterial surface structures such as type IV pili, opacity
(Opa) proteins, lipooligosaccharide (LOS) and the major outer membrane (OM) protein porin
PorB. Type IV pili and Opa proteins are believed to be essential for colonization and immune

evasion, the latter through antigenic and phase variation mechanisms [66—69].
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Figure 1.2.| Overview of the different steps involved in Neisseria gonorrhoeae infection. LOS-
lipooligosaccharide; OMV — Outer membrane vesicles; NOD - Nucleotide-binding
oligomerization domain-containing protein; TLR — Toll-like receptor; NLR — NOD-like
receptor; DC — Dendritic cell; HBP — Heptose-1,7-bisphosphate; TIFA — TRAF-interacting
protein with FHA domain-containing protein A. Opa — opacity. [65].

LOS play an important role in adherence and invasion of the host’s cells, as variation in these
affect the immune cell recognition, and its sialylation affects serum resistance through
complement evasion [70-72]. Once it has adhered and colonized, N. gonorrhoeae is also capable
of invasion and transcytosis of the epithelium which could lead to DGI [22, 65]. During the initial
stages of infection, N. gonorrhoeae starts to release fragments of peptidoglycan, LOS and OM
vesicles that trigger the innate immune response, which results in a localized influx of
polymorphonuclear neutrophils (PMNSs), macrophages and dendritic cells [73-76] that interact

with and phagocytose the bacteria (Figure 1.2.). It is then the interaction and subsequent influx
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of PMNs that makes up a purulent exudate that facilitates transmission [77]. Still, the bacterial
and host factors that contribute to more asymptomatic infections are poorly understood. More
sensitive surveillance, screening and diagnostics have been considered necessary to characterize

bacterial strains and host cell factors that contribute to asymptomatic colonization [65].

1.3.2. Laboratory diagnosis and antimicrobial susceptibility testing

As it is considered that many gonorrhoea symptoms are not specific of the disease, an
accurate laboratory diagnosis should be performed on symptomatic individuals including, if
possible, antimicrobial susceptibility testing for N. gonorrhoeae positive cases. Routine screening
of individuals that are part of risk groups is also recommended, such as sex workers or HIV-
positive individuals. Routine laboratory diagnosis of N. gonorrhoeae can be performed in
urogenital, anorectal, pharyngeal or conjunctival swab specimens, first-catch urine, blood, ascitic
or synovial fluids [24]. Currently, there are several methods available for N. gonorrhoeae
detection, the most commonly used being culture and nucleic acid amplification technologies
(NAAT). The use of DNA probe assays, antigen tests and serology to detect antibodies are not
recommended due to a lack of sensitivity and specificity [78]. Several studies have shown that
NAAT offer higher sensitivity than culture [78-84], mainly due to the fact that bacteria do not
need to be viable and that it can be performed with success on diverse specimen types, including
non-invasive biological samples (e.g. urine) [78, 80, 85]. In addition, NAAT provide faster results
than culture, with less hands-on time, have the possibility of being scalable and automated for
high throughput testing [86-88], making them cheaper, and can be designed to test multiple
pathogens simultaneously, which is the case currently for N. gonorrhoeae, Chlamydia
trachomatis, Mycoplasma genitalium and Trichomonas vaginalis [78, 88]. In light of this, culture
is being progressively replaced as a laboratory diagnosis method. So far, the major disadvantage
of NAAT-based laboratory diagnosis is that it cannot provide information about antimicrobial
susceptibility, which still requires bacterial culture. The latter is performed on rich culture
medium such as GC base or Chocolate Agar plus PolyViteX, which provide the necessary growth
factors required by this fastidious bacterium, with plates required to be incubated at 35-37 °C, in
a high humidity and 4-6% CO; enriched atmosphere [89]. After 18 to 24h of incubation, the
gonococci appear as shiny grey colonies, which can be further identified by microscopy after
Gram’s staining, together with a positive reaction to cytochrome oxidase [24]. Although bacterial
culture can be sensitive, confirmation of Neisseria species can be further performed through
biochemical [90], immunological [90, 91], spectrometric [92, 93] or molecular tests [82, 83].

Furthermore, for N. gonorrhoeae, antimicrobial susceptibility testing is one of the most
important procedures to perform, as it can be crucial for establishing an effective antimicrobial

therapy, due to this pathogen’s remarkable ability to acquire resistance. Antimicrobial
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susceptibility testing indicates the minimum inhibitory concentration (MIC) (i.e., concentration
that inhibits growth) of a given antimicrobial agent, and for N. gonorrhoeae this is accomplished
via two main options: agar dilution method or the MIC gradient strip method (E-test) [24].
Interpretation of these assays should be based on breakpoint standards either following the
guidelines from the Clinical and Laboratory Standards Institute (CLSI) (https:/clsi.org/) or the
European Committee for Antimicrobial Susceptibility Testing (EUCAST) [94], which divide
MIC breakpoints into “susceptible”, “intermediate”, and “resistant” categories. Quality control
assessments are required regardless of the test method, either inter- or intra-laboratory, using the
World Health Organization (WHO) control strains [95, 96]. In fact, while the WHO recommends
the agar dilution method, the mostly used method should be the MIC gradient strip test, as it is
easier to perform and correlates well with the agar dilution methods [97, 98]. Additionally, as
some N. gonorrhoeae strains exhibit high-level resistance to penicillin, associated with carriage
of a plasmid with the B-lactamase encoding gene, the Nitrocefin test should also be performed in

order to assess B-lactamase production [24].

1.3.3. Antibiotic treatment therapy for gonorrhoea

In the absence of a vaccine, gonorrhoea treatment has always relied on an effective
antibiotic therapy. Several antibiotics have been historically used and since fallen out of use for
the treatment of N. gonorrhoeae infections (Figure 1.3.). In fact, gonococci have shown the
ability to acquire antimicrobial resistance (AMR) to multiple classes of antibiotics (the genetic
mechanisms underlying resistance and its epidemiology will be discussed in a latter section of
this Chapter), including B-lactams, tetracyclines, macrolides and quinolones, reaching dramatic
levels. This is due to the combination of the remarkable genetic adaptation capability of N.
gonorrhoeae and an indiscriminate use of a wide range of antibiotics to treat gonorrhoea [19, 65,
99-101]. Indeed, within ten years of the introduction of sulfonamides, N. gonorrhoeae became
resistant to this class of antimicrobials and its use was no longer recommended. Then, penicillin
became the drug of choice but only until the mid-1970s due to the reports of rapid decrease of
susceptibility. Tetracyclines rapidly met the same fate as penicillins, and resistance to
fluoroquinolones is currently so widespread globally that they can no longer be recommended as
a first choice for the empiric treatment of gonorrhoea. Macrolides seemed to be the answer but
resistance was shown to be rapidly selected [19, 100, 101]. Finally, third generation
cephalosporins were introduced in the 1980s and 1990s to treat gonorrhoea, but resistance [102—
104] and clinical failures have also been reported since 2010 [105-108].
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Antimicrobial Resistance Identified I Antimicrobial Introduction
1930
I e 1938 — Sulfonamides
1940
1940s — More than 90% of isolates b 1943 — Penicillins
resistant to Sulfonamides —— 1949 — Tetracyclines
1950
1960
1967 — First SPT resistant isolates s I p—— 1965 — Aminoglycosides (SPT)
1970
1976 — Detection of B-lactamase
encoding plasmids
1980s — Emergence of tetM-possessing 1980 1981 — Cephalosporins (CRO)
- it ) b 1985 — Fluroquinolones (CIP)
conjugative plasmids 1990 1989 — Cephalosporins (CFM)
1990s — First quinolone and AZM p 1990 — Macrolides (AZM)
resistant isolates

2001 - First CRO resistant isolates

2000s-2010s — Increasing rate of ESC resistance

2011-2012 — XDR isolates detected in Japan and France
2018 — XDR isolates detected in the UK and Australia

Figure 1.3.| The history of Neisseria gonorrhoeae antimicrobial resistance. The right panel shows the
date of introduction of each antimicrobial into clinical use and the left panel shows the year
in which resistance was first observed. CRO — Ceftriaxone; AZM — Azithromycin; CFM —
Cefixime; SPT — Spectinomycin; ESC — Extended-spectrum cephalosporins; XDR -
Extensive drug resistant. Adapted from [100, 109]

With treatment strategies in jeopardy and the fear that gonorrhoea will become
untreatable, the WHO [110], the European Centre for Disease Prevention and Control (ECDC)
[111] and the Centers for Disease Control and Prevention (CDC) [112] issued action plans since
2012, and raised the awareness of healthcare professionals to define and monitor gonorrhoea
treatment failures worldwide. In fact, this lead to the CDC classifying this pathogen as a
“superbug” and the WHO considering it as a “Priority 2" microorganism (i.e., Priority pathogen
for research and development of new antibiotics). In general, the treatment for N. gonorrhoeae
infections is given empirically at the first clinical visit, which evidently means that antimicrobial
susceptibility is rarely performed prior to prescription following the WHO guidelines [113].
Worldwide health organizations have established empirical treatment guidelines for urogenital
gonorrhoea cases, which consist in a dual therapy combining a single dose of a third generation
cephalosporin (either ceftriaxone or cefixime) and a single dose of a macrolide (azithromycin),
while for retreatment of cases after treatment failure other antibiotic regiments are recommended
(Summarized in Table 1.1.) [113-119]. Finally, research on new treatment options for gonorrhoea
is ongoing and follows either the repurposing of existing antimicrobials (or novel combinations),

the development of new antimicrobials or the development of alternative therapies [109, 120].
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Table 1.1.| Different treatment guidelines for gonorrhoea worldwide.
WHO[113] ~ Australasia  copogaf115]  USA[L16] UK [117] NI [
[114] [119]
CRO [250 mg Im]
+ AZM [140]
or CRO soomgiMm]  CRO 2somgimj  CRO [2somgiMv;  CRO soomgimp CRO soomgivMp CRO [250 mg im)]
CFM p0omg o] + AZM [140] + AZM [140] + AZM [140] + AZM [140] + AZM [140] + AZM [140]
+ AZM [140]
CRO [500 mg IM]
A (200l CFM [400 mg O]
o +AZM [1go)
CFM (800 mg 0] CFM [800mg 0] or CFM (400 mg 0] SPT [2g1m]
+ + + +
AZM [240] AZM [140] CFM p400mg 0] SPT 2o AZM [240] AZM [140]
7 Ol +AZM 1go)  +AZM g0 or or
GEN [240 mg 1m] SPT 2g1Mm] (g0l Or[ 90l SPT 2g1Mm] GEN [240 mg 1M
+ + + +
AZg/Ir [290] AZM [140] CTX (500 mg ] AZM 24 0] AZM 24 0]
+
SPT 2g1m] AZMItge]
+ AZM [240]

All treatment guidelines are single dose. Top line are the recommended empirical treatment for uncomplicated
gonorrhoea, while the bottom line corresponds to alternative treatment guidelines, mainly used for cases of
retreatment after treatment failure. IM — Intramuscular; O — Oral; WHO — World Health Organization; USA
— United States of America; UK — United Kingdom; EU — European Union; CRO — Ceftriaxone; AZM —
Azithromycin; CFM — Cefixime; SPT — Spectinomycin; GEN — Gentamicin; CTX — Cefotaxime (Adapted

from [109])

1.3.4. Global epidemiology and the Portuguese panorama

Gonorrhoea disease burden has increased in the last decade and remains a major public
health concern worldwide. Gonorrhoea is still the second most common ST1 and from 2012 up to
2016, the WHO observed an increase from 78.3 million to 87.0 million new cases of N.
gonorrhoeae worldwide in individuals aged from 15 to 49 years [113, 121]. Worldwide data also
show that the African Region and the Region of the Americas are the most affected, presenting
the highest estimated incidence rates, in both men and women [122]. In 2018, the CDC reported
more than 580 000 cases in the USA, which reflects a 64% increase since 2014 and the highest
number reported since 1991 [123]. Additionally, data suggest that men who have sex with men
(MSM) are disproportionately affected by this disease [124]. In Europe, in 2017, the ECDC
reported around 90 000 notified cases across 27 European Union/European Economic Area
(EU/EEA) countries [125], an increase of 17% when compared with 2016 [126]. The countries
with the highest notification rates per 100 000 population were the United Kingdom (UK),
Ireland, Denmark, Iceland, Norway and Sweden, while the lowest rates were observed in
Bulgaria, Croatia, Cyprus, Poland and Romania [125]. Moreover, notification was three fold
higher for men than for women, with MSM accounting for almost half (47%) of all reported male
cases, and the largest proportion of cases were reported among the age group of 25 to 35 years
old [125].

In Portugal, data on gonorrhoea cases have been reported to the Portuguese General
Health Directorate (DGS; Direcdo Geral da Saude) at least since the 1950s with data showing a
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rampant decrease in notified cases from 1970 to 1995 and very few cases reported during the early
2000s [127] (Figure 1.4.). Since the beginning of 2015, a nationwide integrated electronic
platform was implemented in our country for public health surveillance (SINAVE; Sistema
Nacional de Vigilancia Epidemioldgica), including the mandatory notification of all gonorrhoea
cases, either confirmed by direct examination (restricted to urethral samples of symptomatic
men), culture or by NAAT. Noteworthy, there is a separation between laboratory and clinical
reporting in Portugal and, to date, DGS only validates gonorrhoea cases if these are reported by
clinicians. Data from 2015-2018 evidence an 113% increase of notified cases of gonorrhoea
(Figure 1.4.) (from 468 in 2015 to 976 cases in 2018; data retrieved from the Ministry of Health

open-access platform - https://www.sns.gov.pt/transparencia/). Moreover, reports show that the

highest notification rates hail from the Lisbon and Oporto Metropolitan Areas [128, 129], and
that most cases hail from individuals aged from 15 to 34 years, with ~90% of cases being from
men since 2015 [127]. Still, the electronic natification system cannot include AMR data due to
lack of standardized cultural methods and to the unavailability of molecular AMR tests, which

hampers an overview of the current state of N. gonorrhoeae AMR in our country.
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Figure 1.4.| Number of notified cases of gonorrhoea per year in Portugal, from 1950 to 2018 (Adapted
from [127].

1.3.5. Neisseria gonorrhoeae antimicrobial resistance burden

Following the international calls for action to monitor and manage the spread of
antimicrobial resistant N. gonorrhoeae [110-112], several national and international surveillance
programmes have been implemented worldwide [130], namely the Gonococcal Resistance to
Antimicrobials Surveillance Programme (GRASP) promoted by the Public Health England (PHE)
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in the UK [131-133], the European Gonococcal Antimicrobial Surveillance Programme (EURO-
GASP) in Europe [134, 135], the Gonococcal Isolate Surveillance Project (GISP) in the USA
[136, 137], the Canadian National Programme in Canada [138, 139] and the Australian
Gonococcal Surveillance Program (AGSP) [140, 141]. These surveillance programmes, along
with other studies have allowed to observe that, in the last decade, there has been a steady rise in
MICs and resistance for cephalosporins [103, 104, 133, 137, 141-145]. Moreover, since the first
report of resistance [146, 147] and clinical failure to cephalosporins [102, 105], novel resistant
strains and even clinical failures have been confirmed [106-108, 139, 148, 149]. Worldwide
increase in azithromycin resistance is also being reported [150-154] with resistant strains
associated with recent outbreaks [155-157], one of which in Australia leading to changes in
treatment guidelines in this country [158]. Multidrug resistant and extensively drug resistant
gonococcal strains are being reported in Europe [106, 150, 159, 160], Asia [152, 161, 162], the
USA [137, 153], Canada [139] and Australia [141, 157]. The GISP’s latest report refers to 2014
(sampling size of 5093), where resistance to tetracycline was at 25.3%, to ciprofloxacin at 19.2%
and to penicillin at 16.2% [137]. In the USA, azithromycin breakpoint is defined at MIC > 2 mg/L,
contrasting with the EUCAST and CLSI guidelines that are based on an Epidemiologic cut-off
(ECOFF) of 1 mg/L (i.e., MIC > 1 mg/L), and data showed an increase from 2013 to 2014 (from
0.6 to 2.5%), although no isolates simultaneously presented resistance to cephalosporins [137].
Additionally, the GISP also reports an overall increase in cefixime and ceftriaxone resistance in
the USA in 2014 [137] when compared with previous years [136]. In Australia, decreased
susceptibility to ceftriaxone was found to be at 1.7% (sampling size of 9006) in 2018, with two
extensively drug-resistant isolates being detected [141]. Resistance to azithromycin decreased
from 9.3 to 6.2% from 2018 to 2017, but several high-level resistant isolates were reported [140,
141]. Canada, through its National Surveillance Programme, confirmed its first ceftriaxone
resistant N. gonorrhoeae in 2017, and reported (sampling size of 5290) an increase of multi-drug
resistant isolates (i.e., isolates with decreased susceptibility to cephalosporins or resistance to
azithromycin, along with resistance to at least two other antimicrobials) from 4.4% in 2013 to
12.2% in 2017 [139]. Although ciprofloxacin and tetracycline resistance remains high, at 50.1%
and 45.9%, respectively, Canadian data revealed that the overall decreased susceptibility to
ceftriaxone, cefixime and azithromycin have decreased since 2013 [139]. Still, in 2017, the
EURO-GASP did not detect any isolate with resistance to ceftriaxone (sampling size of 3248)
and results showed stable cefixime and azithromycin resistance (1.9% and 7.5%, respectively)
[135] when compared with the previous year (2.1% and 7.5%, respectively) [134]. Nevertheless,
15 countries reported cefixime-resistant isolates, and 23 countries reported azithromycin-resistant
isolates, revealing that resistance is becoming widespread. Ciprofloxacin resistance remained
high at 46.5%, the same value as reported for 2016 [134, 135]. In contrast, the latest data from
isolates collected from 2018 (sampling size of 1455) on behalf of the GRASP showed a moderate
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increase in resistance, when compared to 2017, to azithromycin (from 9.3% to 9.7%),
ciprofloxacin (from 36.4% to 39.8%), cefixime (from 1.7% to 2.1%), penicillin (from 10.8% to
12.4%) and tetracycline (from 48.5% to 52.8%), with no resistance to ceftriaxone being detected,
albeit an increase in MICs was observed [132, 133]. Additionally, in 2018, the UK reported three
cases of extensively drug-resistant N. gonorrhoeae with epidemiological links to sexual networks
in Southeast Asia or Spain [133]. Noteworthy, most programmes report that overall AMR is more
prevalent in isolates from MSM individuals [133, 135, 137]. Besides the limited data sent to and
reported by the EURO-GASP, the overall global trends of N. gonorrhoeae AMR in Portugal are
currently undisclosed. Nonetheless, up to 2018 no resistant isolate to cephalosporins was reported
and data from EURO-GASP (110 isolates per year) for Portugal pointed it as one of the countries

with highest resistance to azithromycin in Europe [134, 135].

1.4. Neisseria gonorrhoeae genomics

1.4.1. General genomic features

N. gonorrhoeae possesses a ~2.2 Mbp circular chromosome with ~2000 coding
sequences. It can also carry plasmids, either the cryptic plasmid (it does not contain AMR genes
or virulence factors) or plasmids associated with AMR [163] that can be transferred between
pathogenic and commensal species [164, 165]. A repertoire of genetic elements enables increased
genomic plasticity in N. gonorrhoeae, which likely contribute to host colonization, invasion and
survival, such as DNA transformation [166] and variation of displayed antigens [167]. In fact,
one of the most outstanding features of Neisseria spp. is the amount and variety of repetitive DNA
sequences present in their genomes [168, 169]. The most abundant repeated sequences in the
genome are the DNA uptake sequences (DUS), which are nonpalindromic 10-bp sequences
present ~2000 times in the genome that function in DNA transformation involving same-species
strains. Represented ~200 times in the chromosome are 20-bp sequences called duplicated repeat
sequence 3 (dRS3) [168, 169] that act as sites for phage integration [170] and genome
rearrangements [171]. Additionally, N. gonorrhoeae possess a gonococcal genetic island (GGI)
encoding a type IV secretion system (T4SS) that secretes single-stranded DNA into the
extracellular environment providing substrate for DNA transformation [172, 173]. Besides these
genomic features used to facilitate HGT, N. gonorrhoeae also has several mechanisms of phase
variation used to generate genetic diversity within its main virulence factors towards pathogenesis

and adaptation.
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1.4.2. Phase variation and major virulence factors

Phase variation has a vital role in N. gonorrhoeae’s ability to adapt to the various
environmental niches it colonizes. It is defined as reversible changes in the expression state of
genes, either by switching between an expressed (ON) and unexpressed (OFF) state, through
transcription regulation or gene truncation, or by switching between two distinct forms of a gene
product [168, 174]. This stochastic switching in virulence-associated genes or regulatory systems
allows the infecting bacterial population to maintain diversity in order to adapt and survive in
light of different selective pressures. In bacteria, phase variation can be mediated by invertible
DNA segments, differential methylation, changes in length of homopolymeric tracts or short
tandem repeats, causing shifts in the reading frame (when occurring within the coding sequence
of a gene). It is estimated that more than 100 genes are phase-regulated in pathogenic Neisseria.
Several genes identified as virulence factors in N. gonorrhoeae and N. meningitidis are phase
variable, displaying either homopolymeric tracts or short tandem repeats [175-180]. The distinct
products from phase-variable genes contribute to the continuous change in the expressed
repertoire of outer surface components of antigens, and this antigenic variation is one of the more
effective strategies used by pathogens to evade the immune system, persist and enable reinfection.
These antigenic variation systems can generate functional variants that alter specific interactions
between virulence factors and host molecules, with the variability of the Type IV pili, the LOS
antigen and the OM Opa proteins being the major targets of phase variation contributing to a
successful pathogenesis [168]. In N. gonorrhoeae, the Igt genes (IgtABCDE) encode a set of
glycosyltransferases that transfer sugars to the LOS core [181]. A subset of these genes contain
homopolymeric repeats in their 5° ends that allow different possible combinations of
glycosyltransferases, thus producing different LOS structures putatively inducing different
immunological responses [182-184]. Regarding the Opa proteins, N. gonorrhoeae can possess
up to eleven different Opa-encoding genes, dispersed throughout the genome [185, 186], with
each gene containing from two up to 20 adjacent CTCTT repeats in the coding sequence [69, 178]
that can independently phase-vary using slipped-strand mispairing from ON and OFF states,
representing a process of antigenic variation [168, 187]. Another mechanism of generating
antigenic variation involves the pilin genes through gene conversion (reviewed in [168]), which
is defined as nonreciprocal transfer of DNA, by recombination, from a donor homolog to a
recipient locus without the donor locus being changed in the process. The Type IV pili of
Neisseria are long filamentous surface structures involved in DNA transformation, twitching
motility and adherence to epithelial cells, and its major component is encoded by the pilE locus
[168, 188]. N. gonorrhoeae possesses several chromosomally scattered truncated pilin genes

(pilS) that share sequence similarity to the pilE gene, acting as genetic reservoirs [168, 188-190].
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It is the non-reciprocal transfer of DNA from pilS copies to pilE that results in variable regions,

which encode the exposed regions of the pilus surface, recognized by antibodies [188, 190, 191].

1.4.3. Genomic mechanisms of antimicrobial resistance

Even though the drivers for AMR in N. gonorrhoeae are still not fully disclosed, it is
suggested that AMR mainly arises due to spontaneous mutation and/or total or partial gene
acquisition (by HGT), which are effectively selected due to antibiotic pressure and can be
transferred to other gonococci by transformation [120, 166]. Whereas novel mutations are still
being discovered, resistance mediated by HGT is generally well described, as are the examples
of genes carried on conjugal plasmids in certain strains that confer resistance to tetracyclines and
B-lactams. The ability of the gonococcal genome to undergo continuous mutation and internal
recombination, resulting in rapidly evolving gonococcal populations, is well known and several
mutations have already been described that are partially responsible for an acquired AMR (Figure
1.5. and Table 1.2.) [100, 120, 192].

e B-lactams (including
R cephalosporins) and others
f p-lactams "

* mtrR
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g Tetracyclines MtrCDE/;

[ o tetm ] d B-lactams (including
\ cephalosporins) and
. . . Plasmid \ \ others
a Spectinomycin and macrolides PorB \ )
*16S rRNA (Spectinomycin) - [ ® porB ‘
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PBP1— 8\—’ (including
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Figure 1.5.| Current Neisseria gonorrhoeae-targeting antimicrobials and the corresponding resistance
genes. IM — Inner membrane; OM — outer membrane; PBP — Penicillin-binding protein. [100]
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Sulfonamides target the bacterial dihydropteroate synthase (DHPS) enzymes, to inhibit
the folic acid synthesis in the gonococci, with its resistance due to alterations in the folP gene
encoding the drug target DHPS [96, 193, 194]. Tetracycline binds to the ribosome, and it is the
presence of the plasmid-encoded tetracycline resistance protein TetM and its interaction with the
ribosome that leads to high-level resistance to tetracyclines [195, 196]. Additionally, alterations
in rpsJ (encoding for ribosomal protein S10) also contribute to tetracycline resistance, by reducing
the affinity of 30S ribosome for tetracycline [197]. Although rifampicin is not used for gonorrhoea
treatment, resistance to this drug in Neisseria has been described by point mutations in the rpoB
gene (encoding the RNA polymerase beta-subunit) [198, 199] also present in N. gonorrhoeae
[96]. Resistance to B-lactam antibiotics (such as penicillins, cephalosporins and carbapenems)

occurs through mutations in ponA [200] and penA [102, 105, 201, 202], encoding the penicillin-
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Table 1.2.| Main antimicrobial resistance determinants described in Neisseria gonorrhoeae for previous and
currently recommended antimicrobials for the treatment of gonorrhoea
Genetic - . Affected
element Product Resistance determinant Effect Antimicrobials Reference
A311V, I1312M, V316T, V316P,
enA Penicillin-binding T483S, A501V, N512Y, G545S, Reduced B-lactam acetylation of ~ CRO, CFM, [105, 203]
P protein 2 A501P, A501V, A501T, G542S, PBP2 PEN '
P551S, P551L
Deletion of A in repeat (-35A), - AZM, CRO,
mrmoter A Cin repeat (-38), Oéere"press'on of MUCDE “crvi'pEN,  [204-208]
P 2 bp insertion CHiux pump TET
. AZM, CRO,
mtrR MtrR' repressor A39T, G45D, truncation Overexpression of  MtrCDE CFM. PEN, [209]
protein efflux pump TET
penB Major outer . CRO, CFM,
(porB1b) membrane Porin B G120K, A121D, A121N Reduced influx PEN. TET [210]
Penicilin-binding Reduced B-lactam acetylation of  CRO, CFM,
ponA protein 1 L421P PBP1 PEN [200]
TEM-1 or TEM-135  Presence of blaTEM-1/blaTEM- A .
blaTEM penicillinase 135-encoding plasmids Penicillinase production PEN [211, 212]
Four copies of these genes
Ribosome subunit present, increasing resistance
23SrRNA* 505 C2611T, A2059G with increased number of copies AZM [213, 214]
with SNPs via decreased binding
to 50S ribosome
DNA-gyrase Reduced quinolone binding to
gyrA SubUNT A S91F, D95N, DI5G DNA gyrase CIP [96, 215]
Topoisomerase IV D86N, S87R, S871, S87W, Reduced quinolone binding to
parC subunit C S88P, E91K topoisomerase 1V cip [96, 215]
rpsJ Ribosomal protein V57M Reduced affinity of 30S ribosome TET [197]
S10 for tetracycline
TetM  resembles  elongation
tetM TetM Presence of plasmid factor G, binds 30S ribotype and TET [195, 196]
prevents tetracycline binding
Pore-forming secretin . . .
ek - Reduced influx via pore-forming ~ CRO, CFM,
pilQ E:II|Q of the type IV E666K secretin PilQ PEN [216]
ermBCF rRNA methylases Presence msé?zé]ate 235 RNA to block AZM [217]
macAB MacAB efflux pump  Promoter mutation Overexpression of efflux pump AZM [218]
mef Mef efflux pump Presence Efflux pump AZM [219]
ereAB iy e Presence Macrolide esterase AZM [207]
esterase type | and Il
norM NorM efflux pump Promoter mutation Overexpression of efflux pump CIP [220]
Dihydropteroate _
folP synthase R228S Reduce target affinity SUL [20]
- Ribosome subunit Reduces the affinity of the drug
16STRNA 30S 1192V for the ribosomal target. SPT [20, 203]
rpsE 30S r.lbosomal T24P, VV25del, K26E D_|srupts the binding to the SPT 20, 203]
protein S ribosomal target
B-subunit of 96, 198
rpoB DNA-dependent H552 Reduce target affinity RI p '
199]
RNA polymerase

*Escherichia coli numbering used. **only found in laboratory strains. PEN — penicillins; TET — tetracycline; CIP
— ciprofloxacin; AZM — azithromycin; CRO — ceftriaxone; CFM — cefixime; SPT — spectinomycin, SUL —
sulfonamides; RI — rifampicin. PBP — Penicillin-binding protein. Adapted from [20, 96, 192, 203]
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-binding proteins 1 (PBP1) and 2 (PBP2) respectively, which are required for peptidoglycan
synthesis. The presence of the conjugative plasmid containing the gene blaTEM-1 (encoding the
TEM-1 penicillinase) also confers resistance through inactivation, as the encoded protein
hydrolyses the B-lactam ring of penicillin [211, 212]. Fluoroquinolones act by inhibiting the
activity of topoisomerases that are involved in DNA replication, and resistance to these is mostly
mediated by mutations in the topoisomerase-encoding genes gyrA (DNA-gyrase subunit A), parC
(topoisomerase 1V subunit C) and parE (toposiomerase IV subunit B) [96, 215, 221].
Spectinomycin and azithromycin bind to ribosomes to inhibit protein synthesis, thus mutations in
the 16S and 23S rRNA-encoding genes confer resistance to spectinomycin [19, 95, 222] and
azithromycin [213, 214], respectively. Studies have shown that the level of resistance to
azithromycin depends on the number of copies of 23SrRNA (N. gonorrhoeae possess four copies)
that carry the mutation A2059G, with high-level resistance to this antimicrobial (i.e., MIC > 256
mg/L) being observed when all four copies carry this variant [213, 214]. Additionally, for
spectinomycin, alterations in the rpsE-encoded 30S ribosomal protein S were also confirmed to
result in high- or low-level resistance [223, 224]. N. gonorrhoeae can also display genetic
alterations in specific genes that lead to a broader decreased susceptibility and resistance. For
instance, alterations in PorB, the major OM porin (encoded by penB/porB) reduce the
permeability of this protein, conferring resistance to various classes of antimicrobials, such as
penicillins, cephalosporins or tetracyclines [210]. Resistance can also be mediated by alteration
in efflux pump systems, as is the cases of the MtrC-MtrD-MtrE [209] or MacA-MacB [218] efflux
systems that expel antibiotics of various classes from N. gonorrhoeae cells. Mutations in efflux
pump-associated genes can lead to an increased activity of the efflux pump complex, conferring
resistance to multiple classes of antimicrobials. This is the case of the promoter of mtrR (which
encodes the MtrR repressor protein), where alterations lead to an overexpression of the efflux
pump [204-208] that are mainly associated with azithromycin decreased susceptibility and

resistance while affecting other antimicrobials.

1.4.4. Traditional molecular typing

N. gonorrhoeae typing is traditionally performed either using the seven loci Multi-Locus
Sequence typing (MLST) scheme for Neisseria [225, 226] or the specific two loci Neisseria
gonorrhoeae Multi-Antigen Sequence typing (NG-MAST) scheme [227]. Both typing methods
can identify clusters of circulating isolates and can be used to create a general epidemiological
picture [228]. The MLST scheme for Neisseria was first developed for N. meningitidis [225] and
then further extended to include N. lactamica and N. gonorrhoeae [226]. Currently, it has more

than 15 000 defined profiles (data from http://pubmlist.org/neisseria/), enrolling seven loci,

namely: abcZ (ABC transporter ATP-binding protein), adk (adenylate kinase), aroE (shikimate
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dehydrogenase), fumC (fumarate hydratase class |II), gdh (glucose-6-phosphate 1-
dehydrogenase), pdhC (pyruvate dehydrogenase) and pgm (phosphoglucomutase). This scheme
has allowed to perform epidemiological surveillance, post-vaccine studies and population and
evolutionary analyses for N. meningitidis [226, 228]. Still, to monitor N. gonorrhoeae, researchers
rely on NG-MAST, a specific scheme based on internal fragments of two highly polymorphic loci
encoding for gonococcal antigens, namely porB (490 bp fragment), which encodes the gonococcal
OM porin B and thpB (390 bp fragment), which encodes the beta-subunit of the transferrin-
binding protein [227]. Due to the high variability of the loci, this scheme currently has more than

19 000 defined profiles (data from http://pubmist.org/neisseria/). This lead to several studies now

agglomerating sequence types (ST) based on sequence identity, in order to cluster isolates into
reportable genogroups [207, 208, 229-232]. However, this approach is not without flaws as the
agglomeration of isolates is dependent on both the method used (e.g. using clustering algorithms
or simple similar sequence identity) and the dataset under analysis, and its nomenclature is based
on the most prevalent ST found within a dataset, meaning that it cannot be directly transposed to
novel studies [208, 231, 232]. Still, the use of NG-MAST is still performed in order to maintain
a certain historical continuity in the current whole-genome sequencing (WGS) era, and provides
the possibility to compare “old” isolates with isolates characterized in recent years.

The most predominant NG-MAST STs found in several countries are described in Table
1.3. Briefly, from 2009 up to 2013, the most common ST detected in Europe was ST1407
(belonging to NG-MAST genogroup G1407, which includes 330 different STs [230]), as it
predominated in several countries, namely Austria, Belgium, Italy, the Netherlands, Portugal,
Romania, Slovenia, Spain, Switzerland and the UK [232-234], followed by ST2992 (G2992),
ST225 (G225) and ST2400 (G2400). More importantly, ST1407 has been associated with multi-
drug resistance, as most isolates belonging to this ST have presented resistance or decreased
susceptibility (or both) to cefixime, ceftriaxone, azithromycin and ciprofloxacin [232, 233].
Additionally, between 2010 and 2012 this was also the most common ST found in Canada [231,
235, 236], the USA [237, 238], Japan [239] and Argentina [240], while also being described for
the first time in China in 2013 [241]. Nevertheless, in Canada, from 2013 up to 2017, the most
prevalent STs seem to have shifted towards ST5985, ST10451, ST12302 and ST14698 [139],
while in China ST1407 did not predominate up to 2017 [242-244]. Since 2014, besides G1407
other NG-MAST genogroups that warrant surveillance have emerged worldwide, as these
presented resistance to ceftriaxone, with MICs above 0.5 mg/L, namely G564, G5267, G11110,
G11018, G21, and more importantly G1866, which also present high-level azithromycin
resistance (i.e., MIC > 256 mg/L) [230].
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Table 1.3.| Most prevalent Neisseria gonorrhoeae Multi-Antigen Sequence Typing (NG-MAST)
sequence types worldwide by study
Continent Country Study period # OIeI:toel gtes Mos;_lp_) r(ﬁ)(’)‘;"e”t 2 mgs_lt_ ?(;j )V e Reference
Africa Ghana 2012-2015 44 ST8948 (20%) ST10251 (7%) [245]
2007 and 2012 278 ST568 (6%) ST270 (4%) [246]
2014-2015 126 ST7469 (5%) ST1866 (4%) [247]
China 2014-2017 55 ST14781 (7%) ST1766 (5%) [242]
2013-2017 380 ST5308 (3%) ST5061 (2%) [243]
2015-2017 379 ST4539 (4%) ST3741 (3%) [244]
2012-2013 920 ST2318 (5%) ST1866 (5%) [241]
Asia India 2010-2012 60 ST6058 (22%) ST621 (3%) [248]
2010-2013 100 ST6058 (21%) ST9774 (4%) [249]
Indonesia 2014 78 ST1407 (51%) ST2992 (17%) [250]
Japan 1996-2016 400 ST2958 (5%) ST4016 (5%) [251]
2010-2012 193 ST1407 (16%) ST4186 (5%) [239]
Pakistan 2012-2014 94 ST338 (3%) ST3328 (3%) [252]
South Korea 2012-2017 593 ST10668 (13%) ST15016 (10%) [253]
Vietnam 2011 108 ST4787 (10%) ST7720 (5%) [254]
Australia Australia 2011-2013 128 ST758 (20%) ST4186 (2%) [255]
Austria 2010 50 ST1407 (32%) ST387 (10%) [233]
2013 55 ST3785 (16%)  ST11575 (11%) [232]
Belarus 2010-2013 193 ST1993 (27%) ST807 (7%) [256]
Belgium 2010 50 ST1407 (14%) ST387 (12%) [233]
2013 55 ST1407 (16%) ST2992 (15%) [232]
Denmark 2010 50 ST225 (12%) ST3158 (12%) [233]
2013 55 ST1993 (20%) ST1407 (15%0) [232]
2010 50 ST2 (14%) ST2992 (14%) [233]
France 2013 57 ST645 (9%) ST4995 (5%) [232]
2010-2012 176 ST8922 (6%) ST1285 (5%) [257]
Germany 2010 50 ST25 (32%) ST1407 (28%) [233]
2013 47 ST4995 (9%) ST5441 (6%) [232]
Greece 2010 50 ST5405 (16%) ST5505 (16%) [233]
2013 48 ST3128 (19%) ST225 (10%) [232]
2010 17 ST5332 (29%) ST356 (12%) [233]
Hungary 2013 48 ST1407 (21%) ST995 (13%) [232]
2014 50 ST1407 (10%) ST4995 (10%) [258]
ireland 2010 50 ST2992 (32%) ST384 (12%) [233]
2008-2016 58 ST1407 (9%) ST2992 (7%) [259, 260]

Europe Italy 2010 50 ST1407 (34%) ST2992 (10%) [233]
2013 49 ST2992 (18%) ST6360 (14%) [232]
Latvia 2009-2010 29 ST3227 (41%) ST5185 (10%) [233]
2013 38 ST5 (37%) ST10828 (13%) [232]
el 2009-2010 50 ST225 (46%) ST5463 (12%) [233]
2013 20 ST2992 (35%) ST1407 (10%) [232]
2010 100 ST1407 (16%) ST2992 (7%) [233]
Netherlands 2013 66 ST2992 (14%) ST2400 (11%) [232]
2009-2017 344 ST1407 (15%) ST2400 (12%) [261]
Norway 2009-2010 49 ST2992 (23%) ST1407 (14%) [233]
2013 55 ST1407 (9%) ST4275 (1%) [232]
Poland 2010-2012 228 ST1407 (25%0) ST2992 (7%) [262]
Portugal 2009-2010 50 ST1407 (14%) ST1034 (8%) [233]
2013 109 ST1407 (16%) ST7445 (11%) [232]
Romania 2010 9 ST1407 (22%) ST4120 (22%) [233]
2011-2012 521 ST807 (8%) ST5714 (6%) [263]
Russia 2013-2018 804 ST807 (8%) ST228 (3%) [264]
2015 123 ST9476 (11%) ST807 (8%) [265]
Slovakia 2010 50 ST437 (26%) ST5595 (20%) [233]
2013 56 ST1407 (16%) ST2992 (9%) [232]

NG-MAST ST1407 is highlighted in bold. ST — Sequence Type.
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Table 1.3.| Most prevalent Neisseria gonorrhoeae Multi-Antigen Sequence Typing (NG-MAST)
sequence types worldwide by study (cont.)
Continent Country Study period # OIeI:toel gtes MOS;.IF_) r(ﬁ)(’)‘;"e”t 2 mgs_lt_ ?(;j )V e Reference

2009-2010 50 ST1407 (28%) ST225 (16%) [233]
Slovenia 2006-2012 194 ST1407 (9%) ST21 (6%) [266]
2013 54 ST21 (13%) ST10800 (11%) [232]
2009-2010 100 ST1407 (28%) ST2992 (9%) [233]
Spain 2016 104 ST5441 (8%) ST2318 (7%) [267]
2012-2016 134 ST1407 (6%) ST14958 (6%) [268]
2013 116 ST1407 (9%) ST2400 (9%) [232]
2010 50 ST225 (8%) ST2992 (6%) [233]
Europe Sweden 2013 50 ST5445 (10%)  ST2400 (6%) [232]
Switzerland 1998-2001 26 ST8672 (12%) ST189 (8%) [269]
2009-2012 34 ST1407 (18%) ST2992 (9%) [269]
2010 100 ST1407 (14%) ST2 (6%) [233]
Ul 2013 106 ST2992 (11%) ST51 (10%) [232]
nssa 1995-2004 237 ST225 (44%) ST12 (35%) [270]
2004-2017 101 ST9768 (51%) ST649 (19%) [271]
2004-2015 1841 ST2992 (13%) ST1407 (8%) [272]
1989-2013 180 ST1407 (19%) ST225 (7%) [231]
Canada 2010 1233 ST1407 (13%) ST3150 (11%) [236]
N 2001-2010 155 ST3158 (26%) ST225 (19%) [273]
America 2017 5290 ST12302 (24%) ST5985 (8%) [139]
Greenland 2012-2015 102 ST210 (55%) ST9816 (30%) [274]
United States 2011 59 ST1407 (41%) ST7268 (17%) [237]
of America 2009-2010 236 ST1407 (23%) ST5895 (6%) [238]
South Ay 2011-2016 158 ST1407 (45%) ST3378 (4%) [240]
America 2009-2013 42 ST1407 (52%)  ST3431 (10%) [275]

NG-MAST ST1407 is highlighted in bold. ST — Sequence Type.

1.4.5. Neisseria gonorrhoeae in the whole-genome sequencing era

As stated by Blank and Daskalakis [276] in order to control gonorrhoea in a population
we need “access to screening, routine assessment of patients’ sexual practices to guide the
identification of anatomical sites requiring specimen collection, laboratory capacity to perform
testing, diagnostic technology that can characterize the organism and its antibiotic susceptibility,
systems for gathering that information to guide treatment recommendations, and above all,
effective and simple antibiotic therapy”. In light of this, WGS, coupled with bioinformatics, could
fulfil several of these requirements, as increased genomic data has already allowed to widen our
knowledge on N. gonorrhoeae’s origin, evolution, population structure, pathogenesis, AMR
mechanisms (including the identification of novel loci and tracking of the spread of AMR
determinants) and epidemiology, providing a detailed epidemiological analysis of N. gonorrhoeae
transmission and contact tracing [277]. WGS also complements other laboratory techniques in
order to improve diagnostics and treatment in the clinic and inform public health policies to limit
the impact of antibiotic resistance [277]. In fact, at the time of writing the present PhD
dissertation, there are more than 15 000 N. gonorrhoeae genomes publicly available from across
the world, namely from Europe [21, 96, 106, 155, 232, 259, 260, 270-272, 278-282], Australia
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[21, 96, 283-289], North America [21, 208, 231, 238, 290-294], South America [21, 240, 281,
292], Asia [21, 96, 295-298] and Africa [21, 299]. WGS data are now being generated by most
national or international gonococcal AMR surveillance programs in order to monitor the spread
of resistant N. gonorrhoeae strains. These have allowed to unveil the current AMR genetic trends
of circulating N. gonorrhoeae strains in several countries and how the genetic determinants for
AMR are transmitted [21, 232, 282, 291, 300], as well as to disclose local transmission chains
and outbreaks [155, 270, 272, 287, 288]. The ever evolving bioinformatics tools under
development are making it possible to rapidly perform in silico isolate typing from genome
assemblies either by NG-MAST [286] or MLST [301, 302], as well as to identify the
presence/absence of AMR genetic determinants directly from WGS reads [302] or genome
assemblies [303]. Additionally, WGS data coupled with bioinformatics pipelines have also been
used to predict antimicrobial MICs directly from genetic data, either using Illumina technologies
for large-scale analysis [192, 304, 305] or Oxford Nanopore technologies for a faster point-of-
care response [306]. Nonetheless, one remaining issue of these studies is the continuous reliance
on traditional typing methods (i.e., NG-MAST and MLST) to report epidemiological data, which
is due to the fact that we are in an ongoing transition phase. Thus, a WGS-based typing strategy
has not yet been implemented and traditional typing is still required for backward compatibility
in results communication. Recently, a novel typing methodology has been proposed by the Public
Health Agency of Canada, the Neisseria gonorrhoeae Sequence Typing for Antimicrobial
Resistance (NG-STAR; https://ngstar.canada.ca/), which is based on seven well-characterized

genes associated with AMR (namely, penA, mtrR, porB, ponA, gyrA, parC and 23SrRNA) [303].
However, although useful for tracking the dissemination of AMR determinants, this method does
not take advantage of the whole genome data. Still, in an era where culture is being progressively
replaced by NAAT for the diagnosis of gonorrhoea, it is crucial to develop culture-independent
methodologies that can trustworthily identify the genetic drivers of N. gonorrhoeae AMR.
Currently, two main methods are being applied in order to take advantage of WGS data
for isolate comparison, namely single-nucleotide polymorphism (SNP)-based or gene-by-gene
approaches [307]. The use of gene-by-gene approaches [308] enables the comparison of genomes
(either complete or draft) using a predefined set of loci, collected in a scheme. These can enrol
either core-loci (i.e., loci present in all or the vast majority of isolates) thus being referred to as
core-genome MLST (cgMLST) schemes, or a combination of core and accessory loci (i.e., loci
present in only a fraction of isolates), being referred to as whole-genome MLST (wgMLST)
schemes. Contrary to SNP-based methodologies, gene-by-gene approaches are independent of a
reference genome/strain, and have gained appeal for sub-typing due to the portability of allele
nomenclature, being, for instance, the recently adopted approach for WGS-typing of food-borne
pathogens [309, 310]. Still, for N. gonorrhoeae, most studies are have relied on SNP-based
approaches [21, 232, 270, 272] and only recently has a cgMLST scheme being published [301,
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311]. Thus, the transition to a WGS-based laboratory surveillance of N. gonorrhoeae remains to
be defined. As such, with the advent of the new large-scale genomics era and the transition to a
WGS-based routine laboratory surveillance, novel approaches are required in order to facilitate
data communication and comparability, namely a WGS-based typing methodology, along with
harmonized and easily communicable nomenclature that contemplates AMR data. In this context,
in Portugal, as of the time of writing, no genome-scale study has ever been performed, and thus
the genetic diversity of circulating strains remains to be disclosed. Additionally, acting as the
National Reference Laboratory for Sexually Transmitted Infections (NRL-STI) of the Portuguese
National Institute of Health (INSA), whose mission is to epidemiologically survey STI pathogens
such as N. gonorrhoeae and report AMR data, the modus operandi for its transition to WGS-

based surveillance also needs to be defined.

1.5. Aims and general research plan

The global goal of this PhD dissertation was to strengthen N. gonorrhoeae
epidemiological and AMR surveillance using WGS. This work was driven by the progressive
need of transition to a WGS-based laboratory surveillance for N. gonorrhoeae, and the lack of
information surrounding AMR trends and the genetic diversity of circulating strains in Portugal.
To achieve this overall objective, several specific aims were pursued in the course of this PhD

work, namely:

i) todisclose the major N. gonorrhoeae AMR trends observed in Portugal throughout sixteen

years of laboratory surveillance (Chapter 1l and Chapter VI);

ii) to achieve a comprehensive WGS-based genogroup assignment for N. gonorrhoeae,
representing its major lineages, to be used in the transition to WGS-based surveillance
(Chapter 111);

iii)to link the identified genogroups with specific genetic and AMR signatures (Chapter 1lI
and Chapter 1V)

iv) to establish a WGS-based molecular surveillance methodology in order to disclose the
genetic diversity and AMR profiles of circulating strains, as well as potential transmissions

chains, in Portugal (Chapter V and Chapter VI)

V) to evaluate the effectiveness of a culture-independent strategy to obtain WGS data directly
from clinical samples and its suitability for epidemiological surveillance and AMR
detection (Chapter VII).
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2. Fifteen years of a nationwide culture collection of Neisseria gonorrhoeae

antimicrobial resistance in Portugal

2.1. Abstract

Neisseria gonorrhoeae antimicrobial resistance (AMR) and gonorrhoea disease burden
remain major public health concerns worldwide. To contribute to the supranational demands to
monitor and manage the spread of antimicrobial resistant N. gonorrhoeae, the Portuguese NIH
promoted the creation of the National Laboratory Network for Neisseria gonorrhoeae Collection
(PTGonoNet). The present study reports the N. gonorrhoeae major AMR trends observed from
2003 up to 2018. All isolates described in the present study constitute the opportunistic ongoing
N. gonorrhoeae isolate collection supported by the National Reference Laboratory for Sexually
Transmitted Infections of the Portuguese NIH, enrolling strains isolated in 35 different public and
private laboratories. Minimum inhibitory concentrations were determined using E-tests for
azithromycin, benzylpenicillin, cefixime, ceftriaxone, ciprofloxacin, gentamicin, spectinomycin
and tetracycline. Molecular typing was determined using NG-MAST. AMR data of 2596 country-
spread isolates show that 87.67% of all N. gonorrhoeae isolates presented decreased susceptibility
to at least one antimicrobial. A continuous decreased susceptibility and resistance to penicillin,
tetracycline and ciprofloxacin can be observed along the years. However, no decreased
susceptibility for cephalosporins was observed until 2018, while for azithromycin this was always
low. The most common observed NG-MAST genogroups were G1407, G7445, G225, G2 and
G1034. This study evidences the advantages of a nationwide collection of isolates and of
centralized AMR testing to respond to supranational (EURO-GASP) requirements, while

providing unprecedented data on AMR in the context of 15 years of surveillance.

Keywords: Neisseria gonorrhoeae; antimicrobial resistance; surveillance; sexually transmitted

infection

2.2. Introduction

Neisseria gonorrhoeae is the obligate human pathogen that causes the sexually
transmitted disease gonorrhoea associated with significant morbidity [22]. In 2016, the World
Health Organization (WHO) estimated 87 million new cases of gonorrhoea worldwide [121] and
the European Centre for Disease Prevention and Control (ECDC) reported in Europe around 90
thousand cases in 27 countries in 2017 [125]. In the absence of a vaccine, managing N.

gonorrhoeae mainly relies on preventive measures, epidemiological surveillance and an effective
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antibiotic treatment. Nevertheless, this bacterium has shown the ability to acquire antimicrobial
resistance (AMR) to multiple classes of antibiotics [120]. Currently, the WHO recommends
empirical treatment of gonorrhoea with a dual antimicrobial therapy comprising ceftriaxone and
azithromycin [113]. However, during the last decade there has been a steady rise in minimum
inhibitory concentrations (MICs) for cephalosporins, with reports of resistant strains and even
clinical failures [103, 104, 106, 107], although none in Portugal up to 2018; alongside, there was
an worldwide increase in azithromycin resistance [150, 152-154, 158]. With treatment strategies
in jeopardy and the fear that gonorrhoea becomes untreatable, the WHO, the ECDC and the
Centers for Disease Control and Prevention (CDC) issued action plans since 2012 and raised the
awareness of healthcare professionals to define and monitor gonorrhoea treatment failures
worldwide.

In Portugal, a nationwide integrated electronic platform was implemented in 2015 for
public health surveillance [127, 129], including the mandatory notification of all gonorrhoea cases
to the Portuguese General Health Directorate (DGS), either confirmed by culture or by nucleic
acids amplification methods. Data from 2015-2018 evidence an 113% increase of notified cases
of gonorrhoea (from 468 in 2015 to 976 cases in 2018; data retrieved from the Ministry of Health

open-access platform - https://www.sns.gov.pt/transparencia/). However, the electronic

notification system cannot include AMR data due to lack of standardized culture methods and to
the unavailability of molecular AMR tests.

The National Reference Laboratory for Sexually Transmitted Infections (NRL-STI) of
the Portuguese National Institute of Health (INSA) started a modest process of collecting N.
gonorrhoeae strains in 2003. In 2010, INSA formalized the creation of the Portuguese National
Laboratory Network for Neisseria gonorrhoeae Collection (PTGonoNet) to widen the sampling
of isolates and contribute to supra-national demands. PTGonoNET aims to: collect and
characterize circulating N. gonorrhoeae strains; monitor AMR emergence; and identify potential
outbreak and transmission chains. This Network has allowed to contribute for the European
Gonococcal Antimicrobial Surveillance Programme (EURO-GASP) [150, 154, 232], which
requires the reporting on AMR and, since 2013, whole-genome sequencing [232]. In this context,
the present study aims to report the N. gonorrhoeae antibiotic resistance trends in Portugal for
eight antimicrobials, from 2003 up to 2018, while displaying the advantages of the creation of an

opportunistic centralized nationwide isolate collection.

2.3. Methods
2.3.1. PTGonoNET isolate collection

All isolates were obtained from the ongoing N. gonorrhoeae isolate collection supported

by the NRL-STI of INSA. INSA receives strains from 35 countrywide spread public and private
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laboratories that voluntarily participate in the PTGonoNet. INSA receives anonymized
countrywide isolates with minimal available epidemiological information, namely site of
infection, gender, age, sexual orientation (rarely declared) and region of residence of the patient.
Each viable isolate is tested for antimicrobial susceptibility before storage at -80°C. For this study,
when the patient’s region of residence data was unavailable, the location of the reporting
laboratory was attributed to the isolate. For isolates obtained from the rectum of male patients,
the sexual orientation was assumed as ‘MSM’ (Men who have sex with men), even when that

information was missing.

2.3.2. Antimicrobial susceptibility testing

Upon reception at INSA, isolates were sub-cultured in Chocolate agar (BioMérieux,
France) before susceptibility testing. Suspensions of 24h-cultures were prepared equivalent to
McFarland’s standard 0.5 and MIC for azithromycin, benzylpenicillin, cefixime, ceftriaxone,
ciprofloxacin, gentamicin, spectinomycin and tetracycline were determined using E-tests
(BioMérieux, France) in Chocolate agar PolyViteX or GC agar 1% Isovitalex, 24h at 36°C in 5%
COs.. For 234 isolates from 2006-2010, no MIC values were available for the present study, as
antibiotic susceptibility was determined by agar dilution breakpoint technique at Public Health
England, which provided solely qualitative results [312] (Supplementary Table S2.1.). All but
85 isolates were tested for B-lactamase production using the chromogenic reagent Nitrocefin
(Oxoid, UK) according to the manufacturer’s instructions. INSA participates in the National
External Quality Assessment Service (NEQAS) quality assurance for antimicrobial susceptibility
testing promoted by EURO-GASP. Isolate antibiotic susceptibility results were interpreted
according to 2019 European Committee on Antimicrobial Susceptibility Testing (EUCAST)
breakpoint definitions [94], with interpretation of azithromycin updated for all isolates,
accordingly [i.e., according to the epidemiological cut-off (ECOFF) at 1 mg/L]. As gentamicin
susceptibility lacks an established breakpoint to date, isolates were classified based on interpretive
results from previous studies [313, 314] as susceptible when MIC < 4 and resistant when > 16

mg/L, for analysis purposes.

2.3.3. Isolate typing

For 1042 N. gonorrhoeae isolates, molecular typing was performed by using the Neisseria
gonorrhoeae Multi Antigen Sequence Typing (NG-MAST) method, as previously described
[315]. Briefly, after DNA extraction, the two highly polymorphic loci, porB and tbpB, were
subjected to PCR amplification and sequencing. Alleles and sequence types (STs) were assigned

from the international database of the NG-MAST website (http://www.ng-mast.net/).
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Concatenated and aligned NG-MAST porB and tbpB sequences were used to construct minimum
spanning tree using goeBURST, implemented in the PHYLOViZ platform [316]. All sequences
with 99% identity were grouped in a single genogroup for analysis purposes, where the
Genogroup number refers to the most prevalent ST (genogroup was only attributed to isolates
cluster with more than five isolates). All determined alleles, ST and genogroups are reported in
Supplementary Table S2.1.

2.3.4. Data availability and interactive visualization
To potentiate visualization and interpretation, data is made available through the

MicroReact web-platform [317], in order to analyse dynamically AMR and molecular data

presented in this study by year and geographic region (https://microreact.org/project/4U7YJ-

70k/240ea921). The full characterization of all isolates, including metadata, molecular data and

antibiotic susceptibility data, are detailed in Supplementary Table S2.1.

2.3.5. Limitations of this study

There is a separation between laboratory and clinical reporting in Portugal and, to date,
DGS only validates gonorrhoea cases if these are reported by clinicians. On this regard, and
considering that all isolates received at INSA are anonymized, it is not possible to assess which
of them were notified to DGS (either by laboratories or by clinicians). In addition, although the
described dataset enrols the participation of 35 countrywide spread public and private laboratories
(including the major hospitals and private laboratory networks), it cannot be assured that the

epidemic in Portugal is 100% reflected by the described dataset.

2.4. Results

2.4.1. Demographic distribution of Neisseria gonorrhoeae isolates

Up to 2018, INSA has received 2596 viable isolates from 201 different cities/towns across
the country (Figure 2.1.). Total isolates distribution from 2003 up to 2018, according to the
second tier of Nomenclature of Territorial Units for Statistics (NUTII) classifier is as follows:
72.61% from the Lisbon Metropolitan Area, 17.10% from the North, 5.12% from the Center,
3.08% from the Algarve, 1.89% from the Alentejo, 0.12% from the Azores Autonomous Region
and 0.04% from the Madeira Autonomous Region (Table 2.1.), with only one isolate with
untraceable data. The vast majority of isolates were collected from men (90.37%), of which

17.65% were MSM, although sexual orientation was mostly undeclared (76.19%). Most isolates
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were retrieved from urogenital tract swabs (97.65%), with 86.71% from the urethra, 8.67% from
the cervix (or the vagina) and 2.27% from the rectum (Table 2.1.). Still, 2.35% of isolates were
collected from blood, the conjunctiva, pharynx, articular and ascitic fluids, sperm and penile
abscess pus (Supplementary Table S2.1.). Regarding patient age distribution (Table 2.1.), more
than half of the culture collection hails from young adults, particularly from 20 to 29 (42.60%)
and 30 to 39 (26.35%) years of age, followed by adults aged from 40 to 59 (16.95%).

Azores AR

o

0

Q
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=9

o

Madeira AR

Algarve

Figure 2.1.| Map of Portugal exhibiting the geographic origin of the Neisseria gonorrhoeae isolates of
the Portuguese National Institute of Health (INSA) culture collection from 2003-2018. Map
is divided by geographic regions according to the second tier of the Nomenclature of
Territorial Units for Statistics (NUTII), and each dot displays a city/town representative of a
specific NUTII. AR — Autonomous Region; MA — Metropolitan Area.
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Table 2.1.| Distribution of Neisseria gonorrhoeae isolates for each collection year according to patient gender, sexual
orientation, geographic region and site of infection.

Year
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Total
Gender
Male 15 13 18 26 73 48 70 65 100 96 140 155 227 314 483 503 2346
Female 2 6 2 3 7 10 10 8 8 13 21 16 29 26 35 44 240
Transsexual . . . . . . . . . . . . . . . 1 1
Undisclosed . . . . . . 2 . . . 2 2 . 1 1 1 9
Sexual Orientation
Heterosexual 7 7 4 9 18 9 12 14 6 12 35 9 11 5 9 24 191
MSM 7 10 13 18 28 36 64 31 7 13 15 16 24 25 36 71 414
MSMW 1 . . . . . . . . . . . . . 3 . 4
Not applicable . . . . . . 2 . . . 2 2 1 . 1 1 9
Undeclared 2 2 3 2 34 13 4 28 95 84 111 146 220 311 470 453 1978
Age (years)
<10 . . . . . . 2 1 1 . 2 3 2 3 3 3 20
10-19 2 1 1 . 3 7 15 7 10 9 28 16 37 46 49 54 285
20-29 7 6 9 16 38 32 41 24 50 51 59 56 111 140 221 245 1106
30-39 6 8 7 12 25 10 17 25 28 32 36 49 52 86 141 150 684
40-59 1 4 3 1 14 9 7 15 18 15 32 42 42 60 91 86 440
> 60 . . . . . . . 1 1 2 6 7 12 6 14 6 55
Unknown 1 . . . . . . . . . . . . . . 5 6
Geographic Region
Lisbon MA 15 19 18 29 64 53 78 55 84 84 112 108 160 212 384 410 1885
North . . . . 12 4 2 15 21 14 31 48 59 81 78 79 444
Algarve . . . . 3 . 2 1 3 5 6 6 7 7 20 20 80
Center 2 . 1 . 1 1 . 2 2 11 9 16 30 25 33 133
Alentejo . . . . . . . . . 4 3 2 14 9 11 6 49
Azores AR . . . . . . . . . . . . . 1 1 1 3
Madeira AR . . . . . . . . . . . . . 1 . . 1
Unknown . . 1 . . . . . . . . . . . . . 1
Site of infection
Urethra 15 13 15 23 68 45 66 64 99 94 136 152 225 304 457 475 2251
Cervix 2 6 2 3 5 10 10 6 5 12 21 11 24 19 32 34 202
Rectum 2 3 5 3 2 2 1 1 8 14 18 59
Other . . 1 0 2 0 4 1 3 3 b) 10 7 10 16 19 81
No data . . . . . . . . . . . . . . . 3 3
Antibiotic
susceptibility testing
Benzylpenicilin . . . 29 78 58 82 12 . . . . 2 340 519 549 1669
Ciprofloxacin 16 10 20 29 78 58 82 73 104 109 163 173 251 341 519 549 2575
Tetracycline . . . 29 70 52 . . . . . . 2 340 519 549 1561
Azithromycin 16 10 20 29 70 52 78 73 108 109 163 173 251 341 519 549 2561
Ceftriaxone 16 10 20 29 77 58 82 73 108 109 163 173 251 341 519 549 2578
Cefixime 16 10 20 . 4 . 82 73 108 109 163 173 251 341 519 549 2418
Spectinomycin 16 10 20 28 53 57 82 73 108 109 163 173 251 340 519 549 2551
Gentamicin 10 . . . . . 78 73 107 109 163 173 251 340 519 549 2372
B-lactamase . . . 28 78 58 82 52 108 109 163 173 251 341 519 549 2511
NG-MAST 16 17 20 28 76 51 76 72 108 109 141 144 33 30 121 . 1042

Total number of

isolates 17 19 20 29 80 58 82 73 108 109 163 173 256 341 519 549 2596

AR — Autonomous Region; MA — Metropolitan Area; MSM — Men who have sex with men; MSMW — Men who have
sex with men and women. NG-MAST — Neisseria gonorrhoeae Multi-Antigen Sequence Typing. Geographic regions are
presented according to the second tier of the Nomenclature of Territorial Units for Statistics (NUTI]I).

2.4.2. Antibiotic resistance within the culture collection

In the INSA collection, 87.67% of all isolates presented decreased susceptibility to at
least one antimicrobial, with only 66 isolates presenting full susceptibility among the 1410
isolates for which all antimicrobials were tested (Table 2.1.). For benzylpenicillin, 16.42% of
isolates were susceptible, 13.24% were resistant and 70.34% presented intermediate resistance.
B-lactamase production was positive in 9.80% of isolates. Decreased susceptibility to tetracycline
was observed in 83.15% of isolates, with 65.48% of these being fully resistant and 34.52%
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presenting intermediate resistance. Regarding azithromycin, 5.04% of tested isolates presented
resistance. Thirty-two isolates had MIC above 2, with two isolates reaching values of 256 mg/L
(i.e., high level of resistance) (Figure 2.2.). Noteworthy, while for the other antimicrobials the
EUCAST breakpoints have remained unchanged up to 2019, from 2010-2019 the EUCAST
breakpoint for azithromycin resistance was set at 0.5 mg/L [94, 318], which meant that at least
738 isolates had been previously characterized as intermediately resistant, corresponding to
33.86% of the total.
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Figure 2.2. | Distribution of the Neisseria gonorrhoeae isolates by minimum inhibitory concentrations
(MIC) for all tested antimicrobials. Red line refer to the EUCAST breakpoint for
antimicrobial resistance.

Data from the last eight years show that MICso and MICgy values for this antimicrobial
are below the ECOFF value of 1 mg/L (Figure 2.3.) and have remained relatively constant. For
ciprofloxacin, 43.07% were fully resistant and only ten presented intermediate resistance with the
majority of resistant isolates exhibiting MICs either between 1 and 4 mg/L (n=457) or above 16
mg/L (n=335). All isolates were susceptible to spectinomycin, with 2507 isolates exhibiting MIC
between 2 and 16 mg/L and none > 32 mg/L. All tested isolates for ceftriaxone and cefixime were
susceptible, with only 17 and 24 isolates, respectively, having MIC close to the currently defined
limit of 0.125 mg/L for resistance classification. Additionally, MICsy values for both

antimicrobials has remained low and MICg values show a decrease since 2013 (Figure 2.3.).
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Although no breakpoint has been established for gentamicin, we observed that 63.62% of isolates
presented intermediate resistance [313, 314], with the vast majority of isolates presenting MICs
of 4, 6 or 8 mg/L, with the maximum 16 mg/L detected for 13 isolate (Figure 2.2.).
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Figure 2.3.| MICso and MICq value progression from 2010 up to 2018, for ceftriaxone, cefixime and
azithromycin.

A chronological analysis revealed consistent trends for some antimicrobials. In fact,
throughout the years, a mean of ~40% of isolates presented resistance to ciprofloxacin (Figure
2.4.) and ~80% presented decreased susceptibility to tetracycline and penicillin (although there
was a period lacking testing for these two antimicrobials). Data on azithromycin susceptibility
shows that the percentage of resistance has also remained relatively stable with values always
below 10%, and the highest value observed in 2007 (~8%). This contrasts with the previous
classification that showed azithromycin resistance fluctuating throughout the year but with
consistent high values since 2010, reaching almost 50% in 2013 (Figure 2.4.). Results show an
increasing trend in potential intermediate resistance to gentamicin from 2009 up to 2018, reaching
~70% of all isolates collected in 2018 (Figure 2.4.). No overall trend between decreased
antimicrobial susceptibility and geographic location of origin was observed (see Methods

section).
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Figure 2.4.| Neisseria gonorrhoeae antibiotic susceptibility trends from 2003 up to 2018. Absolute number of isolates
by year are relative to the primary y-axis. Black lines refer to the relative percentage of resistant isolates
(including intermediate resistant) with values’ correspondence in the secondary y-axis. *blue line represents
the percentage of resistant isolates obtained using the previous EUCAST classification for azithromycin.
Noteworthy, although the percentage of resistant isolates to benzylpenicillin and tetracycline is high from
2006 to 2010, data correspond to a lower number of isolates when compared with the latter years. Antibiotic
resistance results were interpreted according to 2019 EUCAST breakpoint definitions [94] as follows:
azithromycin resistant when E-test MIC > 1 mg/L; benzylpenicillin susceptible when MIC < 0.06 and
resistant > 1 mg/L,; ceftriaxone and cefixime resistant when MIC > 0.125 mg/L; ciprofloxacin susceptible
when MIC <0.03 and resistant > 0.06 mg/L; spectinomycin resistant when MIC > 64 mg/L; and tetracycline
susceptible when MIC < 0.5 and resistant > 1 mg/L. Gentamicin isolates were classified based on
interpretive results from previous studies [313, 314] as susceptible when MIC < 4 and resistant when > 16
mg/L, for analysis purposes.

2.4.3. Genetic diversity of Neisseria gonorrhoeae isolates

Molecular typing results performed on 1042 isolates, from 2003 up to 2017, revealed the
existence of 391 distinct ST (Supplementary Table S2.1.), that could be classified into 41
distinct NG-MAST genogroups (composed of more than five isolates) representing 76.2% of all
typed isolates. This reflects the high genetic diversity of N. gonorrhoeae and data show that
throughout the years the five most common genogroups found in this dataset were G1407
(n=135), G7445 (67), G225 (66), G2 (58) and G1034 (42) (Figure 2.5.), which correspond to
one-third of all STs. Moreover, each of these genogroups are composed by isolates collected from

at least six different years, with data suggesting that G1407 is the more persistent genogroup in
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Portugal, being detected from 2007 up to 2017. In contrast, the second most prevalent genogroup,
G7445, seems to have been introduced later (2011) and was frequently detected in 2014 (Figure
2.5.).
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Figure 2.5.| Minimum spanning tree of 1042 concatenated and aligned sequences of Neisseria gonorrhoeae Multi-
Antigen Sequence Types (NG-MAST). Nodes with sequences with more 99% identity have been collapsed
in order to reflect NG-MAST genogroups. Each node is coloured by the collection year of each isolates and
NG-MAST Genogroups represented by more than 10 isolates are highlighted by black circles. Number in
brackets correspond to the number of isolates in each genogroup and year.

2.5. Discussion

Before 2010, INSA only received strains sporadically, with the vast majority hailing from
the Lisbon Metropolitan Area, which hampered accurate data acquisition and reporting on
antimicrobial susceptibility in Portugal. Since then, isolates collection has grown considerably,
reaching now geographical coverage of all regions of the country. Although laboratory
participation in the PTGonoNet remains voluntary, data evidence that healthcare professionals
are increasingly aware of the need to monitor the AMR of N. gonorrhoeae alongside diagnosis.
The participation provides them with the opportunity to become aware of the resistance profile of
their isolates and to integrate their data at a national level through the collection. Results show
that the vast majority of isolates are collected in the two major metropolitan areas of Portugal,
located in Lisbon and Oporto, where the major sexual networks are likely sited. This follows the

trends reported by the DGS [127, 129], as these two metropolises are the main entry points into
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Portugal, present the highest population density and display prominent tourism. In terms of
gender, age and sexual orientation, isolates collected from men aged between 20 and 30 years are
still overrepresented, which is in accordance with recent data reported by the DGS [127, 129], the
ECDC [125, 150] and the CDC [137]. Moreover, data show that isolates from MSM represent a
high percentage of the collection, although most patients do not declare their sexual orientation.
Conversely, the observed underrepresentation of women can rely either on men being usually
more symptomatic than women [22] or on the potential higher rate of transmission within MSM
communities.

Molecular typing data based on NG-MAST show that throughout the studies period, a
vast number of ST have been detected, reflecting the genetic diversity of N. gonorrhoeae. This
suggests a continuous introduction of novel strains in our country, which is a direct reflection of
the sexually transmitted nature of the pathogen and its continuous exchange within sexual
networks. Still, the observation that G1407 was the predominant circulating genogroup is
consistent with data from 2013 retrieved from across Europe [232], which have reported this
genogroup as harbouring a multidrug resistance profile. This is also the case for G1034 (also
named G21) which was the predominant genogroup in two European countries (namely Latvia
and Slovenia) and G225, which is widespread in Europe [232] and was previously associated with
ciprofloxacin resistance in Portugal [315]. In contrast, data suggest that NG-MAST G7445 might
be more frequent in Portugal as only one or two isolates were reported in the UK, Sweden and
Malta in 2013 [232].

Regarding N. gonorrhoeae antimicrobial susceptibility, no cefixime and ceftriaxone
resistance was observed, with only sporadic cases reaching the MIC breakpoint value. Although
in 2016-2017 no ceftriaxone resistance had been reported by the EURO-GASP [135, 150, 154],
novel reports suggest the potential re-emergence of resistant isolates in Europe in 2017-2018 [106,
107]. Nevertheless, this is not the case for cefixime, as a small percentage of isolates (~2%)
exhibiting resistance are still reported in Europe [150, 154]. Concordantly, cephalosporin
resistance seems to be observed in very few cases by year, as reported in the USA [137], Asia
[319] and Africa [320]. Previous data from Europe showed that azithromycin resistance was
detected in around 7.5% of isolates [135, 150], with data on the Portuguese isolates presenting
the highest values (34.5%) in 2016 [150]. In fact, Portugal would be one of the European countries
with higher reported azithromycin resistance, raising concerns of using this antimicrobial as a
monotherapy. However, while this was observed within the dataset of 110 isolates reported to the
ECDC in 2016, results from the whole Portuguese collection evidence that N. gonorrhoeae
resistance to azithromycin in Portugal is likely below 10% (as seen in the last eight years). Also,
the re-evaluation and reinterpretation of the EUCAST breakpoint for azithromycin, in the
beginning of 2019 [94], eliminated the intermediate resistance category, which represented almost

one third of the entire Portuguese isolate collection. Noteworthy, two cases of high level of
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resistance for azithromycin (i.e., MIC > 256) are comprised in our 2015 and 2017 datasets,
although these were still fully susceptible to ceftriaxone. Several outbreak-associated high
azithromycin resistant isolates were reported in England in 2015, with cases still being detected
up to 2018 [156], which raises the concern of their spread in Europe. Still, Portugal needs to
establish specific gonorrhoea treatment guidelines as is being done by other countries and the
results of the present study should constitute a valid contribution to its elaboration.

Our data show that decreased susceptibility to ciprofloxacin has been constant throughout
the study period, with ~40% of isolates displaying resistance. In fact, high level of ciprofloxacin
resistance has been reported in Europe since 2006 [312], with the 2016-2017 reports showing that
overall resistance is at 46.5% [135, 150]. Resistance to penicillin and tetracycline remain high in
Portugal, while no resistance to spectinomycin was observed in our dataset. Nevertheless, as in
other countries, spectinomycin is no longer available in Portugal. The gentamicin MIC
distribution seems to follow the same pattern as in other European countries [150, 313] and the
USA [321]. Although resistance does not show up, MIC values have increased during the study
period with the relative number of isolates displaying potential intermediate resistance reaching
~70% within 2017 and 2018. Nonetheless, gentamicin remains an alternative for gonorrhoea
treatment [113] as MIC values are still within those capable of effectively clearing genital
gonorrhoea [322].

This global overview of the Portuguese N. gonorrhoeae AMR spanning fifteen years is
unprecedented, as only a small subset of these isolates is reported in the ECDC EURO-GASP
since 2009 [103, 150, 154]. These results stand as a snhapshot of the actual trends, although
potentially biased, as participation in the PTGonoNet is voluntary. However, the centralization of
AMR provides the unique opportunity to have normalized countrywide data, obtained in
accordance to EURO-GASP requirements, as INSA participates in its EQA program specific for
N. gonorrhoeae. Moreover, like in many countries, a growing number of gonorrhoea diagnosis
relies on molecular methods, hampering the availability of specimens for AMR evaluation. For
instance, INSA’s NRL laboratory diagnosed 125 and 290 cases (in 2017 and 2018, respectively)
of N. gonorrhoeae by molecular methods, from which no strain was isolated and consequently
not tested for antimicrobial susceptibility. The ongoing voluntary participation in PTGonoNET is
allowing the genetic characterization of circulating strains and the continuous monitoring of
antibiotic resistance emergence, which potentiates the early detection and facilitates the
management of potential outbreaks. The maintenance and the enlargement of PTGonoNet,
together with the ongoing centralized AMR testing, would surely strengthen the knowledge on N.
gonorrhoeae AMR trends in Portugal, facilitating communication and concerted actions

involving both National and International health authorities.
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3. Neisseria gonorrhoeae clustering to reveal major European WGS-based

genogroups in association with antimicrobial resistance

3.1. Abstract

Neisseria gonorrhoeae, the bacterium responsible for the sexually transmitted disease
gonorrhoea, has shown an extraordinary ability to develop antimicrobial resistance (AMR) to
multiple classes of antimicrobials. With no available vaccine, managing N. gonorrhoeae infections
demands effective preventive measures, antibiotic treatment and epidemiological surveillance. The
latter two are progressively being supported by the generation of whole-genome sequencing (WGS)
data on behalf of national and international surveillance programmes. In this context, this study
aims to perform N. gonorrhoeae clustering into genogroups based on WGS data, for enhanced
prospective laboratory surveillance. Particularly, it aims to identify the major circulating WGS-
genogroups in Europe and to establish a relationship between these and AMR. Ultimately, it
enriches public databases by contributing with WGS data from Portuguese isolates spanning 15
years of surveillance. A total of 3791 carefully inspected N. gonorrhoeae genomes from isolates
collected across Europe were analysed using a gene-by-gene approach (i.e., using cgMLST).
Analysis of cluster composition and stability allowed classifying isolates into a two-step
hierarchical genogroup level determined by two allelic distance thresholds revealing cluster
stability. Genogroup clustering in general agreed with available N. gonorrhoeae typing methods
(i.e., MLST, NG-MAST and PubMLST core genome groups), highlighting the predominant
genogroups circulating in Europe, and revealed that the vast majority of the genogroups present a
dominant AMR profile. Additionally, a non-static gene-by-gene approach combined with a more
discriminatory threshold for potential epidemiological linkage enabled us to match data with
previous reports on outbreaks or transmission chains. In conclusion, this genogroup assignment
allows a comprehensive analysis of N. gonorrhoeae genetic diversity and the identification of the
WGS-based genogroups circulating in Europe, while facilitating the assessment (and continuously
monitoring) of their frequency, geographic dispersion, and potential association with specific AMR
signatures. This strategy may benefit Public Health actions through the prioritization of genogroups
to be controlled, the identification of emerging resistance carriage, and the potential facilitation of

data sharing and communication.

Keywords: Neisseria gonorrhoeae; Antimicrobial resistance; Whole-genome sequencing;

Molecular epidemiology
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3.2. Introduction

Gonorrhoea disease burden has increased in the last decade and remains a major public
health concern worldwide. From 2012 up to 2016, the World Health Organization (WHO)
observed an increase from 78.3 million to 87.0 million new cases of gonorrhoea worldwide [121,
323], with the European Centre for Disease Prevention and Control (ECDC) reporting around 90
000 notified cases in 2016 across 27 EU/EEA countries [135]. This sexually transmitted disease,
caused by the bacterium Neisseria gonorrhoeae, usually affects the urogenital tract, causing
urethritis in men and cervicitis in women, resulting in significant morbidity, but can also affect the
anal canal and oropharyngeal tract causing proctitis and pharyngitis, respectively. Linked to
disease burden, treatment strategies are being continuously challenged due to N. gonorrhoeae’s
ability to acquire antimicrobial resistance (AMR) to multiple classes of antimicrobials, including
B-lactams, tetracyclines, macrolides and quinolones, after the acquisition of genes or mutations
conferring resistance [100, 120, 192, 232]. During the last decade, there has been a steady rise in
minimum inhibitory concentrations (MICs) for cephalosporins, with resistant strains and clinical
failures being described [102-104, 106, 107, 149, 324]. Worldwide increase in azithromycin
resistance is also being reported [150-154], with resistant strains being associated with recent
outbreaks [155, 156, 158].

With these last lines of treatment seemingly failing, and the fear that gonorrhoea might
become untreatable, reaching a “superbug” status, the WHO, the ECDC and the Centers for
Disease Control and Prevention (CDC) issued action plans since 2012, raising the awareness of
healthcare professionals to define and monitor treatment failures of gonorrhoea worldwide [100].
In the absence of a vaccine, the management of N. gonorrhoeae mainly relies on preventive
measures, an effective antibiotic treatment and epidemiological surveillance. As such, whole-
genome sequencing (WGS) data are now being generated in order to monitor global N.
gonorrhoeae epidemiology and AMR trends, with several countries already performing WGS on
behalf of national or international surveillance programmes [130]. Nevertheless, during the last
years, N. gonorrhoeae molecular epidemiology studies, using WGS data, have been mostly
focused on the reporting of circulating genogroups defined by typing strategies relying on just a
few genomic loci, namely the traditional two genes Neisseria gonorrhoeae Multi-Antigen
Sequence Typing (NG-MAST) scheme, the seven-loci-based Multi-Locus Sequence Typing
(MLST), and the seven-loci Neisseria gonorrhoeae Sequence Typing for Antimicrobial Resistance
(NG-STAR) [303]. This has been performed, for instance, to group isolates based on the most
prevalent sequence types (STs) [232] or to cluster isolates based on allelic differences of both NG-
MAST genes [208, 231]. Therefore, these approaches do not take advantage of the full potential
of using whole-genome data for typing as well demonstrated by the recent publication of insightful

WGS-based studies relevant for the understanding of N. gonorrhoeae evolution [21], population
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structure [311] and transmission of AMR determinants [300]. Nevertheless, N. gonorrhoeae
exhibits a non-clonal population structure [325], due to frequent intra-species horizontal gene
transfer, leading to the need of comprehensive identification and tracking of circulating lineages
or genetic groups for this pathogen [21, 311]. Achieving this goal has been a recurring challenge
in molecular epidemiology due to the lack of approaches to quantitatively evaluate cluster stability
and therefore identify genetic thresholds that define stable clusters representing main circulating
lineages. In this context, the present study, focused on the European panorama (> 3000 isolates
from 21 countries), aims to perform WGS-based N. gonorrhoeae genogroup clustering for
prospective WGS-based surveillance. Particularly, we aimed to identify the major circulating
WGS-genogroups in Europe, assess their geographic spread and search for potential relationships
between particular genogroups and specific AMR signatures. To achieve this, we used a large
dataset of European gonococcal sequences available in public datasets, now enriched with 600

additional isolates spanning fifteen years of N. gonorrhoeae surveillance in Portugal.

3.3. Methods

3.3.1. Selection and characterization of Portuguese isolates

N. gonorrhoeae isolates analysed in the present study are part of the ongoing activity of the
Portuguese National Laboratory Network for Neisseria gonorrhoeae Collection (PTGonoNet)
hosted at the National Reference Laboratory for Sexually Transmitted Infections of the Portuguese
National Institute of Health (NRL) [326]. Six hundred Portuguese isolates (herein designated as
“PT isolates”) collected from 2003 up to 2017 from distinct specimens, spread across the country,
and presenting different antimicrobial susceptibility profiles were selected for analysis. Regarding
antimicrobial susceptibility testing, MICs for azithromycin, benzylpenicillin, cefixime, ceftriaxone,
ciprofloxacin, gentamicin, spectinomycin and tetracycline were determined by E-test (BioMérieux,
France), as previously described [326]. For 117 isolates from 2006 up to 2010, no MIC values were
available for some antibiotics, as antibiotic susceptibility was determined by agar dilution
breakpoint technigue at the time by the Public Health England, which provided solely qualitative
results [312] (Supplementary Table S3.1.). All but 65 isolates were tested for B-lactamase
production using the chromogenic reagent Nitrocefin (Oxoid, UK) according to the manufacturer’s
instructions. Isolate antibiotic resistance was classified according to the current European
Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoint definitions [94]. From
the 600 studied PT isolates, 491 isolates were subjected to WGS at the Portuguese NIH, and 109
isolates collected in 2013 were externally sequenced on behalf of the NRL participation in EURO-
GASP [232]. Briefly, DNA was extracted from each isolate using the NucliSens easyMAG
platform (BioMérieux, France) for total nucleic acid extraction according to the manufacturer’s

instructions. DNA was then subjected to Nextera XT library preparation (Illumina, USA) prior to
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paired-end sequencing (2x250 bp or 2x150 bp) on either a MiSeq or a NextSeq 550 instrument
(Illumina, USA), according to the manufacturer’s instructions. Coded isolate designations,
available anonymized metadata, antibiotic susceptibility data and WGS details for all isolates are
reported in Supplementary Table S3.1.

3.3.2. Additional dataset for the European context and genome assembly

In order to obtain the current genetic diversity of N. gonorrhoeae circulating in European
countries and to integrate the novel PT genomes in this global scenario, ultimately strengthening
the analyses conducted in the present study, we took advantage of the public availability of 3263
genomes obtained from strains isolated in Europe. As such, WGS reads datasets were download
from the European Nucleotide Archive (ENA) from the following BioProjects: PRIEB14933 [155];
PRJEB2124 [270]; PRJEB23008 [271]; PRIJEB26560 [106]; PRIEB9227 [232]; PRINA275092
[259]; PRINA348107 [281]; PRINA473385 [260]; PRINA315363 [272]. Available data for the
isolates used, including sample accession numbers, are detailed Supplementary Table S3.2.

All genome sequences were assembled using the INNUca v4.0.1 pipeline

(https://github.com/B-UMMI/INNUCca), an integrative bioinformatics pipeline for read quality

analysis and de novo genome assembly [310]. Briefly, read quality analysis and improvement is
performed using FastQC v0.11.5 (http://www.bioinformatics.babraham.ac.uk/projects/fastgc/) and

Trimmomatic v0.36 [327] (with sample-specific read trimming criteria determined automatically
based on FastQC report), respectively. Genomes were assembled with SPAdes v3.11 [328] and
subsequently polished using Pilon v1.18 [329], with QA/QC statistics being monitored and reported
throughout the analysis. For all isolates, assembly statistics including final genome assembly sizes,
number of contigs and mean depth of coverage values are reported in Supplementary Table S3.1.
and Supplementary Table S3.1. Only 28 out of the 3861 genomes (two PT and 26 publicly
available genomes) were excluded after assembly, due to genome size larger than expected, mean

depth of coverage below 15x or the detection of contamination.

3.3.3. Insilico typing and antimicrobial resistance prediction

For all validated assemblies, in silico seven loci MLST prediction was performed using

mist v2.4 software (https://github.com/tseemann/mist), which is integrated within the INNUca

pipeline. NG-MAST was performed using the ngmaster v0.4 software [286], with novel alleles and
sequence types being assigned after submission to the international database of the NG-MAST

website (http://www.ng-mast.net/). Additionally, rplF fine-typing [330] was performed in order to

confirm Neisseria species, upon query to the PUbMLST Neisseria database (http://pubmist.org).

Identification of antimicrobial resistance determinants in silico was performed using ARIBA
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v2.12.2 with the NG database [302], with all known variants analysed reported in Supplementary
Table S3.1. and Supplementary Table S3.2. Additional variants not classified in the ARIBA
database as “known variants” were also inspected [96, 192], namely: A39T and R44H in mtrR, 91K
in parC and -35Adel in mtrR promoter. We also performed isolate typing with NG-STAR [303],
upon query to the PUbMLST Neisseria database, for interpretation purposes. Still, the results of this
study were oriented towards the results provided by ARIBA, as it provides the ability to inspect

more loci and, more importantly, variants that are carried heterogeneously.
3.3.4. Gene-by-gene analysis
Gene-by-gene analysis was performed by taking advantage of the publicly available panel

of 1649 loci from the PubMLST Neisseria database (N. gonorrhoeae cgMLST v1.0 [311], available
at http://pubmlst.org), which was prepared in the present study for the chewBBACA core suite

v2.0.11 [331] using the PrepExternalSchema module. This was a quality control step to ensure that
all loci are CDS as required by chewBBACA. Allele calling was performed on all assemblies using
chewBBACA, with minimum Blast Score Ratio to 0.6 and size threshold adjusted to 0.3 (i.e., alleles
with size variation of 30% to be tagged), and a training file generated by Prodigal v2.6.3 using the
reference genome NCCP11945 (RefSeq accession number NC_011035). After inspection, the
scheme was additionally curated by removing 16 loci that were flagged as “Repeated Loci” after
allele calling and another 39 loci that were only successfully called in less than 1% of the genomes
(Supplementary Table S3.3.). Exact and inferred matches were used to construct an allelic profile
matrix, where other allelic classifications (see https://github.com/B-UMMI/chewBBACA/wiKki)

were assumed as “missing” loci. Assemblies with less than 1545 loci called (~97%) in the scheme
were removed which occurred only for 44 assemblies (19 PT and 25 publicly available) under
analysis (detailed in Supplementary Table S3.1. and Supplementary Table S3.2.). Of note, the
application of a more stringent cut-off was meant to increase confidence in the cluster stability
analysis, although a lower cut-off (namely a “traditional” 95% loci called) can be applied with this

adapted scheme.

3.3.5. WGS-hased genogroup classification

For WGS-based surveillance purposes, N. gonorrhoeae isolates were classified into two-
step hierarchical WGS-based genogroups. For this, we used the maximum-shared loci of the
PubMLST cgMLST scheme at 100% by all 3791 validated genomes (upon assembly- and
cgMLST-based exclusion), which resulted in 822 loci [herein designated as Maximum-shared
cgMLST scheme (MScgMLST); Table S4]. From the allelic profile matrix, the goeBURST
algorithm [316, 332] implemented in the PHYLOViZ software [333] was used to generate clusters
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at all possible allelic distance thresholds [here expressed as the number of allelic differences (AD)
over the total number of loci under analysis]. Cluster concordance was then assessed by the
Neighbourhood Adjusted Wallace Coefficient (NnAWC), where all clusters partitioning at adjacent
allelic distance thresholds (i.e., cut-off for allelic differences n and n+1) were compared using the
comparing_partitions.py script (https://github.com/jacarrico/ComparingPartitions) [334, 335], as

previously described [310, 336]. Following this, we searched for consecutive goeBURST
thresholds over which cluster congruence is high (i.e., NAWC plateaus reflecting cluster stability)
as a mean to define thresholds (or threshold ranges) useful for longitudinal surveillance, i.e., stable
genogroups that represent major circulating lineages [310, 336]. Two stability phases, defined as
the first and second intervals at which five or more consecutive thresholds yielded nAWC above
0.99, were used to cluster isolates into low- and high-level WGS-based genogroups, respectively.
Each isolate was then classified into a specific genogroup designated as “GX.Y”, where X and Y
are non-redundant arbitrary three digit numbers associated, respectively, to the high- and low-level
WGS-based genogroup clustering, i.e., constituting two-step hierarchical genogroup definition
directly associated with the two determined allelic distance thresholds. We further identified the
goeBURST threshold ranges with the highest typing concordance with MLST and NG-MAST
classifications using the Adjusted Rand Index (ARI) and Adjusted Wallace Coefficient (AWC)
[334, 335]. Using the same rationale, cluster composition at both threshold levels defining WGS-
based genogroups were compared with cluster composition defined by NG-MAST and MLST,
where the Shannon Index (SI) was used to measure cluster entropy with each partition. This was
also performed to compare cluster composition between the MScgMLST scheme and the maximum
shared loci obtained when using the cgMLST typing directly on the PUubMLST website (i.e., 537

loci), with comparison only performed for the 1977 isolates where allelic profiles were available.

3.3.6. Neisseria gonorrhoeae genogroups and genetic clustering analysis

Gene-by-gene allelic profile matrix was used to construct a minimum spanning tree (MST)
using the goeBURST algorithm [316] implemented in the PHYLOViZ online web-based tool [333]
based on 100% shared loci between all isolates [332]. To take advantage of the maximum number
of loci from the scheme (which may be key for discriminating potential epidemiological clusters),

we used PHYLOViZ online 2.0 Beta version (http://online2.phyloviz.net/), which allows

maximizing the shared genome in a dynamic manner [310, 337]. As such, for each subset of isolates
under comparison, the maximum number of shared loci between them is automatically used for
MST construction. AD thresholds for cluster inspection are expressed as percentages of AD over
the total number of shared loci under comparison for every analysis of each subset of isolates at
any given level. As there is no established cut-off range for N. gonorrhoeae outbreak detection and

contact tracing, we applied a conservative approach to investigate (and characterize at AMR level)
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sub-clusters with potential epidemiological links. In summary, after generating a sub-MST for each
low-level genogroup, we applied a cut-off of 1.5% ADs, which represents half of the mean
percentage of AD observed within each low-level genogroup of the full dataset.

3.3.7. Data availability

All reads generated for the present study were deposited in the ENA under the study
accession number PRJIEB36482 (individual run accession numbers are detailed in Supplementary
Table S3.1.). The PubMLST N. gonorrhoeae cgMLST v1 scheme adapted for chewBBACA [331],
the MScgMLST scheme, as well as allelic profile matrix for both schemes are available at
https://doi.org/10.5281/zenodo.3946223. Additionally, a .json file is also made available for direct

upload into the GrapeTree visualization software [338] in order to interactively explore
data/metadata.

3.4. Results
3.4.1. Neisseria gonorrhoeae WGS-based genogroups

In the present study, 3791 N. gonorrhoeae genomes from isolates collected across Europe
(21 EU/EEA countries) were analysed using the PubMLST N. gonorrhoeae cgMLST scheme. This
scheme, enrolling 1594 loci, yielded 3623 unique allelic profiles (including loci not called). In order
to determine WGS-based genogroups for long-term and large-scale surveillance, a shorter scheme
was used, based on the loci shared (i.e., called) by all isolates. This scheme comprising 822 loci
(Supplementary Table S3.4.) yielded 2422 unique allelic profiles (see Supplementary Material).
After clustering using goeBURST, cluster composition was compared at all possible allelic distance
thresholds using the nAWC (Figure 3.1.). Results showed that the two earliest cluster stability
points are at 40 AD (4.87%; low-level) and at 79 AD (9.61%; high-level), respectively.
Subsequently, we defined WGS-based genogroups at two-step hierarchical clustering levels taking
into account these two thresholds. This assignment allows a comprehensive analysis of N.
gonorrhoeae genetic diversity and the identification of the WGS-based genogroups circulating in
Europe, while facilitating the assessment (and continuously monitoring) of their frequency,
geographic dispersion, and potential association with specific AMR signatures. As such, we sought
to assess the weight of each genogroup (at both high- and low-levels) in the whole dataset. The
low-level stability point (i.e., more discriminatory) yielded 321 clusters, of which 208 are
represented by one or two isolates and 38 by more than ten isolates, while the high-level cut-off
yielded 180 clusters, of which 106 are composed by one or two isolates and 35 by more than ten

isolates. Thirty-five high-level (Table 3.1.) and 38 low-level genogroups (Table 3.2.) composed
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of at least ten isolates comprise 91.6 and 84.4% of the whole dataset analysed, respectively. Thus,
we opted to perform all downstream analysis focusing particularly on these more represented
genogroups. The mean allelic diversity within low-level genogroups composed of at least 10
isolates was of ~3% (AD=25), ranging from 0.2 (AD=2) up to 8.5% (AD=70) (Figure 3.2.), while
for high-level genogroups it was ~5% (AD=41), ranging from 0.2 up to 10.7% (AD=88). When the
number of shared loci was maximized within each genogroup (mean of 1.8-fold increase for all
genogroups), the mean allelic diversity for low-level was observed at 3.5%, ranging from 0.2 up to
9.9% (AD=81), and 5.3% for high-level, ranging from 0.2 up to 12.4% (AD=102). These results
suggest that diversity within each WGS-based genogroups remains similar when the number of loci
under comparison is increased (i.e., when the number of shared loci approaches the entire cgMLST
scheme), and that the typing resolution (i.e., degree of genetic relatedness between isolates) is not
compromised by using the MScgMLST scheme. For instance, for genogroup G001.002, composed
by 491 isolates, when the number of shared loci under analysis increased from 822 to 1408, the

mean AD only increased from 4.12 to 4.76%.
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Figure 3.1.| Relationship between cluster stability (assessed by Neighbourhood Adjusted Wallace
Coefficient) and goeBURST threshold based on the MScgMLST scheme for all 3791 Neisseria
gonorrhoeae isolates analysed. A — Second point of cluster stability, corresponding to a
goeBURST threshold of 0.096 (i.e., 79 allelic differences). B — First point of cluster stability,
corresponding to a goeBURST threshold of 0.048 (i.e., 40 allelic differences).
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Figure 3.2. | Distribution of the percentage of pairwise allelic differences (AD) between isolates of all low-level
WGS-based genogroups represented by at least 10 isolates. Data for each WGS-based genogroup is
presented by pair of box plots with the same colour. Left and right box plots refers to AD distribution
using the MScgMLST loci scheme or the maximum shared loci of the PUbDMLST cgMLST scheme
within the genogroup, respectively. The respective total number of loci shared is presented on top of the
graph. Red line refers to the number of isolates that constitute each low-level WGS-based genogroup,
while the blue line refers to the number of unique allelic profiles detected within each genogroup using
the two approaches.

3.4.2. From traditional to WGS-based typing

We then compared the relationship between the novel defined WGS-genogroups and the
isolates’ classification based on traditional typing methods for N. gonorrhoeae (Figure 3.3.),
namely MLST (which yielded ~180 profiles; SI = 5.136) and NG-MAST (which yielded ~800
profiles; SI 7.431). Cluster congruence analysis between MLST types and WGS-genogroups
showed that overall cluster congruence is slightly higher with the low-level WGS-genogroups than
with the high-level (ARI = 0.584 and 0.524, respectively). Nevertheless, the greater cluster
agreement between MLST and WGS-genogroups was observed at the high level, as we observed a
64.2% probability of isolates belonging to the same MLST type to also belong to the same high-
level genogroup, and a probability of 54.6% when evaluating the low-level (based on AWC
analysis). Still, the goeBURST threshold range that displayed simultaneously higher concordance
and agreement with MLST was between 15.9 and 24.9% AD (i.e., 131 and 205 AD), where the
highest AWC were observed (between 0.660 and 0.663) with ARI values above 0.520 (up to 0.529)
(Figure 3.4.). Regarding NG-MAST typing, we observed that the goeBURST threshold range that
displayed higher congruence and agreement was between 4.4 and 6.8% AD (i.e., 36 and 56 AD).
When compared with MLST analysis, this lower threshold range could be explained by a higher
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number of profiles observed in NG-MAST clustering. Nevertheless, although the results showed
that the level of entropy in NG-MAST clustering is higher than with the other methods, the
probability that a set of strains evidencing the same NG-MAST also belong to the same high- and
low-level genogroups was very high (AWC of 0.979 and 0.887, respectively).
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Figure 3.3.| Comparison of WGS-based genogroups, defined at two levels, and both traditional typing methods for

Neisseria gonorrhoeae. Minimum spanning trees (MST) enrol all 3791 N. gonorrhoeae isolates based on the
MScgMLST scheme (822 loci). Nodes, corresponding to a unique allelic profile, are coloured according to
their corresponding (A) high-level WGS-based genogroup, (B) low-level WGS-based genogroup, (C) ST of
the traditional seven loci MLST scheme and (D) ST of the two loci NG-MAST scheme. Numbers in
parenthesis refer to the number of isolates comprising each genogroup or sequence type. MST were generated
using the GrapeTree v1.5.0 software [338].

This overall trend is especially relevant for abundant genogroups (Figure 3.3., Table 3.1. and
Table 3.2.) as there is a strong correspondence between particular MLST and NG-MAST types and
high- and low-level genogroups. For example, all 52 isolates from genogroup G025.030 are from
MLST ST-1893 and NG-MAST ST-8517. In contrast, isolates from genogroup G006.007 are from
MLST ST-1579 but present 25 distinct ST in NG-MAST typing (Table 3.2.). Additionally,
comparison with PUbMLST website results for 1977 isolates (discriminated in Supplementary
Table S3.2.) showed that cluster congruence was high with the novel defined WGS-genogroups,

as ARI values were equal to 0.815 and 0.931 when cluster composition was compared at the high
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and low-level thresholds, respectively. Furthermore, we also compared the recently proposed core
genome groups [311], defined at 400-locus differences threshold (Ng_cgc_400) using the
PubMLST cgMLST scheme, for 1830 isolates for which data were available (discriminated in
Supplementary Table S3.2.) and were present in our dataset (Figure 3.5.). We observed the
Ng_cgc_400 groups have a less discriminatory resolution than the two-stable-level WGS-based
genogroup defined in the present study (Figure 3.5.B). More importantly, results showed that when
the same cut-off of ~24% (i.e., 400 AD in 1649 loci PUubMLST scheme and 199 AD in 822 loci
MScgMLST scheme) is applied to our data there is a remarkable agreement between isolate
grouping (Figure 3.5.A), reinforcing that our threshold might be scaled to the entire scheme while
keeping the robustness of the clustering. In summary, the novel defined genogroups correlated well
with MLST and NG-MAST classification, which largely facilitates backwards compatibility in the
transition to WGS-based typing, as associations between ST and AMR profiles have been

previously reported [232].
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Figure 3.4.| Cluster congruence (Adjusted Rand Index) and agreement (Adjusted Wallace Coefficient)
between traditional (A) MLST and (B) NG-MAST typing and goeBURST clustering at all
thresholds (based on the MScgMLST scheme). Adjusted Wallace Coefficient values are
directed from traditional typing to geoBURST clustering. Black lines outline the threshold
ranges where higher congruence and agreement was simultaneously observed.
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Figure 3.5.| Overlap between Neisseria gonorrhoeae WGS-based genogroups defined in this study and PubMLST core-
genome groups. Minimum spanning trees (MST) were constructed based on allelic diversity found among the
822 genes shared by 100% of the isolates and nodes are coloured according to Ng_cgc_400 groups [311], for
the sub-set of isolates used in both studies (N = 1830). A — MST nodes were collapsed at the pubMLST
threshold (~24% AD), i.e., 199 AD in 822 loci MScgMLST scheme which correspond to 400 AD in 1649 loci
pubMLST scheme, illustrating the huge clustering overlap between both strategies. B — MST nodes were
collapsed at the low-level WGS-genogroup threshold (4.87%; 40 AD), with straight and dotted lines reflecting
nodes linked with the AD below and above the threshold applied for the high-level (9.61%; 79 AD), illustrating
that the stable threshold defined in the present study provide a higher discriminatory resolution than
Ng_cgc_400. Numbers in parenthesis refer to the number of isolates comprising each Ng_cgc_400. MSTs were
generated using the GrapeTree v1.5.0 software [338].

3.4.3. Distribution of Neisseria gonorrhoeae genogroups by European

countries

All novel PT isolates were integrated within a dataset of publicly available N. gonorrhoeae
genomes, in order to assess their genomic diversity and phylogenetic relationships within the
European circulating strains. As it stands, the dataset is highly represented by isolates from the
United Kingdom (n = 2263) and Portugal (n = 579) in comparison with other European countries,
some of which have less than ten isolates sequenced at the date of the analysis (e.g., Iceland and
Cyprus). Global phylogenetic analysis, based on the MScgMLST scheme, revealed that the PT
isolates presented high genetic diversity, being dispersed within the European genomic panorama
(Figure 3.6.). PT isolates belonged to 115 distinct WGS-based genogroups, of which 32 were
mainly (>50%) constituted by PT isolates (e.g., G001.014, G016.018 and G013.028) and 60
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Figure 3.6.| Phylogeny of 3791 Neisseria gonorrhoeae isolates from Europe, based on a gene-by-gene approach using
the MScgMLST scheme. Minimum spanning tree (MST) was constructed based on allelic diversity found
among the 822 genes shared by 100% of the isolates. All nodes (which represent a unique allelic profile)
presenting an allelic distance (AD) below 40, corresponding to the low-level genogroup threshold, have been
collapsed for visualization purposes. Nodes are coloured according to different countries of origin. Straight
and dotted lines reflect nodes linked with the allelic distances below and above the threshold applied for high-
level WGS-based genogroup definition (79 AD), respectively. Low-level WGS-based genogroups comprised
of more than ten isolates are highlighted by thicker black circles. MST was generated using the GrapeTree
v1.5.0 software [338].
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contained a single isolate. This is a reflection of N. gonorrhoeae’s global genetic diversity as a total

of 161 low-level genogroups were represented by a single isolate, and 81 genogroups were

composed by isolates from a single country (Figure 3.7.), for example, G007.008 (UK), G013.028
(Portugal), G041.40 (Denmark), G031.044 (UK), G036.034 (UK), G046.056 (Greece), G053.086
(Slovenia), G170.243 (Latvia), G002.050 (Portugal). Results showed that the more geographically
widespread and abundant high-level genogroups were G001 and G002, enrolling strains from 20

countries, followed by G004, G008 and G005 enrolling isolates from 17, 16 and 15 countries,

respectively (Table 3.1. and Figure 3.6.).

A\

WGS-based genogroup

I G002.001 [502] [ |G015.016 [34]
[ ]Go01.002 [491] [ G016.018 (32]
[ Goos.004 (273] [l G013.021 (30]
[[]Goo4.003 [210] [l G014.020 [30]
[l Goos.007 (150] [T G018.025 [30]
[JGoo1.005 (148] [l G017.019 [27]
[l coo7.008 (132] [ G003.023 [22]
[[Goo3.006 [131]  [7] G014.038 [22]
M Go12.013 [129] [ ]G003.036 [19]
[]coo9.009 [119] [l G021.029 [18]
M coio.010(118] [ G008.026 [16]
[Hco11.011(80]  [7]G039.037 [15]
[ coos.012 [60) [ ]G023.027 [14]
[ Jeoo1.015(56) [l G029.032 [14]
W co2s.030(52] [l G013.028[13]
[]eo01.024 (51] [l G020.031[12]
[[]6001.014 [47]  [[] G041.040([11]
[]G019.022 [36] [l G031.044 [10]
[ 6002.017 [34] [ G036.034 [10]
[ other [593)

Figure 3.7.| Distribution of low-level WGS-based genogroups by country. Only genogroups with at least 10 isolates are
coloured. Central pie chart refers to the total distribution of genogroups within the analysed dataset. *WGS-
based genogroups only found in one country, represented by at least 10 isolates. fWGS-based genogroups
only found in one country, represented by less than 10 isolates (adjacent number refers to the number of
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Even when fragmented into low-level genogroups, these were still within the more prevalent
genogroups. In fact, eleven low-level genogroups were represented by isolates of at least six
countries, of which three were composed by at least five isolates, namely G002.001 (NG-MAST
ST1407), G001.002 (ST 2992), G005.004 (ST 225), G004.003 (ST 2400), G006.007 (ST 21),
G001.005 (ST 9768), G012.013 (ST 292), G009.009 (ST 4995), G008.012 (ST 3785), G015.016
(ST 977), G014.020 (ST 5624), with isolates being detected with time intervals of five up to 14
years apart (Table 3.2.).

3.4.4. WGS-based genogroups carrying antibiotic resistance determinants

We analysed 32 genetic determinants known to be involved in decreased susceptibility and
resistance to antimicrobials in N. gonorrhoeae (hamely for penicillin, tetracycline, ciprofloxacin,
azithromycin, cephalosporins, spectinomycin, sulphonamides and rifampicin), in order to assess
their relationship with WGS-based genogroups at high- and low-levels (Figure 3.8.). Overall,
results showed two distinct sets of isolates displaying a contrasting pattern of AMR, i.e., one with
isolates carrying several genetic determinants related with decreased susceptibility and resistance
(set A) and another with more susceptible isolates (set B). In fact, 15 out of 19 high-level
genogroups from set A contained isolates independently resistant to at least four distinct
antimicrobial drugs, contrasting with only one out of 16 high-level genogroups from set B (Figure
3.8.A). The same trend was observed at the low-level, with 19 out of 24 genogroups from set A and
only one out of 14 genogroups from set B (Figure 3.8.B). In order to understand if these resistant
markers were carried together by the same isolates (i.e., multidrug resistance) we analysed the most
dominant AMR profiles observed within each low-level genogroup (Figure 3.9.), as well as the
dominant NG-STAR ST (Table 3.2.). We observed that for nine genogroups all isolates displayed
the same specific AMR profile. Furthermore, results showed that there were 21 genogroups where
the most dominant AMR profile was not the one exhibiting the largest repertoire of AMR
determinants. In contrast, for eight genogroups, the dominant AMR profile was the one associated
with more AMR determinants. Several scenarios can justify both observations, but sampling bias
hampers a more in depth analysis of the evolutionary and epidemiological trajectory of the involved

genogroups.
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Figure 3.8.| Heatmap distribution and occurrence of the genetic determinants involved in antimicrobial
resistance (AMR) by high- (A) and low-level (B) WGS-based genogroups. Genetic
determinants are ordered by the affected antimicrobial drug class/antibiotic, with resistance or
decreased susceptibility effect described at the bottom. Heatmap colour range correlates with
the percentage of isolates carrying each genetic determinant within a given WGS-based
genogroup. Number of isolates within each genogroup are presented on the right of each panel.
The contextual neighbour-joining phylogenetic tree at the left side of each panel was generated
based on the MScgMLST allelic profiles using the GrapeTree v1.5.0 software [338].
*Combination of these three mutations have been proposed as potentially inducing resistance
to cephalosporins [232]. PEN — penicillins; TET — tetracycline; CIP — ciprofloxacin; AZM —
azithromycin; CRO - ceftriaxone; CFM — cefixime; SPT - spectinomycin, SUL -
sulphonamides; RI — rifampicin; AMR — Antimicrobial resistance.
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Figure 3.9.| Major predicted antimicrobial resistance (AMR) profiles observed within each low-level
genogroup. Yellow circles indicate genogroups where the dominant AMR profile exhibits less
genetic determinants associated with resistance than the second observed profile, for multiple
classes of antimicrobials. Red circles indicate genogroups where the dominant AMR profile
exhibit more genetic determinants associated with resistance for multiple classes of
antimicrobials. White circle indicate genogroups with a uniqgue AMR profile. PEN —
penicillins; TET - tetracycline; CIP — ciprofloxacin; AZM - azithromycin; CEF -
cephalosporins; SUL — sulphonamides; RI — rifampicin. rXXX — Resistant to; dXXX —
Decreased susceptibility to.

Regarding specific genetic alterations, for both genogroup levels, resistance to
ciprofloxacin was only observed in set A (with exception of one set B G012 resistant isolate from
2013), with all isolates from five different high-level genogroups simultaneously harbouring the
resistance-mediating 91F and 95G amino acids in DNA-gyrase subunit A (encoded by gyrA; NG-
STAR allele 1), and eight other displaying at least one of them. The same trend was observed for
five mutations in the topoisomerase IV subunit C encoding-gene parC associated with decreased
susceptibility to quinolones, which were exclusive of set A isolates (albeit dissimilarly spread

across distinct high-level genogroups) (Figure 3.8.A). At the low-level (Figure 3.8.B), 15
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genogroups were almost fully composed by ciprofloxacin-resistant isolates, with two others having
only a few resistant isolates (G001.002 with 15 isolates from 2013 to 2015 and G001.0015 with
one isolate from 2013). Amino acid alteration 553N in the RNA polymerase subunit B (rpoB),
conferring resistance to rifampicin [96] was exclusively observed in set A. Likewise, the
azithromycin resistance-associated mutation C2597T in 23SrRNA was mostly observed in nine
genogroups of the set A. Furthermore, only isolates from high-level genogroup G001 (Figure
3.8.A) carried the mutation A2045G (NG-STAR allele 1), conferring high-level resistance to
azithromycin. More importantly, this seemed to be exclusive to low-level genogroups G001.005
and G001.002 (Figure 3.8.B), with isolates having a fixed mutation (i.e., present in all 23SrRNA
copies) or carrying it heterogeneously. Spectinomycin resistance-associated mutation in 16SrRNA
was only observed in one isolate from Sweden (G001.002) carrying it heterogeneously.
Furthermore, resistance-associated markers for sulphonamides (dihydropteroate synthase encoding
gene folP), tetracycline (presence of the tetM-carrying conjugative plasmid) and penicillin
(presence of the blaTEM plasmid, associated with B-lactamase production) were widespread across
most of the genogroups. Still, all markers seemed to be more frequent in genogroups from set A.
For instance, all of them carried the mutation 228S in folP, while blaTEM and tetM were not found
in only three and four high-level genogroups, respectively (Figure 3.8.A). Regarding the putative
resistance to cephalosporins, results showed that most isolates from G002.001 (494 out of 502,
ranging from 2007 to 2017) simultaneously possessed the three mutations (i.e., 312M, 316T and
545S) in the penicillin-binding protein 2 encoding gene (penA) that are known to potentially
mediate resistance [232, 339], 97.0% of which precisely carry the mosaic penA-XXXIV allele (NG-
STAR allele 266, mostly associated with ST 90) [105]. Besides G002.001 isolates, this SNP profile
was only detected in 24 other isolates in the whole dataset (from 2013 to 2016), representing eight
different genogroups). The whole penA-XXXIV allele was observed in 12 out these 24 isolates,
which is suggestive of acquisition by recombination. Of note, other mutations in penA (inducing
decreased susceptibility to penicillins and cephalosporins) were only observed in set A isolates.
Concerning genetic markers associated with decreased susceptibility to penicillin, the mutation
421P in the penicillin-binding protein 1 encoding gene (ponA) was exclusively present in set A
genogroups (Figue 3.8.); this mutation was carried by > 90% of isolates from 14 distinct low-level
genogroups. Three SNPs associated with decreased susceptibility to penicillins, cephalosporins and
tetracycline, targeting the major porin encoding-gene porB (type porB1b), were observed in 1590
isolates from set A contrasting with only 26 isolates from set B. Likewise, genetic alterations in the
MtrR transcriptional regulator or its promoter, disrupting the MtrCDE efflux of substrate
antimicrobials, were also mainly observed in set A. Of note, mutation A39T in mtrR was observed
in most genogroups but the combination of mutations A39T and R44H, associated with decreased
susceptibility [340, 341], was only observed in G001 and GO036. Finally, it is noteworthy that our
data suggests that genogroups G007, G022, G032 and G041 were susceptible to all antimicrobials.
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3.4.5. Association between Neisseria gonorrhoeae genetic clustering and

epidemiological data

In order to analyse genetic clusters with the potential to be epidemiologically linked, we
applied a conservative threshold of 1.5% AD within each low-level genogroup, after sub-MST
generation maximizing the shared loci between isolates at this level. As such, we observed a total
of 315 genetic clusters spread out across 141 low-level genogroups. Results are presented for all
clusters composed of more than ten isolates (Figure 3.10.A), with the phylogenetic distribution of
all identified clusters with > 5 isolates presented in Figure 3.10.B (full detailed data described in
Supplementary Table S3.1. and Supplementary Table S3.2.). Expectedly, the more prevalent
low-level genogroups presented the highest number of genetic clusters, namely G001.002,
G002.001, G005.004 and G001.005 (Figure 3.10.B). Nevertheless, we also observed cases where
a single large close-related genetic cluster was detected within a given genogroup (e.g., G023.027,
G021.029, G041.040 and G001.014; see Figure 3.10.B). In another perspective, this analysis also
highlighted genogroups disseminated at multi-country level with potential regional transmission
chains. For instance, G015.016, which is composed by isolates from ten different countries, was
fragmented into eight smaller genetic clusters with only two clusters presenting isolates from
distinct countries. We also examined each cluster in a time scale by each isolate’s collection date
(Figure 3.10.A), which allowed us to discriminate between clusters that potentially circulated
within a specific time interval (and have not since been detected) from clusters that potentially
emerged and others that are still circulating, even though this is reliant on the dataset and time
period analysed. For example, WGSCL0025 (G007.008, mean AD 1.6%) that enrols isolates
spanning five years (1995 up to 2000) seems to have not been detected since, which relates to a
described outbreak in Sheffield UK [270]. This was also the case for WGSCL0044 (G019.022,
mean AD 1.5%) with isolates from 2005 up to 2009 and WGSCL0030 (G012.013, mean AD 1.6%)
with isolates from 2003 up to 2009 (Figure 3.10.A), although these did not have a described
epidemiological link as they contained PT isolates and isolates from the UK [270]. In contrast,
WGSCL0024 (G001.005, mean AD 1.5%) and WGSCL0022 (G006.007, mean AD 1.9%) were
composed by isolates that have been consistently detected from 2004 up to 2017 (the latest year
within the dataset). Regarding clusters enriched by PT isolates, this could be observed for instance
in WGSCL0020 (G005.004, mean AD 1.6%) with isolates from 2004 up to 2014, in WGSCL0042
(G001.014, mean AD 1.0%), a more recent cluster dating from 2013 up to 2017, and WGSCL0001,

from 2011 up to 2017. Still, we believe that more genomic data is needed in order to reinforce these
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observations as they rely on the analysed database; for instance, data from the 2013 EURO-GASP
survey [232] are a sub-sample restricted to the latter months of the year. Nevertheless, a relationship
between the observed genetic clusters at this threshold and published data was clearly observed
(Figure 3.10.). Eleven distinct subsets that were phylogenetically related (i.e. epidemiological
verified outbreaks, or verified transmission chains) were consistent with the obtained genetic
clusters at a threshold of 1.5%. This was the case for: WGSCL0028 (G003.006, mean AD 1.4%),
an outbreak in Northeast England [272]; WGSCL0023 (G001.005, mean AD 0.8%), an outbreak
of high-resistant azithromycin isolates in Leeds [155] linked to isolates from other published data
[271]; and WGSCL0020, an outbreak in London [270], which could be linked to 49 PT isolates, 19
isolates from the EURO-GASP 2013 survey [232], 51 isolates from Brighton [272] and two isolates
from the Netherlands [281]. Noteworthy, one PT isolate (NGPT15194) could be linked to the
described high-resistant azithromycin N. gonorrhoeae isolates in Ireland and the UK
(WGSCL0024), with sustained transmission [271].

3.5. Discussion

In the present study, we aimed to perform a comprehensive N. gonorrhoeae genogrouping,
based on WGS data, for prospective WGS-based laboratory surveillance. Focused on the European
panorama, we quantitatively evaluated cluster stability to identify the major circulating WGS-
genogroups, assessed their geographic spread and searched for potential relationships between
particular genogroups and specific AMR signatures. To achieve this we relied on a recently
described method (nAWC) [310, 336] to unprecedently analyse cluster-partitioning concordance at
all possible allelic distance thresholds for gonococci. Two cluster-stability points could be
identified, which enabled the classification of isolates into hierarchical WGS-based genogroups.
This assignment facilitates the assessment (and continuous monitoring) of the frequency,
geographic dispersion, and potential association with specific AMR signatures of N. gonorrhoeae
circulating genogroups, while providing a comprehensive analysis of the genetic diversity of this
bacterium. Our approach resulted in the identification of 180 high-level and 321 low-level
genogroups, several of which were composed by a single isolate or are represented by isolates from
a single country. Both reflected the global genetic diversity and spread of N. gonorrhoeae, and
showed the more prevalent and widespread strains circulating in Europe (Figure 3.6). At least five
high-level genogroups (Table 3.1.) were found in more than 15 European countries and eleven
low-level genogroups (Table 3.2.) were found in at least six countries (of which three are composed
by at least five isolates). In an opposite scenario, we observed 81 genogroups that were composed
by isolates from a single country (Figure 3.7.). Although N. gonorrhoeae infections lack a
geographic structure, as revealed by its intercontinental spread [272, 277], our results also sustained

the existence of N. gonorrhoeae transmission chains, likely confined at country/regional level.

63



CHAPTER Il — NEISSERIA GONORRHOEAE CLUSTERING TO REVEAL MAJOR EUROPEAN
WGS-BASED GENOGROUPS IN ASSOCIATION WITH ANTIMICROBIAL RESISTANCE

Nevertheless, as WGS is becoming more accessible and the several gonococcal antimicrobial
surveillance programmes are starting to generate substantial genomic data, we cannot discard that
the inclusion of genomes from other continents may impact the genetic diversity landscape
observed in this Europe-oriented study. This impact could be reflected in either the addition of
entirely new genogroups or, for instance, the potential merger of genogroups with poorly
represented genetic diversity (i.e., represented here by one or two isolates). In fact, several studies
have pointed-out a contrasting genetic diversity in countries from other continents [21], such as
Kenya [299], Canada [208, 231], Japan [296], New Zealand [284], Australia [283] or the USA
[238]. Still, comparison of typing data showed that the novel defined genogroups were mostly
populated by a dominant MLST or NG-MAST ST (being especially relevant for typing
comparability) which largely facilitates backwards compatibility and data communication in the
transition to WGS-based typing (Figure 3.3. and Table 3.2.). This observation is essential, as
previous surveillance studies report particular NG-MAST genogroups or ST that not only need to
be monitored but also display relationships with AMR profiles that cannot be dismissed [232].
Additionally, our study also showed that the quantitatively identified thresholds (4.97% and 9.61%
AD; 40 and 79 AD in 822 loci, respectively), reflecting the earliest cluster stability (i.e., stable
points with maximum resolution), provide a higher discriminatory resolution than the recently
described PubMLST core-genome grouping threshold (400-AD in 1649 loci) [311] (Figure 3.5.).
Still, the observed huge cluster agreement at the same threshold reinforces the likelihood that the
robustness of the clustering will be kept if our high- and low-level thresholds are scaled to the entire
PubMLST loci scheme.

Here we observed that several WGS-based genogroups seem to be associated with distinct
profiles of AMR (Figure 3.8. and Figure 3.9.). In fact, one such genogroup was NG-MAST G1407
(identified as genogroup G002.001 in the present study), which has been detected worldwide [21,
236-241] and is one of the major types found across Europe [232, 233]. Most isolates from this
genogroup have been shown to be associated with multidrug resistance, presenting resistance or an
increased MIC (or both) to cefixime, ceftriaxone, azithromycin and ciprofloxacin [230, 232, 233].
Concordantly, genetic alterations with potential association with cephalosporin resistance [230,
232], i.e., simultaneous carriage of mutations 312M, 316T and 545S in penA (mainly represented
by the penA-XXXIV allele [105]), were mostly observed in isolates from this genogroup. Still, we
detected potential horizontal acquisition of this specific penA allele by isolates with different
genome backgrounds (eight other genogroups). However, it is worth noting that all 102 PT isolates
belonging to G002.001 (including 87 harbouring the penA-XXXIV allele) had low MIC values for
both cefixime and ceftriaxone, whether or not belonging to NG-MAST 1407, thus challenging the
association between these mutations in NG-MAST G1407 and resistance to cephalosporins. This
also highlights the fact that some mechanisms of resistance in N. gonorrhoeae are still not fully

disclosed, and further research is needed to understand the linkage between resistance and the
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simultaneous carriage of genetic AMR determinants, namely the role of epistatic interactions on
the level of antimicrobial susceptibility (i.e., differential MIC values). For instance, the first
cephalosporin resistant isolate detected in Portugal (end of 2019) revealed a single alteration (542S)
in penA, while presenting MICs of 0.19 and 0.38 mg/L to ceftriaxone and cefixime respectively
[324]. Another genogroup that warrants particular attention is G001.005, where the carriage of the
azithromycin resistance-associated mutation A2045G was mostly observed. This genogroup
enrolled the isolates associated with high-level azithromycin resistance that have been linked to an
outbreak in the UK [155, 271]. Noteworthy, we found a high-level azithromycin resistant PT isolate
that was closely related to other resistant isolates from Ireland [259, 260] and the UK [271]
(WGCLO0024), suggesting its potential spread.

Overall, two distinct sets of genogroups displaying a contrasting pattern of AMR could be
observed, i.e., one set with isolates carrying several genetic determinants related with decreased
susceptibility and resistance, and another set mostly involving susceptible isolates (Figure 3.8.).
For the vast majority of genogroups we observed a dominant AMR profile (of note, for nine
genogroups, a single AMR profile was observed) and a lower fraction of one or more additional
AMR profiles (Figure 3.9.). Since a predominant circulating genogroup may not be the one
carrying an alarming AMR profile, the combination of these results may help prioritize which
genogroups need to be subjected to more close surveillance, management and control at both
country and continent levels. On the other hand, our results showed that, for some genogroups, the
less frequently observed AMR profile was the one carrying a larger arsenal of genetic determinants
for resistance, suggesting the potential emergence of novel resistant isolates within a WGS-subtype.
Of note we detected genogroups where the dominant profile is the one associated with a larger
repertoire of AMR determinants. This suggests a progressive accumulation of AMR determinants
within these genogroups due to intensive antibiotic-driven selective pressures, although other
scenarios cannot be discarded and warrant investigation (such as the presence of naturally resistant
lineages). This information may be crucial for surveillance towards the identification of evolving
strains whose emergence need to be alerted to public health authorities in order to control a local
or cross-border spread in early stages.

The strategy described in the present study benefits from the comprehensive definition of
WGS-subtypes for long-term surveillance (with backwards compatibility) and a conservative
threshold range that can be used for contact tracing and outbreak investigation. While for long-term
surveillance, the goal is usually to continuously record the bacterial types that are circulating in a
particular geographic area, for outbreak investigation a genomic analysis with higher resolution is
required, potentiating the identification of shared genomic signatures to infer transmission [277,
310]. Defining clusters composed of likely related isolates by using specific thresholds ranges is an
important step in the application of any subtyping scheme, but optimizing these

thresholds/parameters has been a recurring challenge in the field of molecular epidemiology [307,
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310]. In our approach, we cannot discard that adjusting these thresholds and maximizing the dataset
may affect cluster composition and stability, even though our results are highly concordant with
previous observations (Figure 3.6. and Figure 3.10.). Nonetheless, this study provides a
comprehensive genome-scale snapshot of the genetic diversity of circulating N. gonorrhoeae
strains in Europe. Results suggest that the applied conservative threshold for potential
epidemiological linkage may be suitable to highlight clusters for fine-tune analysis that could
promote an epidemiological investigation, as cluster composition at this level seems to match with
previous reports on outbreaks or transmission chains (Figure 3.10.). Additionally, the possibility
to expand the number of loci under analysis in the scheme not only allows performing a dynamic
analysis of epidemiological clusters, but also increases the confidence in results, as the link between
strains is strengthened when AD decrease or remain unaltered after generating sub-MST with a
higher number of shared loci (Figure 3.10.). This concept of dynamically reconstructing
phylogenies for sub-sets of strains (by maximizing the number of shared loci) and the
bioinformatics tools needed for its operationalization were set-up recently for foodborne pathogens
[310] and were applied to respiratory pathogens [342] showing that they facilitate the use of WGS
in routine surveillance and, consequently, epidemiological investigations.

Ultimately, in the frame of the demanding short-term transition from traditional genotyping
methods, the current comparative study is an important step towards the implementation of a WGS-
based laboratory workflow for N. gonorrhoeae surveillance in the Portuguese NRL. The laboratory
surveillance and isolates collection built up on behalf of PTGonoNet, hosted at the Portuguese NRL
[326], has already strengthened our contribution to the EURO-GASP [232]. This has been achieved
through the enrichment of the current geo-temporal and genomic diversity of N. gonorrhoeae, by
adding WGS data of isolates spanning 15 years of N. gonorrhoeae surveillance in Portugal.
Together with the centralization of the AMR phenotypic characterization and molecular typing at
the Portuguese NIH, and a strong articulation with the Public Health Authorities, the described
framework should constitute the driving force towards a faster and robust prospective surveillance
of cases, from antibiotic resistance prediction to transmission chain detection. Future studies based
on this approach will be crucial to consolidate the benefits of this technological transition for Public
Health through the prioritization of genogroups to be monitored, the identification of emerging

resistance carriage, and the potential facilitation of data sharing and communication.
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Data summary: All Neisseria gonorrhoeae reads generated in this study were deposited in the European
Nucleotide Archive (ENA) (BioProject accession no. PRJEB36482;

www.ebi.ac.uk/ena/data/view/PRJEB36482). ENA sample accession numbers are included in

Supplementary Table S3.1. (available with the online version of the article). Read datasets used were
downloaded from the ENA (BioProject accession no. PRJEB14933; PRJEB2124; PRJEB23008;
PRJEB26560; PRJEB9227; PRINA275092; PRINA348107; PRINA473385; PRINA315363) with all
sample accession numbers included in Supplementary Table S3.2. Supplementary material for this study was
deposited in ZENODO and are available at https://doi.org/10.5281/zenodo.3946223.
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4. Insights into the Neisseria gonorrhoeae pan-genome: a preliminary assessment of

genogroup-specific genetic signatures

4.1. Introduction

Like many bacteria, N. gonorrhoeae is known to have a repertoire of genetic elements
that enable increased genomic plasticity, likely contributing to host colonization, invasion and
survival. Within its ~2.2. Mbp circular chromosome with ~2000 coding sequences, N.
gonorrhoeae possesses the necessary genetic machinery to display a complex inter- and intra-
strain diversity, acquired through DNA transformation [166] and variation of displayed antigens
[167]. In fact, one of the more outstanding features of Neisseria is the amount and variety of
repetitive DNA sequences present in their genomes [168, 169]. Most of these repeat sequences
are involved in intra-species DNA transformation, phage integration [170] and genome
rearrangements [171]. N. gonorrhoeae also possesses a gonococcal genetic island (GGI) encoding
a type IV secretion system (T4SS) that secretes single-stranded DNA into the extracellular
environment providing substrate for DNA transformation [172, 173]. Besides these
chromosomal-mediated mechanisms, N. gonorrhoeae can also carry plasmids, either the cryptic
plasmid (it does not contain AMR genes or virulence factors) or plasmids associated with
antimicrobial resistance (AMR) [163] (such as the blaTEM and tetM containing plasmids) that
can be transferred between pathogenic and commensal species [164, 165]. In addition to this
genomic plasticity, N. gonorrhoeae can infect and colonize several anatomic sites, sharing these
environmental niches with other commensal Neisseria species, with which it can exchange
genetic material. In the previous Chapter of this Thesis (Chapter I11) we classified N. gonorrhoeae
isolates into genogroups based on its core-genome, reflecting its major circulating lineages. In
this context, the main objective of the present Chapter was to perform a draft pan-genomic
analysis of N. gonorrhoeae in order to identify specific genetic signatures that could be associated
with each prevalent genogroup. Particularly, we aimed to explore the presence or absence of genes

within the N. gonorrhoeae accessory genome.

4.2. Methods

4.2.1. Construction of a draft Neisseria gonorrhoeae pan-genome

All 3791 N. gonorrhoeae genomes generated and analysed in Chapter 111 were annotated
with Prokka v1.12 [343] using default parameters. From the General Feature Format files (.gff
files), containing all annotated features, the N. gonorrhoeae pan-genome was generated with
Roary v3.13.0 software [344], with a BLASTP+ (from the BLAST+ suite v2.9.0 [345]) minimum
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percentage of identity set to 95% and without splitting paralogs (-s option). Genes were defined
as core-genes when present in > 99% of all genomes (i.e., > 3754 genomes), as accessory genes
when present in > 2 genomes and as singleton genes when present in a single genome. For
functional diversity analysis, Clusters of Orthologous Groups of proteins (COGs) categories [346]
were assigned to the pan-genome predicted proteins using the script cdd2cog v0.1 [347] after
RPSBLAST+ (Reverse Position-Specific BLAST) (e-value cut-off of 1e?), where only the best
hit (i.e., lowest e-value) was considered.

4.2.2. Scoring the presence and absence of accessory genes

After generating the gene presence/absence table with Roary, we used Scoary v1.6.16
software [348] to identify accessory genes potentially discriminating WGS-based genogroups,
both at the high- and low-level (as determined in Chapter IIl). Statistical significance of the
presence of a specific genetic trait and a WGS-subtype (Fishers’ exact test, performed by Scoary)
was assumed when p-value was < 0.005. All markers presenting p-value above the described were
discarded. Only accessory genes associated with a specific WGS-subtype presenting
simultaneously > 80% Sensitivity (i.e., present in > 80% of genomes of queried WGS-subtype)
and > 80% Specificity (i.e., absent in > 80% of genomes of non-queried WGS-subtypes) were
reported in the final analysis.

4.3. Results
4.3.1. Overview of the Neisseria gonorrhoeae pan-genome

Reconstruction of the N. gonorrhoeae pan-genome, based on a 3971 European genome
dataset, revealed that it was composed of 4866 genes (all genes detailed in Supplementary Table
S4.1.), of which 1696 comprised the core-genome, 1871 the accessory-genome and 1299 were
singletons. Core-genome was achieved with ~100 genomes and data suggested that N.
gonorrhoeae has an open pan-genome, as the addition of novel genomes continuously increased
the number of genes not shared in the core-genome (Figure 4.1.). N. gonorrhoeae’s core- and
accessory-genomes differed greatly in the distribution and proportion of functional categories
(Figure 4.2.). The core-genome was enriched with genes associated with housekeeping functions,
such as energy production, translation, amino acid transport and metabolism (Figure 4.2A). In
contrast, the accessory-genome presented a high proportion of genes with an unknown function
(61.7%, contrasting with 23.5% in core genome), and an expectedly lower number of

housekeeping genes (Figure 4.2B).
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are randomly added to the comparison until a total 3791 genomes.
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This trend was also observed when analysing singleton genes’ functional categories, where 51.7%
of genes had an unknown function. Noteworthy, we observed that genes related to cell motility
and intracellular trafficking and transport were overrepresented in the accessory-genome, as well
as within the singletons. In fact, cell motility-associated genes represented 11.5% and 17.5% of
the accessory-genome and singletons, respectively, contrasting with 0.4% in the core-genome.
Likewise, transport-associated genes constituted 12.7% and 17.7% of the accessory-genome and
singletons, respectively, while the in the core-genome these represented only 2.1%.

4.3.2. Association between accessory genes and WGS-based genogroups

Distribution of accessory genes, with > 80% sensitivity and specificity, by high- or low-
level WGS-based genogroup (represented by at least 10 isolates) is presented in Figure 4.3., with
genes’ full description detailed in Supplementary Table S4.2. At the high-level, we observed a
mean of 20 genes (ranging from three to 46 genes) that were associated with each of the 35
analysed genogroups. When taking into account redundant accessory genes, i.e., highlighted
genes associated simultaneously with distinct genogroups, a set of 277 different genes were
obtained (Figure 4.3.A). This redundancy was due to the presence of genogroups with few
isolates, together with the parameters used. For instance, we detected three genes (Gene_1890,
Gene_2433 and Gene_2419; see Supplementary Table S4.2.A and Supplementary Table
S4.3.A) that displayed > 80% sensitivity and specificity for 14 different genogroups, twelve of
which were comprised by less than 35 isolates. More importantly, of the 277 genes, 119 encoded
for hypothetical proteins, 64 were pilin or pilin-associated genes, 14 were phage-associated genes
and eight genes encoded for membrane/transport-associated proteins (Supplementary Table
S4.2.A). Regarding accessory genes associated with low-level genogroups, results showed that
282 genes could be differentially linked to each of the 38 analysed genogroups (Figure 4.3.B and
Supplementary Table S4.2.B). When compared with genogroups at the high-level, the same
pattern in gene function was observed, with 117 genes encoding hypothetical proteins, 73 were
pilin or pilin-associated genes, 14 were phage-associated genes and eight genes encoded for
membrane/transport-associated proteins. In fact, there was an overlap of 254 genes between the
analyses at both genogroup levels, with genes associated with cell motility or intracellular
trafficking, secretion, and wvesicular transport being overrepresented (excluding genes with
unknown function). Regarding the 73 detected pilin or pilin-associated genes, these enrolled 37
out of the 38 low-level genogroups (Supplementary Table 4.3.B). We observed a mean of four
genes in association with each of the genogroups, which suggests that different genogroups
present distinct genetic profiles regarding the presence of pili genes. Within these, several genes
associated with Pilw and PilE assembly were observed, regardless of the genogroup size,

suggesting distinct patterns of pilin formation involved in N. gonorrhoeae immune evasion and
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pathogenesis, which may warrant future investigation. Of note, genes presenting 100% sensitivity
and specificity (i.e., exclusive genes associated with a genogroup) were rarely observed, with only
13 and 5 genes detected at the high- and low-level, respectively (Supplementary Table S4.2.).
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Figure 4.3.| Distribution of accessory-genome genes presenting more than 80% specificity and sensitivity
across WGS-based genogroups. A — Distribution of 277 accessory genes by high-level
genogroups. B — Distribution of 282 accessory genes by low-level genogroups. Gene order
in the Figure is detailed in Supplementary Table S4.3. The contextual neighbour-joining
phylogenetic tree at the left side of each panel was generated based on the MScgMLST allelic
profiles using the GrapeTree v1.5.0 software [338].

Within these accessory genes, regardless of the genogroup level, we detected the plasmid-
carried blaTEM and tetM genes, associated with antimicrobial resistance to B-lactams and
tetracycline, respectively. Moreover, blaTEM and tetM were highlighted as specific genetic
markers for three and eight distinct low-level genogroups, respectively (Supplementary Table
4.3.B). Nevertheless, for blaTEM, we observed that this gene was singled out only because
genogroups were composed of < 15 isolates (namely G029.032, G031.044, and G039.037), which
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allow it to pass the 80% cut-off that was applied for sensitivity/specificity. In fact, we previously
observed that this gene was carried by 509 isolates, spanning several low-level genogroups
(Figure 3.8. of Chapter 1), using a read-based approach. Still, here, using an assembly-based
approach, data showed that 386 isolates carried blaTEM (Supplementary Table S4.2.). This
exemplifies the importance of having large representative groups when determining associations
between specific traits (either phenotypic or genetic) and the carriage of genetic markers, and
caution is advisable when performing such inferences. On the other hand, for tetM, although the
identified genogroups were composed by up to 60 isolates, these corresponded to the ones
previously detected, as most of the enrolled isolates carried this gene, namely G008.012,
G008.026, G009.009, G016.018, G019.022, G029.032, G031.044, and G039.037 (Figure 3.8. of
Chapter I11). Curiously, genogroup G002.001 (enrolling 502 isolates) was associated with specific
penicillin-binding protein 2-encoding gene (i.e., penA), being present in 493 genomes and in only
nine others from non-G002.001 genogroups. This genogroup had been previously highlighted for
carrying the penA type XXXIV mosaic allele associated with decreased susceptibility to
cephalosporin [105] (See Chapter Il1l). Of note, among the other seven detected membrane
proteins-encoding genes, four encoded porins, being associated with nine and twelve distinct
high- and low-level genogroups, respectively. Still, it is important to state that all results should
be analysed taking into account that the pan-genome was inherently generated based on gene
clustering at a minimum percentage of identity set at 95%. As such, it would be expected that
highly polymorphic genes would be split into different gene groups, which does not necessarily
reflect the present/absence of a gene but more likely a divergent allelic profile.

4.4. Discussion

In the present study we explored a draft pan-genome of N. gonorrhoeae, constructed
based on the genetic diversity of 3971 genomes collected from across Europe. We aimed to
identify specific genetic signatures within the accessory-genome of N. gonorrhoeae that could be
associated with the WGS-based genogroups determined in the previous Chapter (Chapter III).
Based on the used dataset, we observed that N. gonorrhoeae may possess an open pan-genome,
as the subsequent addition of genomes in the analysis continuously increased the number of genes
not shared in the core-genome (Figure 4.1.), even though a high degree of singletons was still
observed. This was expected, as this bacterium is known to possess several genetic mechanisms
involved in DNA transformation, with HGT being one of the major mechanisms to generate
genetic diversity towards immune evasion, survival and pathogenesis [166, 168]. Although our
results showed that the accessory-genome was mostly composed by genes of unknown function,
we observed that it was also enriched with genes associated with cell motility and transport

(Figure 4.2.). Within these, several membrane protein-encoding genes and pilin or pilin-
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associated genes were differentially present throughout the distinct low-level genogroups,
regardless of the genogroup size. Considering the surface exposed character of the proteins
encoded by these genes, it would be expected that they present higher genetic diversity, as a means
to adapt to the host environment. In fact, the pilin are known to be involved in adherence,
colonization and invasion in N. gonorrhoeae [65], being also targets of antigenic variation
towards immune evasion [168]. As these genes are singled-out in association with distinct WGS-
based genogroups, we hypothesize that they may possess distinct adherence/pathogenic profiles,
which in turn may underlie more advantageous transmission, and the higher prevalence observed
for some of them. Moreover, if the genetic diversification of the pilin genes only occurred during
the infection process, the potential association of pilin-associated genes with specific genogroups
would not have been highlighted, pointing to an established mechanism of adherence in the early
stages of infection. Our analysis also highlights genes associated with antimicrobial resistance,
namely the plasmid-carried blaTEM and tetM. Nevertheless, we observed that in the case of
blaTEM, it was only detected in genogroups composed by few isolates. Curiously, this was not
the case for tetM, which reinforces the association between carriage of this AMR determinant
with specific genogroups observed in the previous Chapter.

Overall, our data suggest the existence of several genes that seem to be associated with
our defined WGS-based genogroups within N. gonorrhoeae’s accessory genome. This issue
should be subjected to further investigation, as most hits correspond to genes with unknown
function. Still, these results must be regarded just as overall trends, suggesting potential shared
genetic mechanisms within circulating isolates of the same genogroups. In fact, we found that
there was a lack of genes presenting 100% sensitivity and specificity for a given genogroup that
could be used as markers for genogroup classification beyond the core-genome, as previously
performed for other pathogens [349]. The present study constitutes an exploratory work into the
pan-genome of N. gonorrhoeae and presents some limitations. For instance, results are highly
dependent on the dataset used, namely the size of each enrolled WGS-genogroup and the
percentage of identity chosen to cluster genes. In fact, regarding the latter, changing the
percentage of identity to 70% would reduce the pan-genome size from 4866 to 3043 genes (with
little impact in the core-genome; i.e., from 1696 to 1723), which suggests that the genes detected
in the accessory genome with association with genogroups may not reflect a true presence/absence
but, more likely, distinct allelic profiles of the same genes. As for the dataset, a higher
representation of isolates from each genogroup could aid in consolidating the observed
association, in order to disclose if specific genetic signatures could underlie the adaptation of

circulating strains towards increased transmission or pathogenesis.
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CHAPTER V — FIRST CASE OF A CEPHALOSPORIN RESISTANT NEISSERIA GONORRHOEAE
ISOLATE DETECTED IN PORTUGAL

5. First case of a cephalosporin resistant isolate detected in Portugal

5.1. Abstract

We report a multidrug resistant Neisseria gonorrhoeae exhibiting resistance to
ceftriaxone and cefixime, isolated in Portugal in 2019. Whole-genome sequencing was performed
for typing and identification of genetic determinants of antimicrobial resistance. Due to its

antimicrobial susceptibility profile, awareness should be raised for the circulation of this strain.

Keywords: Neisseria gonorrhoeae; surveillance; multidrug resistance; Whole-genome

sequencing; sexually transmitted infections.

5.2. Introduction

Neisseria gonorrhoeae disease burden and antimicrobial resistance remain a global
concern. The current empirical treatment of uncomplicated gonorrhoea relies on ceftriaxone and
azithromycin. During the last decade, a steady rise in minimum inhibitory concentrations (MICs)
of cephalosporins has been observed worldwide [104, 106, 135, 152, 153], with some reporting
clinical failures upon treatment. Increase in azithromycin resistance is also being reported [135,
152, 153, 259, 271, 281], and resistant strains have been associated with recent outbreaks [155,
158]. In Europe, although some countries have consistently reported resistance to azithromycin
[155, 259, 271, 281], including Portugal, resistance to cephalosporins is still rare [135, 232, 260].
In the context of the European Centre for Disease Prevention and Control’s call to action for
surveillance and management of resistant strains [135, 232], the current report describes the first
case detected in Portugal (in late 2019) of a multidrug resistant N. gonorrhoeae isolate exhibiting

simultaneous resistance to ceftriaxone and cefixime.

5.3. Case description

At the end of September 2019, a 27 years old male patient with unremarkable past medical
history developed a clinical picture of dysuria and whitish urethral discharge. On the third day of
symptoms, he attended an emergency room and was prescribed with ciprofloxacin for a urinary
tract infection. As no improvement was observed, on eleventh day of symptoms he attended the
emergency room of the tertiary Hospital of Oporto, Portugal. He reported unprotected MSM (men
who have sex with men) contacts with five occasional Portuguese partners during the last six

months, in Oporto and Lisbon, the last of which occurring two weeks before the onset of
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symptoms. He denied commercial sex and attendance to chemsex parties or saunas, and reported
no travels to other countries in the last 12 months. Swabs collected from the urethra, rectum and
oropharyngeal tract tested positive for N. gonorrhoeae, by Real-Time PCR (SACACE,
Biotechnology, Como, Italy). Other sexually transmitted infections were screened (HIV, hepatitis
B and C, syphilis) and tested negative. He was empirically treated with 500 mg ceftriaxone
intramuscularly and 1 g azithromycin orally. N. gonorrhoeae was isolated from the urethra (no
culture was performed for the pharynx and rectum swabs) and sent to the National Reference
Laboratory for Sexually Transmitted Infections (NRL) at the Portuguese National Institute of
Health (INSA), for antimicrobial susceptibility testing, as part of the ongoing Portuguese National
Laboratory Network for Neisseria gonorrhoeae Collection (PTGonoNet - http://www.insa.min-

saude.pt/category/areas-de-atuacao/doencas-infeciosas/rede-nacional-de-vigilancia-laboratorial-

de-estirpes-de-n-gonorrhoeae/). As the patient missed the follow up consultation, clinical re-

observation could only occur two months after the initial treatment, upon a new request from the
patient. Although he denied new sexual contacts after the emergency room episode, the patient
reported relapse of symptoms and new swabs were collected from the urethra, rectum and
pharynx. Only the urethral swab tested positive by Real-Time PCR for N. gonorrhoeae but an
isolate culture could not be obtained. Since the patient was asymptomatic, no new treatment was
administered and it was assumed that the PCR positive results was due to remnant gonococcal
DNA. One month later, swabs from the three anatomic locations were collected, all testing

negative for N. gonorrhoeae.

5.4. Characterization of Neisseria gonorrhoeae isolate NGPT19535

All antibiotic susceptibility testing was performed in duplicate using Etest (bioMerieux,
Marcy-I' Etoile, France), with MICs being determined for penicillin, ceftriaxone, cefixime,
azithromycin, tetracycline, ciprofloxacin, spectinomycin and gentamicin, and results interpreted
using the current European Committee on Antimicrobial Susceptibility Testing (EUCAST)
guidelines [94]. Isolate NGPT19535 exhibited resistance to ceftriaxone, cefixime, ciprofloxacin
and tetracycline, and intermediate resistance to penicillin (Table 5.1.). Isolate was susceptible to
both azithromycin and spectinomycin. -lactamase production tested negative [chromogenic
reagent Nitrocefin (Oxoid Limited, Hampshire, UK)]. After extraction, DNA was subjected to the
Nextera XT library preparation protocol (Illumina, San Diego, California, USA) prior to paired-
end sequencing (2x250 bp) on a MiSeq instrument (lllumina, San Diego, California, USA),
according to the manufacturer’s instructions. Genome was assembled using the INNuca v4.0.1
pipeline (https://github.com/B-UMMI/INNUCca) [310]. Multi-locus sequence typing (MLST) and
N. gonorrhoeae multi-antigen sequence typing (NG-MAST) were performed in silico, with
NGPT19535 belonging to ST-7822 and ST17370, respectively. A gene-by-gene analysis was
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performed using the PubMLST N. gonorrhoeae cgMLST scheme v1.0 adapted to the
chewBBACA suite v2.0.11 [331] on a dataset of 3791 genomes from European countries [106,
155, 232, 260, 270-272, 281]. Global phylogenetic analysis revealed no close allelic profile
match, with the closest isolate (Portugal, 2017, accession #ERR3851705) having 154 allelic
differences in 1537 loci and the closest published genome having 436 allelic differences (Spain,
2013, #ERR1560929). Raw read data were deposited in the European Nucleotide Archive under
the accession #ERR3965143.

Table 5.1.| Antimicrobial susceptibility and genetic characterization of Neisseria gonorrhoeae strain
NGPT19535, isolated in Portugal in 2019.

Isolate (ID, country, year of isolation NGPT19523(’)ibPortugaI, ECDC26Ii3S %22]8 pain,
Minimal inhibitory concentrations (mg/L)

Benzylpenicillin 1 NA
Ceftriaxone 0.19 0.12
Cefixime 0.38 0.12
Azithromycin 0.75 0.5
Tetracycline 15 NA
Spectinomycin 8 NA
Ciprofloxacin 4 16
Gentamicin 4 NA
Sequence type

MLST 7822 1901
NG-MAST 17370 2493

Genetic determinants for antimicrobial resistance
(gene, antimicrobial affected and genetic alteration)

penA (CFM; CRO; PEN) Allele 5.0((3)gdir21§’n-mosaic) Allele 5.0%gdi$1§h—mosaic)
porB1lb (CFM; CRO; PEN; TET) G120K, A121D G120K, A121D
mtrR (CFM; CRO; PEN; TET; AZM) A39T A39T

ponA (CFM; CRO; PEN) L421P L421P

gyrA (CIP) S91F (D95A) S91F (D95G)

parC (CIP) S87R S87R

rpsd (TET) V57M V57M

folP (SUL) R229S R229S

tetM (TET) Absent Present

blaTEM (PEN) Absent Present

Mutation in parenthesis in gyrA indicate a different substitution in both isolates but in the same position.
MLST: Multi-Locus Sequence Typing; NG-MAST: Neisseria gonorrhoeae Multi-Antigen Sequence
Typing. NA: not available; CFM: cefixime; CRO: ceftriaxone; PEN: penicillin; AZM: azithromycin; TET:
tetracycline; CIP: ciprofloxacin; SUL: sulphonamide.

Genetic determinants for antimicrobial resistance were assessed by the ARIBA v2.12.2
software (Table 5.1.) [302]. NGPT19535 exhibited a non-mosaic penA allele with amino acid
alteration G5428S, potentially reducing B-lactam acetylation of penicillin-binding protein 2
(PBP2). Alterations G120K and A121D in porin encoding gene porB1lb and L421P in penA
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(PBP1) were observed, which contribute to overall resistance to cephalosporins and penicillins
[120, 192, 232, 302]. No mutations in 23S rRNA gene (i.e., A2059G and C2611T) were present
but we observed SNP A39T in mtrR, which could underlie the MIC value obtained for
azithromycin by increasing the expression of the MtrCDE efflux pump system [120, 192, 302].
Two amino acid substitutions in GyrA (DNA gyrase subunit A), known to be responsible for
ciprofloxacin resistance by reducing quinolone binding to DNA gyrase were detected, along with
alteration S97R in parC, reducing binding to topoisomerase 1V [120, 192, 232, 302]. Amino acid
alteration V57M in ribosomal protein S10 encoding gene rpsJ contributed for tetracycline
resistance [192, 232]. Although susceptibility was not tested, NGPT19535 also possessed the
alteration R229S in folP associated with resistance to sulphonamides [192, 232]. Plasmid carrying
tetM (for tetracycline resistance) or blaTEM (for p-lactamase production) and mutations in 16S
rRNA gene (for spectinomycin resistance) were not observed. Within our dataset [106, 155, 232,
259, 260, 270-272, 281], the only isolate displaying the same mutational profile in antimicrobial
resistant determinants was collected in Spain in 2013 (accession #ERR1469570), while exhibiting
MICs for both cephalosporins close to the EUCAST breakpoint for resistance of 0.125 mg/L
(Table 5.1.).

5.5. Discussion

This report describes the first case detected in Portugal of a multidrug resistant N.
gonorrhoeae strain with combined resistance to ceftriaxone and cefixime, isolated in late 2019.
N. gonorrhoeae antimicrobial resistance monitoring and surveillance in Portugal has been
performed since 2003 at the NRL of INSA, in collaboration with private and public laboratories
as part of the PTGonoNet. To date, no isolate presenting MIC for cefixime and ceftriaxone above
the EUCAST breakpoint definition for resistance had been detected in Portugal, although
resistance to azithromycin had been continuously observed [135]. In Europe, although cefixime
resistant isolates have been described since 2009 in several countries, only a single case of
ceftriaxone resistance was reported up to 2015 by the European Gonococcal Antimicrobial
Surveillance Programme (EURO-GASP) [135], which is the network responsible for carrying out
sentinel surveillance of gonococcal antimicrobial resistance in the European Union/European
Economic Area. As the dual-therapy of ceftriaxone and azithromycin is still a recommended
empirical treatment for uncomplicated gonorrhoea, it is essential to report and monitor emerging
resistant isolates to ceftriaxone, as gonorrhoea treatment could become compromised.
Additionally, in many European countries, including Portugal, a vast number of gonorrhoea
diagnosis rely on molecular methods, hampering the availability of specimens for antimicrobial

resistance evaluation and spread control.
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Isolate NGPT19535 revealed an uncommon sequence type combination (MLST/ST-7822
and NG-MAST/ST-17370) since no isolate with such NG-MAST sequence type was found in the
PubMLST database (https://pubmist.org/). WGS analysis revealed that it is genetically distinct
from publically available genomes [106, 155, 232, 259, 260, 270-272, 281], even those presenting
MLST/ST-7822, namely isolates from the UK [272] and from other European countries [232,
259]. Still, we found that the antimicrobial resistance-associated mutational profile observed was
similar to a single isolate from Spain, although the latter was highly distinct genetically. We
suggest that the resistance observed in NGPT19535 was most likely associated with the
combination of alterations observed in the PBP1, PBP2, PorB and MtrR encoding genes. Of note,
although other genetic alterations currently described as associated with resistance to
cephalosporins in penA [120, 192] were not observed here, alteration G542S in penA has already
been reported as being statistically associated with elevated MICs, even though its effect on
resistance has not been proven [120]. The identification of this mutation in the present study
reinforces the likelihood of its association with resistance to cephalosporins. Still, although the
patient had denied interim sex, we cannot completely discard the possibility of re-infection two
months after treatment. In summary, notification of multidrug resistant cases with increased MIC
for cephalosporins is crucial at an international level, as the spread of these isolates, along with

their potential to evolve, might threaten the current recommended dual antimicrobial therapy.
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6. Neisseria gonorrhoeae laboratory surveillance in Portugal in the whole-genome

sequencing era

6.1. Introduction

Whole-genome sequencing (WGS), coupled with bioinformatics, has allowed to widen
our knowledge on Neisseria gonorrhoeae’s origin, evolution, population structure, pathogenesis,
antimicrobial resistance (AMR) mechanisms and epidemiology [21, 270, 272, 277, 300]. Most
national or international gonococcal AMR surveillance programs are now generating these data
in order to monitor and control the spread of resistant N. gonorrhoeae strains [130]. In fact, with
the transition to a WGS-based routine laboratory surveillance being a reality, laboratories whose
main mission is to perform epidemiological surveillance are now facing the need to apply novel
genomic approaches to provide detailed epidemiological analysis of N. gonorrhoeae
transmission, outbreak detection and contact tracing, including AMR data. There is also the need
to complement other laboratory techniques in order to improve diagnostics and treatment in the
clinic and inform public health policies to limit the spread of antibiotic resistant strains [277].
Several WGS studies have already allowed to unveil the current AMR genetic trends of
circulating N. gonorrhoeae strains in several countries and how the genetic determinants for AMR
are transmitted [21, 232, 282, 291, 300], as well as disclose local transmission chains and
outbreaks [155, 270, 272, 287, 288]. The ever evolving bioinformatics tools are making it possible
to rapidly perform in silico isolate typing from genome assemblies either by NG-MAST
(Neisseria gonorrhoeae Multi-Antigen Sequence Typing) [286] or MLST (Multi-Locus
Sequencing Typing) [301], as well as to identify the presence/absence of AMR genetic
determinants directly from WGS reads [302] or genome assemblies [303].

In this context, the genetic diversity of the circulating strains in Portugal remains to be
disclosed, and the modus operandi of the transition to a WGS-based laboratory surveillance of N.
gonorrhoeae needs to be defined. As such, the National Reference Laboratory for Sexually
Transmitted Infections (NRL-STI) of the Portuguese National Institute of Health (NIH) is
currently in the process of performing such transition. In a previous Chapter of this dissertation
(Chapter 111), we described a gene-by-gene approach to classify isolates into WGS-based
genogroups. Here, we applied the described methodology in order to disclose potential
epidemiological links between isolates, i.e., potential transmission chains occurring in Portugal,
based on all sequenced isolates to date. Particularly, we applied this approach to a novel N.

gonorrhoeae subset for WGS-based surveillance consisting of isolates collected in 2019*, and

*Author’s note: In this Chapter, we intended to include 110 isolates from 2018 that were sent to the Welcome Trust
Institute on behalf of the European Gonococcal Antimicrobial Surveillance Programme (EURO-GASP), but due to the
COVID-19 pandemic in 2019, these were not made available in time to be included in this work.
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integrated the obtained genomes with the previously sequenced isolates (See Chapter I11). For
context, in this Chapter we also provide a description of the complete 2019 isolate collection of
the Portuguese National Laboratory Network for Neisseria gonorrhoeae Collection
(PTGONONET).

6.2. Methods

6.2.1. Portuguese Neisseria gonorrhoeae genomic dataset

N. gonorrhoeae isolates analysed in this work are part of the ongoing activity of the
PTGonoNet hosted at the NRL-STI of the Portuguese NIH [326]. A total of 734 Portuguese
isolates (herein designated as “PT isolates™) were enrolled in the present study, including: 589
previously sequenced PT isolates (see Chapter 11l Section 3.3.1.); 134 PT isolates collected in
2019 (selected to constitute the 2019 WGS-based surveillance dataset; see below); and 11 isolates
from 2017 up to 2020 that either presented alarming AMR profiles, were associated with invasive
disease or were collected from unusual anatomic sites. Antimicrobial susceptibility testing was
performed as previously described (See Chapter Il Section 3.3.1.). Briefly, minimum inhibitory
concentrations (MICs) for azithromycin, benzylpenicillin, cefixime, ceftriaxone, ciprofloxacin,
gentamicin, spectinomycin and tetracycline were determined by E-test (BioMérieux, France) and
isolate antibiotic resistance was classified according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) breakpoint definitions [94]. Coded isolate designations,
antimicrobial susceptibility data and all available anonymized metadata are reported in
Supplementary Table S6.1. (see also Supplementary Table S3.1. from Chapter Il for
previously sequenced isolates).

To frame the 2019 WGS-based surveillance dataset, we selected isolates from the 2019
PTGonoNET collection based on specimen of origin, geographic location, and antimicrobial
susceptibility profiles. The selected dataset includes all isolates hailing from the Center, Alentejo,
Algarve and Azores regions, as well as 41 isolates from the Lisbon Metropolitan Area and 39
from the North. It also covers 31 out of the 61 azithromycin resistant isolates, all cephalosporin
resistant and potential gentamicin resistant isolates, and isolates presenting either resistance or
elevated MICs to all other tested antimicrobials. Noteworthy, this dataset also included the first
resistant isolates to ceftriaxone, cefixime and gentamicin detected in Portugal. For specimen type,
we included all isolates hailing from the rectum (n=22), articular fluid (n=6), conjunctiva (n=3),
blood (n=2), pharynx (n=1) and neovagina (n=1), as well as 9 isolates from the cervix/vagina and

90 isolates from the urethra.
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6.2.2. Whole-genome sequencing, genome assembly and typing

DNA was extracted from each isolate using the NucliSens easyMAG platform
(BioM¢érieux, France) for total nucleic acid extraction according to the manufacturer’s
instructions. DNA was then subjected to Nextera XT library preparation (Illumina, USA) prior to
paired-end sequencing (2x250 bp or 2x150 bp) on either a MiSeq or a NextSeq 550 instrument
(Illumina, USA), according to the manufacturer’s instructions. All genome sequences were
assembled using the INNUca v4.0.1 pipeline (https://github.com/B-UMMI/INNUCca) [310], as

previously described (detailed in Chapter 111 Section 3.3.2). In silico seven loci MLST prediction

was performed using mist v2.4 software (https://github.com/tseemann/mist), NG-MAST was

performed using the ngmaster v0.4 software [286], and rplF fine-typing [330] was performed in
order to confirm Neisseria species, upon query to the PubMLST Neisseria database
(http://pubmlst.org). Identification of AMR determinants in silico was performed using ARIBA
v2.12.2 [302] as previously described (see Chapter Il Section 3.3.3.). NG-STAR typing [303]

was also performed for interpretation purposes, upon query to the PUbMLST Neisseria database.

All isolates were classified into the two-step hierarchical WGS-based genogroups, as
implemented in Chapter 111 (See Section 3.3.5. for details). Briefly, after allele calling using the
Maximum shared cgMLST (MScgMLST) scheme, with chewBBACA v2.0.16 [331], the novel
genomes’ allelic profiles were integrated with the previous 3791 genome dataset (from Chapter
[11). After minimum spanning tree (MST) reconstruction, using PHYLOViZ [316, 332, 333], the
previously determined goeBURST thresholds were applied [i.e., 4.97% and 9.61% allelic
differences (AD), corresponding to 40 and 79 AD in 822 loci, respectively] and novel genomes
were assigned to genogroups based on their clustering. A novel genogroup code was attributed to
isolates that did not cluster with previously determined genogroups. For all isolates, assembly

statistics and typing data are reported in Supplementary Table S6.1.

6.2.3. cgMLST and cluster analysis

Gene-by-gene analysis was performed using the 1594 loci cgMLST scheme prepared for
chewBBACA, with allele calling performed as previously described (See Chapter Ill Section
3.3.4. for details). For each subset of isolates under comparison, the maximum number of shared
loci between them was maximized using PHYLOViIZ online 2.0 Beta version
(http://online2.phyloviz.net) before MST construction [310, 337]. Allelic distance thresholds for

cluster inspection were expressed as percentages of AD over the total number of shared loci under
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comparison for every analysis of each subset of isolates at any given level. Genomes with less
than 95% of all called loci were excluded from the analysis. Of note, this cut-off resulted in the
exclusion of one 2019 PT isolate (NGPT19039) but allowed the recovery of 10 previously
excluded PT genomes (e.g. NGPT03012; NGPT04006; NGPT04008; NGPT06012; NGPT06024;
NGPT10025; NGPT11094; NGPT12074; NGPT13061; NGPT14055). To investigate sub-
clusters with potential epidemiological link, after generating a sub-MST for each low-level
genogroup, we applied a cut-off of 1.5% AD (as described in Chapter 111 Section 3.3.6.), and re-
analysed each resulting cluster by maximizing the number of shared loci between them.

6.2.4. Data availability

All reads generated for the present study were deposited in the European Nucleotide
Archive under the study accession number PRJEB36482 (individual run accession numbers are
detailed in Supplementary Table S6.1.). A Microreact project [317] was created to update data
with the PTGonoNet 2019 isolates
(https://microreact.org/project/g8vwip8gPLJAhRwz3RedFE/ec303d1f).

6.3. Results
6.3.1. Description of the PTGonoNet 2019 collection

For context, as we described the full PTGonoNet isolate collection up to 2018 in Chapter
Il [326], the following section aims to update the dataset with a short description of the N.
gonorrhoeae isolates collected during 2019 (see Author’s Notes Section). All detailed data are
presented in Supplementary Table S6.2. Briefly, during 2019, PTGonoNet collected 682 N.
gonorrhoeae isolates**. Most isolates were collected from the Lisbon Metropolitan Area (n=517)
followed by the North (n=110), Center (n=35), Alentejo (n=9), Algarve (n=7), and the Azores
Autonomous Region (n=4). The vast majority of isolates were collected from men (621/682;
91.1%), of which 6.6% (41/621) were men who have sex with men (MSM), although sexual
orientation was largely undeclared (572/621; 92.1% of all men). Most isolates originated from
urogenital tract swabs (669/682; 98.1%), including from the urethra, cervix (or vagina, including
a neovagina) and rectum, and 1.9% of isolates were collected from blood, conjunctiva, pharynx
and articular fluids. Regarding patient age distribution, most isolates hailed from young adults
from 20 to 39 years of age (424/682; 62.2%), followed by adults aged above 40 (128/682; 18.8%)
and adolescents and children below 19 years (107/682; 15.7%).

**Author’s note: This corresponds to the total number of isolates that were characterized phenotypically for AMR.
The complete collection enrols 213 additional isolates that were received at the beginning of 2020 and due to the
COVID-19 pandemic in 2019 were not characterized in time for this work.

92


https://microreact.org/project/q8vwip8qPLJAhRwz3RedFE/ec303d1f

CHAPTER VI — NEISSERIA GONORRHOEAE LABORATORY SURVEILLANCE IN PORTUGAL IN
THE WHOLE-GENOME SEQUENCING ERA

Regarding AMR, global trends are presented in Figure 6.1., for all tested antimicrobials.
Noteworthy, this dataset included the first isolates detected in Portugal exhibiting resistance to
ceftriaxone and cefixime, and potential resistance to gentamicin. Decreased susceptibility to
penicillin, tetracycline, gentamicin and ciprofloxacin remained high, with more than 50% of
isolates presenting resistance or intermediate resistance to these antimicrobials (Figure 6.1.). All
isolates were susceptible to spectinomycin. As for azithromycin, results show that ~10% of
isolates were resistant.
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Figure 6.1. | Antimicrobial susceptibility trends of the 2019 PTGonoNet isolate collection. The dataset is
composed of 682 isolates. *for B-lactamase data presented refers to positive (red) or negative
(green) production.

6.3.2. Description of the Portuguese genomic dataset

The full PT isolate genomic dataset included at least 30 isolates per collection year, with
the exception of the following periods: i) 2003 up to 2006, where few isolates were available and
thus all of them were used; ii) 2013, 2017 and 2019, where more than 100 were sequenced in
order to have a broader snapshot within the recent years. Most isolates were collected from the
Lisbon Metropolitan Area (n=484) followed by the North (n=139), Center (n=64), Algarve
(n=27), Alentejo (n=13), and the Azores Autonomous Region (n=5), with only two isolates having
untraceable data. The vast majority of isolates were collected from men (626/734; 85.3%), of
which 29.7% were MSM (186/626), although sexual orientation was frequently undeclared.
Isolates mostly originated from urogenital tract swabs (683/734; 93.0%), including from the
urethra, cervix (or vagina), rectum and scrotum, and 7.0% of isolates were collected from blood,
conjunctiva, pharynx, pelvic biopsy, articular and ascitic fluids. Regarding patient age
distribution, most isolates hailed from young adults from 20 to 39 years of age (496/734; 67.6%),
followed by adults aged above 40 (144/733; 19.6%) and adolescents and children below 19 years
(86/734; 11.7%). Global resistance trends of the genomic dataset are presented in Figure 6.2.A,

which overall reflect those observed for the entire PTGonoNet Collection presented in detail in
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Chapter Il (Figure 6.2.B) [326]. For all antimicrobials tested, 76 isolates were fully susceptible,
650 isolates presented resistance to at least one antimicrobial, and 349 presented simultaneous

resistance to three or more antimicrobials.
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Figure 6.2. | Comparison of antimicrobial susceptibility data of (A) the Portuguese genomic dataset and
(B) the PTGonoNet Collection from 2003 to 2019. The Portuguese genomic dataset and the
PTGonoNet Collection enrol 734 and 3278 isolates, respectively. *for B-lactamase data
presented refers to positive (red) or negative (green) production.

6.3.3. Overview of Neisseria gonorrhoeae genetic diversity circulating in
Portugal from 2013 to 2019

A total of 733 validated N. gonorrhoeae genomes, of strains collected in Portugal from
2013 to 2019, were analysed in the present study. Of note, the inclusion of the novel sequenced
genomes decreased the number of shared loci at 100% in the MScgMLST from 822 to 713 loci.
As such, we opted to apply a double approach to classify novel genomes into WGS-based
genogroup, i.e., by applying the previously defined goeBURST thresholds of 4.87% and 9.61%
to both the MST based on the 100% shared loci (i.e., 713 loci) and the MST based on the 822
MScgMLST loci scheme. Results showed that both approaches yielded identical classifications,
reflecting the robustness of cluster stability at these thresholds as described in Chapter I11. Overall,

PT isolates integrated 82 high-level and 143 low-level genogroups. Novel sequenced PT isolates
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were found to be dispersed in the phylogenetic tree (Figure 6.3.), indicating that the genetic
diversity of the chosen subset most likely represents the 2019 isolates’ collection. Low-level
genogroups with > five isolates enrolled 561 isolates (76.5% of all PT dataset). The most
commonly found genogroups were: G002.001 (105 isolates); G005.004 (57); G001.002 (43);
G001.014 (41); G004.003 (32); G006.007 (31); G016.018 (26); G079.129 (20); G002.017 (18);
G008.012 (15); G009.009 (13); G012.013 (13); G013.028 (13); G021.029 (12); G127.207 (10);
G019.022 (10). Additionally, we observed that 94 low-level genogroups were composed
exclusively of PT isolates (enrolling 203 isolates), of which 60 were represented by a single
isolate (8.2% of the PT dataset). Regarding the PT 2019 sub-set, isolates were distributed
throughout 52 different low-level genogroups (Figure 6.3.). Twenty-six novel genogroups were
identified, reflecting a previously undisclosed diversity in our broad dataset. Furthermore, the
introduction of these novel genomes allowed connecting some previously unlinked genogroups
that enrolled one or two isolate, namely: high-level genogroup G068 (G068.119, composed by
two isolates) was merged with G034 (i.e., as G034.119); G142, G164 and G166, enrolling each
one isolate, were merged with G127, G034 and G112, respectively. The main circulating
genogroups identified in this dataset, reflecting the circulating strains in 2019, were: G001.002
(n=19); G079.129 (n=15); G127.207 (n=8); G190.338 (n=7); G004.003 (n=7); G021.029 (n=6);
G016.018 (n=5); G127.185 (n=5).

In order to analyse the potential circulating trends of genogroups through time, we
examined the relative frequency by year of the ten most commonly detected genogroups observed
in our PT genomic dataset (Figure 6.4.). Throughout the studied time period, results showed that
some of these genogroups predominated in a certain year and then diminished in circulation being
detected only punctually later, while for others circulation was maintained in time. For instance,
G005.004, which was the predominantly observed genogroup in 2007, was decreasingly detected
up to 2012, with only a few cases observed up to 2019. On the other hand, G002.001 and
G001.002 were continuously detected in circulation since 2007 and 2010, respectively, with
G002.001 being the most detected genogroup between 2010 and 2016 (with the exception of
2014). Noteworthy, results suggest the emergence of genogroup G079.129, as it was the second
most commonly found genogroup in our 2019 genomic dataset (Figure 6.4.). More importantly,
this genogroup was exclusively composed by PT isolates, being firstly detected in 2017 (with
only five isolates), and now being represented by an additional 15 novel isolates. Data also
indicated that this genogroup was widespread in the country, enrolling isolates from the Lisbon
Metropolitan Area, North, Center, Algarve, Alentejo and the Azores Autonomous Region
(Supplementary Table S6.1. and Supplementary Table S3.1. from Chapter I11). Still, these
overall observations are highly dependent on the isolates sub-sets that are selected for WGS to

represent each collection year.
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Figure 6.3.| Phylogenetic distribution of novel Neisseria gonorrhoeae genomes from Portugal. Minimum spanning tree
(MST) was constructed based on allelic diversity found among the MScgMLST scheme (822 loci),
enrolling a total of 3945 isolates collected across Europe. All nodes presenting an allelic distance (AD)
below 40, corresponding to the low-level genogroup threshold, have been collapsed for visualization
purposes. Nodes are coloured according to different countries of origin, novel sequenced PT genomes and
recovered PT genomes. Straight and dotted lines reflect nodes linked with the ADs below and above the
threshold applied for high-level WGS-based genogroup definition (79 AD), respectively. Low-level WGS-
based genogroups comprised of more than ten isolates are highlighted by thicker black circles. MST was
generated using the GrapeTree v1.5.0 software [338].
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Figure 6.4. | Relative frequency by year of all top ten predominant genogroups observed in our PT
genomic dataset. Black line refers to the total number of isolates representing each collection
year. Values in parenthesis refer to the total number of PT isolates in each genogroup.

6.3.4. Antimicrobial resistance  within  Neisseria  gonorrhoeae

genogroups predominant in Portugal

Analysis of the association between AMR carriage and genogroups revealed that the top
five most represented genogroups (G002.001, G005.004, G001.002, G001.014 and G004.003)
enrol differentially resistant N. gonorrhoeae PT isolates (dominant AMR profiles for these
genogroups can be explored in Figure 3.9. from Chapter I1l). In fact, G005.004 and G004.003
were found to be mostly associated with ciprofloxacin resistance (with > 50% isolates also
presenting resistance to penicillin and tetracycline), which is in line with the overall AMR trends
observed in Portugal [326]. As previously mentioned, G005.004 was largely detected in 2007
(Figure 6.4.) and 56 out of the 57 PT isolates within this genogroup presented phenotypic
resistance to ciprofloxacin, carrying both the gyrA (i.e., with alterations 91F and 95G) and the
parC (i.e., with alteration 87R) alleles associated with resistance [96, 120, 192]. Of note,
following these results, the remaining isolate was retested and shown to be resistant (namely
NGPT09060, now presenting MIC of 32 mg/L instead of 0.002 mg/L). Additionally, when
looking at the entire dataset, of all 274 isolates that compose this genogroup (Figure 6.3.), 271
also simultaneously carry both ciprofloxacin resistance-associated alleles. The same trend was
observed for G004.003, that emerged in 2012 (Figure 6.4.), where all PT isolates present
ciprofloxacin resistance. G001.002 enrols 43 isolates hailing from Portugal, of which 29 were
phenotypically resistant to azithromycin. We previously observed that azithromycin-resistant
isolates could be emerging in this genogroup as, from the 511 G001.002 isolates, 14 of these
possess the 23SrRNA alteration C2597T and one possesses the A2045G associated with high-
level azithromycin resistance [96, 120, 192]. Mostly composed of PT isolates (41 out of 49)
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(Figure 6.3.), G001.014 includes 33 azithromycin-resistant isolates. Here, resistance could not be
explained by alterations in 23SrRNA but may be rather due to the mutational profile of the mtrR
gene, although the involvement of another mechanism cannot be discarded as 589 isolates that
were found to have the same mtrR allelic profile do not present azithromycin resistance. Finally,
G002.001, which is mostly composed by isolates carrying the penA type XXXIV mosaic allele
(481 isolates out of 505) associated with resistance to cephalosporins [105], was the most
prevalent genogroup in our dataset, enrolling 105 PT isolates. Nevertheless, we observe that the
89 PT isolates that possess this penA allele did not present decreased susceptibility to
cephalosporins, suggesting that resistance is not exclusively mediated by this mechanism. These
isolates may however possess the genetic backbone necessary to acquire the undisclosed genetic
alterations driving cephalosporin resistance. Of note, since G079.129 was observed to be a
recently emerging genogroup in Portugal, analysis of the AMR profiles of its isolates revealed
that these presented simultaneous resistance to ciprofloxacin, tetracycline and penicillin, but were

susceptible to the first-line treatment antimicrobials (i.e., azithromycin and cephalosporins).

6.3.5. Identification of potential epidemiologically linked isolates

In order to analyse genetic clusters enrolling PT isolates with the potential to be
epidemiologically linked, we applied a conservative threshold of 1.5% AD within each low-level
genogroup, after sub-MST generation maximizing the shared loci between isolates at this level.
At this high-resolution level, we observed a total of 120 genetic clusters (including pairs of linked
isolates) including at least one PT isolate (Figure 6.5). These enrolled 536 PT isolates (73.1% of
the PT dataset) and 1421 isolates collected across Europe, while 197 PT isolates were found to
be unlinked to any other within our dataset. All cluster compositions are detailed in
Supplementary Table S6.3. Results showed that, at the applied threshold, 302 PT isolates were
linked with other isolates collected throughout Europe (i.e., from all 20 countries of our dataset)
within 21 different low-level genogroups, forming 37 different clusters (composed of > three
isolates), 14 of which had only a single PT isolate (Figure 6.5. and Supplementary Table S6.3.).
The overall size of clusters enrolling PT and European isolates ranged from 3 up to 248 isolates
(Figure 6.6.A), with five clusters being composed by more than 100 isolates from more than 10
countries (i.e., WGSCL0003, WGSCL0011, WGSCL0020, WGSCL0021, WGSCL0022).
Moreover, the mean time interval between the oldest and most recent isolate in each of these
clusters was ~4 years (Figure 6.6.B), ranging from a few days up to more that thirteen years
(Supplementary Table S6.3.). Within these European clusters, several PT isolates clustered
together (Figure 6.7.). In fact, results showed that most clustered PT isolates hailed from the same
geographic region, mainly from the Lisbon Metropolitan Area (Figure 6.7.A and Figures C-I)
or from the North (Figure 6.7.A and Figure 6.7. C). More importantly, results also revealed that
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Figure 6.5. | Phylogenetic distribution of Neisseria gonorrhoeae genomic clusters that include isolates from Portugal.
Minimum spanning tree (MST) was constructed based on allelic diversity found among the MScgMLST
scheme (822 loci), enrolling a total of 3945 isolates collected across Europe. All nodes presenting an
allelic distance (AD) below 40, corresponding to the low-level genogroup threshold, have been collapsed
for visualization purposes. Nodes are coloured according to different types of clusters enrolling PT
genomes. Straight and dotted lines reflect nodes linked with the ADs below and above the threshold
applied for high-level WGS-based genogroup definition (79 AD), respectively. Low-level WGS-based
genogroups comprised of more than ten isolates are highlighted by thicker black circles. MST was
generated using the GrapeTree v1.5.0 software [338].

99



CHAPTER VI — NEISSERIA GONORRHOEAE LABORATORY SURVEILLANCE IN PORTUGAL IN
THE WHOLE-GENOME SEQUENCING ERA

>
w

250 — 250 —

@ \wascuoni1

@ WGSCL0020 @ WGSCL0003

200 — 200 —

@ waescLoo21
150 —|

@ WGSCLO022

100 — o)
® [ ]

Number of isolates
Number of isolates

T T T T T T T T T T B
1z 3 4 5 6 7 8 95 10 1 12 13 14 15 16 17 18 19

Number of countries Years

o
©
3

Number of isolates

-
|
®

Number of isolates
|

Number of regions Years

5 I3 Cluster composed of > 3 isolates of which > 2 are PT M Cluster exclusively composed of 2 3 PT isolates
1 CZ) @ [ Cluster composed of 2 3 isolates of which only 1is PT [ pair of PT isolates
o}

Number of clusters W Pair of PT isolate and International isolate

Figure 6.6. | Distribution of genetic clusters enrolling Portuguese (PT) isolates by geographic region and time
interval. A — Distribution of clusters composed of PT and international isolates by number of
enrolled countries. Genetic cluster enrolling more than 100 isolates are discriminated in this
panel. B — Distribution of clusters composed of PT and international isolates by the time interval
(in years) between the oldest and most recent isolate in the cluster. C — Distribution of clusters
composed exclusively of PT isolates by number of enrolled regions of the country. D —
Distribution of clusters composed exclusively of PT isolates by the time interval (in years)
between the oldest and most recent isolate in the cluster. y-axis refers to the number of isolates
within each cluster. For panel A and C, dots’ sizes’ are proportionate to the number of genetic
clusters.

isolates belonging to the predominant genogroups observed in Portugal, which were associated
with worrying AMR profiles (see Sections above), clustered with other European isolates at this
more discriminatory threshold, namely within G002.001 (Figure 6.7.A), G005.004 (Figure
6.7.C), G001.002 (Figure 6.7.J), G001.014 (Figure 6.7.E) and G004.003 (Figure 6.7.B),
enrolling a total of 203 PT isolates. These results suggest the existence of widespread transmission
chains in Europe with potential links to cases detected in Portugal. An example of these potential
links was detected within the cluster WGSCL0032 (Figure 6.7.F and Supplementary Table
S6.3.) that enrols 82 isolates from 11 different countries (including seven PT isolates), where the
PT isolate NGPT13003 was linked at 3 AD to two isolates hailing from the UK. Concordantly,
the patient associated with this isolate declared a contact with an N. gonorrhoeae-positive sexual
partner from the United Kingdom (UK). Additionally, we observed that 106 PT isolates clustered
in pairs, six of which were paired with international isolates from Spain, the UK and Slovenia
(Supplementary Table S6.3.). When analysing the time interval between collection dates, AD,

and geographic region, results suggested that some of these paired isolates might represent direct
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Figure 6.7. | Neisseria gonorrhoeae clusters composed by European isolates and more than five Portuguese isolates.
Nodes are coloured by country of origin. Clustered PT isolates hailing from the same region according to
the second level of the Nomenclature of Territorial Units for Statistics (NUTII) are highlighted.
Antimicrobial resistance (AMR) profiles refer to the dominant profile observed within each cluster based
on data obtained using ARIBA v2.12.2 [302]. AZM — Azithromycin; CIP — Ciprofloxacin; PEN —
Penicillin; Rl — Rifampicin; TET — Tetracycline; CEF — cephalosporins; GEN — Gentamicin; SUL —
Sulphonamides; rXXX — Resistant to; dXXX — Decreased susceptibility to. MSTs were generated using the
GrapeTree v1.5.0 software [338].

sexual contacts. For instance, isolates composing clusters WGSCL0149, WGSCL0230,
WGSCL0288 and WGSCL0343 were collected from the same geographic region, with less than
six days apart and present up to five ADs (Supplementary Table S6.3.). On the other hand, other

paired isolates might be related to a more prolonged transmission chain within a particular
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geographic region. For example, WGSCL0107 and WGSCL0319 contained two close related
isolates each (11 and 5 AD, respectively), collected from the Lisbon Metropolitan Area with a
one-year interval. Of note, whenever data was available regarding sexual contacts (which was not
collected systematically as the PTGonoNET is an opportunistic collection), all isolates collected
from confirmed sexual partners clustered together at this threshold (detailed in Supplementary
Table S6.3.).

Additionally, data showed the existence of 27 clusters composed exclusively by PT
isolates (enrolling a total of 125 isolates and 24 distinct genogroups). Clusters composed of more
than five isolates are presented in Figure 6.8., and smaller clusters are presented in Figure 6.9.
Overall, results suggested the existence of several potential transmission chains in Portugal, with
clusters confined to a short period of time (i.e., all isolates collected within the same year) (Figure
6.6.B, Figure 6.8.F and Figure 6.8.H) and others to a geographic region (Figure 6.6.A, Figure
6.8.C). Still, with the exception of one (WGSCLO0086; Figure 6.8.C), all larger PT clusters
enrolled isolates from at least two distinct regions of the country, suggesting that transmission of
N. gonorrhoeae is not confined to specific local communities (Figure 6.6.A). This was
particularly exemplified in the detected G079.129 cluster (WGSCL0237; Figure 6.8.E) that, as
previously mentioned, involves isolates from six distinct regions of the country, with transmission
potentially occurring since 2017, hypothetically originating from the Lisbon Metropolitan Area,
as the earliest detected isolates hail from this region. On the other hand, results for two other
clusters (WGSCL0258 and WGSCLO0335; Figure 6.8.G and Figure 6.8.H, respectively)
suggested the existence of transmission chains in the North, with a potential spread to other
regions of the country. Of note, the mean time period within each presented cluster in Figure 6.8.
was approximately two years, ranging from seven months up to more than four years (Figure
6.6.B). Regarding the smaller PT isolate clusters (i.e., enrolling less than five isolates), results
showed that 10 out of the 19 clusters were composed of isolates from the same region of the
country (Figure 6.9.), while two others enrolled isolates from three distinct regions (Figure 6.9.D
and Figure 6.9.S). As observed in the larger cluster, the mean time period within each smaller
cluster was approximately two years, ranging from one month up to six years. Still, 11 out of the
27 observed clusters exclusively composed of PT isolates with potential epidemiological link
possessed isolates from the latest collection year of the dataset (i.e., 2019), which could suggest

that these transmission chains are still active in Portugal.
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Figure 6.8.| Neisseria gonorrhoeae clusters exclusively composed by at least five Portuguese isolates. Nodes are coloured
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numbers in red on the connecting lines represent the allele differences (AD) between strains. Antimicrobial
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— Ciprofloxacin; CFM — Cefixime; CRO — Ceftriaxone; PEN — Penicillin; Rl — Rifampicin; SPT -
Spectinomycin; TET — Tetracycline; CEF — cephalosporins; GEN — Gentamicin; SUL — Sulphonamides; rXXX
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MSTs were generated using the GrapeTree v1.5.0 software [338].
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6.3.6. Highlights of Neisseria gonorrhoeae isolates needing close

monitoring in Portugal

Within our PT genomic dataset, we observed isolates that warrant a highlight either
because they presented an alarming AMR profile or were associated with uncommon clinical
manifestations. One such case is the cephalosporin-resistant isolate previously described in
Chapter IV. At the time it was analysed and reported, this isolate (NGPT19535) was unlinked to
any other in our European-oriented dataset [324]. With the inclusion of the 2019 dataset, we
observed that this isolate now integrated genogroup G127.207 (of note, other isolates from this
genogroup also clustered together at the applied cut-off of 1.5% AD; Figure 6.8.F) and was
closely related with isolate NGPT19536, collected on the same date and region, and differing only
in the porB allele of the NG-STAR typing scheme (Supplementary Table S6.1. and
Supplementary Tablse S6.3.). In fact, both isolates were separated by 16 AD in 1574 shared
loci, although the latter presented neither the same overall phenotypic resistance profile nor the
same cephalosporin resistance profile (MIC for ceftriaxone and cefixime was ~0.016 mg/L),
reinforcing the previous observation that other determinants may be involved in the resistance
mechanism of isolate NGPT9535 [324].

We also detected a novel cefixime-resistant isolate (NGPT19511), which was unlinked
with any other isolate from our dataset, but belonged to the same genogroup (G035.033) as seven
isolates from other European countries from 2013, namely ERR1469575/Spain,
ERR1469696/Slovakia, ERR1469739/Norway, ERR1514756/Belgium, ERR1549706/Germany,
ERR1602749/France and ERR1602761/France [232] (Supplementary Table S3.2. from Chapter
I11). Phylogenetically, isolates from France and NGPT19511 presented 49 AD and 56 AD from
all others, respectively, i.e., these isolates were unlinked when applying our cut-off for potential
epidemiological investigation. More importantly, all eight isolates possess the same penA type X
mosaic allele (not observed in any other PT isolates) and all seven non-PT isolates also presented
phenotypic resistance to cefixime (i.e., MIC > 0.125 mg/L, ranging from 0.125 up to 0.5 mg/L)
[232]. These results suggest a potential introduction of this isolate in the Lisbon Metropolitan
Area in 2019, so awareness needs to be raised to monitor its circulation.

In addition, within our dataset we observed two genogroups that enrolled isolates
associated with recent cases of invasive gonorrhoea (isolates collected from blood or articular
fluid, from 2017 up to 2019), namely G045.059 (NGPT17281, NGPT18165, NGPT19268 and
NGPT19466) and G127.207 (NGPT18321, NGPT19101, NGPT19129 and NGPT19291). More
importantly, data showed that within each genogroup these isolates were linked at the 1.5% AD
threshold, with isolates from G045.059 (namely NGPT17281, NGPT18165 and NGPT19466)
being linked to other isolates detected in the North region (Figure 6.8.G) and isolates from
G127.207 (namely NGPT19101, NGPT19129, NGPT19291) being associated with both the
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Lisbon Metropolitan Area and the North regions (Figure 6.8.F). Considering these results and
the absence of a confirmed epidemiological linkage between these cases, we hypothesize that
these isolates may possess an increased ability to progress towards invasiveness, so further
investigation is required in order to assess this.

6.4. Discussion

We report the findings of the first nationwide genomic epidemiology N. gonorrhoeae
study in the era of WGS-based laboratory surveillance performed in Portugal, enrolling isolates
collected on behalf of the PTGonoNet [326]. Here, we analysed 733 N. gonorrhoeae genomes
from isolates collected from 2003 up to 2019, with countrywide coverage and presenting distinct
AMR profiles, which were integrated in a European-oriented genomic dataset. We aimed to
strengthen the epidemiological surveillance of N. gonorrhoeae in Portugal alongside a more
detailed analysis of the circulating AMR determinants. Results showed that the overall genetic
diversity of N. gonorrhoeae circulating in Portugal is high, as isolates from our genomic dataset
were classified into 142 distinct low-level genogroups (Figure 6.3.). Still, within the studied time
period, we found that different genogroups were predominantly detected in a certain year, with
some diminishing in circulation throughout time and others whose circulation were maintained in
the population (Figure 6.4.). These results reflect the existence of likely confined transmission
chains at country or regional level, while also illustrating the continuous cross-border spread of
N. gonorrhoeae that introduces novel strains into a country due, for instance, to large international
sexual networks. In fact, the most predominant genogroups observed in our PT genomic dataset,
namely G002.001, G005.004, G001.002, G004.003 and G006.007, were also the ones most
detected in Europe (Figure 6.3. and Table 3.2. from Chapter I11). Of note, G002.001 (associated
with NG-MAST genogroup G1407) is a commonly reported N. gonorrhoeae lineage in
association with AMR with worldwide coverage [21, 232, 233, 236-241, 324]. Overall, data also
showed that these genogroups were associated with decreased susceptibility to antimicrobials,
particularly to azithromycin, cephalosporins and ciprofloxacin, although sampling bias cannot be
discarded (i.e., we aimed to have a diversified coverage, but selection also privileged isolates that
presented AMR profiles of interest). These results allow the rapid identification of specific
genogroups whose local spread needs to be controlled, which in turn enhances N. gonorrhoeae
surveillance by promoting the prospective monitoring of genogroup frequency and geographic
spread, towards more oriented Public Health actions to control the spread of N. gonorrhoeae
AMR. In fact, the ultimate purpose of a robust molecular surveillance system (based on
discriminatory genome sequencing data) is to provide the basis for a more oriented surveillance
and action by Public Health Authorities, i.e., it to give the opportunity for public health

efforts/resources to be prioritized according to the pathogen circulation landscape in each country.
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For example, knowing that a particular multi-drug resistant genogroup is circulating in a given
geographic region or specific communities may allow the implementation of
prophylactic/treatment measures more tailored to control the spread of such genogroups.
Insights on the clustering at a higher discriminatory level (i.e., at a threshold below the
ones representing cluster stability) further supported the suitability of gene-by-gene typing
strategies to detect/track outbreaks and transmission chains as a means to promote and/or support
epidemiological investigation [310]. Here, we observed 120 clusters enrolling at least one PT
isolate (Figure 6.5.), 43 of which involving other isolates collected in Europe and, more
importantly (Figure 6.7.), 77 that were composed exclusively of PT isolates (Figure 6.8., Figure
6.9. and Supplementary Table S6.3.). These results provide a comprehensive breakdown of the
N. gonorrhoeae transmission chains in Portugal, some of which seem to be still active given the
data from the latest collected isolates. As such, the applied strategy allows the identification of
specific clusters that should be subjected to fine-tuned genomic analysis and ultimately to launch
epidemiological investigations. We hope that the release of the ongoing 2018 EURO-GASP
genomic survey data will aid in understanding how the circulation landscape of N. gonorrhoeae
in Europe has evolved in more recent years. In addition, the integration of these data will be
essential to understand if some of the alarming cases detected in Portugal, highlighted throughout
this Chapter, have also been observed in other European countries. Within our PT genomic
dataset, we found several genetic profiles that need short-term close monitoring as they were
associated either with uncommon clinical manifestations or presented alarming AMR profiles.
For instance, we detected two recent cases of cephalosporin-resistant isolates, the first detected in
our country since 2003 [324, 326], whose potential spread needs to be monitored and ultimately
controlled. Our results also suggest, in several instances, that the mechanisms underlying N.
gonorrhoeae AMR are still not fully disclosed. In addition, some isolates may possess the genetic
backbone necessary to rapidly acquire the genetic alterations driving resistance, either through
recombination or point mutation, given the high genetic relatedness to resistant isolates (e.g.,
isolates from the cephalosporin-associated genogroup G002.001). Further research is required to
understand the linkage between resistance and the simultaneous carriage of genetic AMR
determinants, particularly the role of epistatic interactions at the level of antimicrobial
susceptibility (i.e., driving differential MIC values), as the example of those observed between
gyrA and parC ciprofloxacin-associated resistant variants [350]. Additionally, the inclusion of the
2019 dataset allowed us to identify clusters enrolling genetically close related isolates associated
with invasive gonorrhoea. Particularly, in one of these clusters (Figure 6.8.G), most isolates were
collected in the North region of the country, raising concerns about a potential local spread, and
the hypothesis that these isolates may possess an increased ability to progress towards
invasiveness. In fact, a recently published study has also reported the existence of a N.

gonorrhoeae strain associated with endocarditis in the North (in Penafiel) [351]. Reports from the
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Centers for Disease Control and Prevention in 2019 also described an increased cluster of N.
gonorrhoeae related with Disseminated Gonococcal Infections in the USA [352], which is in line
with our hypothesis, although WGS data will be necessary to understand if these cases fall within
the same genogroup as our PT isolates.

Finally, in the present study we focused on providing a comprehensive snapshot of the
main N. gonorrhoeae genogroups circulating in Portugal and their association with AMR. This
has been achieved through the enrichment of the current geo-temporal and genomic diversity of
N. gonorrhoeae, by adding WGS data of isolates spanning 15 years of N. gonorrhoeae
surveillance in Portugal. The integration of the novel PT genomes and classification into
genogroups reflects the robustness of the cluster stability observed at the previously described
thresholds (Chapter 11), reinforcing that the genogroups defined at these thresholds mirror the
major circulating N. gonorrhoeae lineages. Overall, this effort constituted a turning point to
consolidate the genomic epidemiology of gonococci in Portugal that will certainly need to be
maintained and carried forward at the Portuguese NRL-STI. At this time, the best approach to
accomplish the latter is still under consideration. For instance, we aim to take advantage of the
promising novel developments of chewBBACA, namely the release of the Chewie Nomenclature
Server [353]. This approach may allow maintaining the allelic profiles and loci definition of our
chewBBACA-adapted cgMLST scheme, the rapid identification of the defined genogroups, as
well as facilitating data harmonization and communication at national and international level. As
WGS increasingly becomes more cost-effective, it is important to be able to provide the necessary
bioinformatics tools (preferably freely-available, which is the case of chewBBACA [331]), to
perform automated analysis of WGS data and communicate harmonized gonococci surveillance
data at national and international levels. Our results show that the applied framework can be used
to identify (and dynamically visualize) clusters with associated epidemiological and AMR data,
with benefits for clinical and public health purposes, such as to orient testing and screening, tailor
treatment strategies, or promote public health actions for infection control in risk groups at
national or international levels. We anticipate that the major future hurdle in the application of
this approach will be the optimization of the underlying WGS/bioinformatics methods directly to
biological samples, considering the fact that, very soon, N. gonorrhoeae culture will be replaced

by nucleic acids detection in most labs.
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7. Novel approach to capture the genome of Neisseria gonorrhoeae directly from

clinical samples

7.1. Introduction

Neisseria gonorrhoeae is generally transmitted from infected individuals during sexual
activity, by direct contact between the mucosal membranes of the urogenital tract, anal canal, and
oropharynx. Occasionally it also causes infections in other anatomic sites, such as the eye,
joints/tendons, the heart or even the brain, causing severe complications like arthritis,
endocarditis or meningitis [22, 23]. The ability of the gonococcal genome to undergo continual
mutation and internal recombination is well known, resulting in rapidly evolving gonococcal
populations, and several mutations have been linked to antimicrobial resistance (AMR) or to
decreased susceptibility to a given antimicrobial [100, 120, 192, 232]. N. gonorrhoeae diagnosis
is currently performed either by culture or nucleic acids amplification technologies (NAAT).
Nevertheless, culture is progressively being abandoned in favour of NAAT, as studies have
shown that these: i) offer higher sensitivity; ii) can be performed successfully on diverse
specimen types (and the bacteria does not need to be viable); iii) provide faster results, with less
hands-on time; and iv) can be scalable and automated for high throughput testing, making it
cheaper [24]. Noteworthy, these tests are particularly important for oropharyngeal samples as
there is an increasing number of confirmed cases of infection on these specimens, and N.
gonorrhoeae isolation from this anatomic location is challenging and often unsuccessful [24, 85].
Still, this transition has a huge impact on AMR surveillance as these tests cannot yet provide
information on antimicrobial susceptibility, which still requires isolation of the bacteria by
culture. Adding to this scenario, the notification of gonorrhoea cases (either confirmed by culture
or NAAT) cannot include AMR data due to the lack of standardized cultural methods and to the
unavailability of molecular AMR tests.

In the last decade, there has been a call for novel strategies and technologies that could
aid in the surveillance and management of N. gonorrhoeae AMR [276, 277, 300]. As such, Next-
Generation Sequencing (NGS) coupled with bioinformatics has the potential to be invaluable
tools in this field. In fact, whole-genome sequencing (WGS) data are now being generated in
order to monitor global N. gonorrhoeae epidemiology, transmission chains and AMR trends [21,
106, 155, 192, 232, 272, 300]. Additionally, WGS data, either using lllumina [192] or Oxford
Nanopore technologies [306], and bioinformatics are now starting to be used to predict AMR in
silico, based on the combined knowledge of N. gonorrhoeae AMR genetic drivers and previously
obtained phenotypic data. Deep-sequencing technologies can aid in rapidly disclosing the current

trends in AMR, as they are scalable for high-throughput testing, can be applied directly on clinical
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samples or bacterial cultures and provide genomic data on fixed and potentially emerging
mutations [277].

In recent years, we have successfully applied a culture-independent approach to capture
and sequence the whole genome of bacteria directly from clinical samples, namely for the sexually
transmitted pathogens Treponema pallidum [354] and Chlamydia trachomatis [355], and for the
respiratory pathogen Mycobacterium tuberculosis [356]. These studies have allowed to bypass
the culture bottleneck and to gain insight into the genetic diversity of intra- and inter-patient
infecting bacterial populations [354, 355], as well as to analyse genetic AMR determinants [354,
356]. For additional context, every year, the National Reference Laboratory for Sexually
Transmitted Infections (NRL-STI) at the Portuguese National Institute of Health (INSA) performs
routine diagnosis of N. gonorrhoeae (along with other sexually transmitted pathogens) on
thousands of clinical specimens using NAAT. As such, since 2017, the NRL-STI started an
ongoing collection of clinical samples, enrolling specimens that tested positive for N.
gonorrhoeae. Up to 2019, this collection included more than 1000 samples, namely urine samples
and swabs from the urethra, cervix, pharynx and rectum, some of which relate to the same patients,
in pairs or triplets (i.e., collected from distinct anatomic sites) (data summarized in Table 7.1.).
As such, the main objective of the present Chapter is to apply this culture-independent approach
to N. gonorrhoeae, to obtain WGS data directly from complex clinical specimens from distinct
anatomic sites. Particularly, we aimed to bypass the culture step prior to WGS, and assess the
ability to perform in silico typing, phylogenetic inferences and predict AMR profiles based on the

obtained genomic data.

Table 7.1.| Distribution of Neisseria gonorrhoeae-positive clinical samples available at INSA.

Year

2017 2018 2019 Total
# Clinical Samples 78 397 552 1027
Sample Pairs 9 61 81 151
Sample Triplet 1 9 14 24
Gender
M 65 374 516 955
F 12 23 31 66
Unknown 1 . 5 6
Specimen type
Vaginal swab 9 10 17 36
Urethral swab 13 40 56 109
Anal swab 25 117 154 296
Oropharyngeal swab 19 145 194 358
Urine 12 85 131 228

Sample Pairs and Sample Triplet refer to samples collected from distinct anatomic sites of the
same patient.
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7.2. Material and methods

7.2.1. Neisseria gonorrhoeae-positive clinical samples

The selected clinical samples for the present study are part of an ongoing collection of
positive samples (more than 1000 from 2017 up to 2019) that is being created at INSA (Table
7.1.), enrolling specimens that tested positive for N. gonorrhoeae during the NRL-STI’s diagnosis
duty (using routine NAAT). For the present study, 35 clinical samples were selected, fifteen of
which were pairs from the same patient, with sample description presented in Table 7.2. Total
genomic DNA was extracted from all clinical specimens using the QIAamp DNA Mini Kit

(Qiagen, Venlo, Netherlands) according to the manufacturer’s instructions.

Table 7.2.| Description of all clinical samples enrolled in the present study

Sample ZZT:SQ: Patientage Sampling date  Geographic Region Specimen type
NGCLO001_A M 34 20/09/2017 Lisbon MA Anal swab
NGCL002_A M 38 21/05/2018 Lisbon MA Anal swab
NGCLO003_Ap1l M 32 31/10/2017 Lisbon MA Anal swab
NGCL003_Opl M 32 31/10/2017 Lisbon MA Oropharyngeal swab
NGCL004_Ap2 M 39 29/11/2017 Lisbon MA Anal swab
NGCL004_Op2 M 39 29/11/2017 Lisbon MA Oropharyngeal swab
NGCLO005_Ap3 M 37 12/12/2017 Lisbon MA Anal swab
NGCL005_Op3 M 37 12/12/2017 Lisbon MA Oropharyngeal swab
NGCLO006_Ap4 M No data 19/12/2017 Lisbon MA Anal swab
NGCL006_Op4 M No data 19/12/2017 Lisbon MA Oropharyngeal swab
NGCLO007_Ap5 M 37 04/01/2018 Lisbon MA Anal swab
NGCL007_Op5 M 37 04/01/2018 Lisbon MA Oropharyngeal swab
NGCLO008_Ap6 M 43 21/02/2018 Lisbon MA Anal swab
NGCL008_Op6 M 43 21/02/2018 Lisbon MA Oropharyngeal swab
NGCL009_Ap7 M 18 14/03/2018 Lisbon MA Anal swab
NGCL009_Op7 M 18 14/03/2018 Lisbon MA Oropharyngeal swab
NGCLO010_Ap8 M 22 14/03/2018 Lisbon MA Anal swab
NGCL010_Op8 M 22 14/03/2018 Lisbon MA Oropharyngeal swab
NGCLO011_U M No data 11/01/2019 Lisbon MA Urine
NGCLO012_Ap9 M 22 31/10/2018 Lisbon MA Anal swab
NGCL012_Op9 M 22 31/10/2018 Lisbon MA Oropharyngeal swab
NGCL013_Ap10 M 40 26/11/2018 Lisbon MA Anal swab
NGCLO013_Op10 M 40 26/11/2018 Lisbon MA Oropharyngeal swab
NGCLO014_Apll M 20 26/11/2018 Lisbon MA Anal swab
NGCL014_Opl1l M 20 26/11/2018 Lisbon MA Oropharyngeal swab
NGCLO015_Ap12 M 36 05/12/2018 Lisbon MA Anal swab
NGCLO015_Op12 M 36 05/12/2018 Lisbon MA Oropharyngeal swab
NGCL016_Ap13 M No data 20/02/2019 Lisbon MA Anal swab
NGCLO016_Op13 M No data 20/02/2019 Lisbon MA Oropharyngeal swab
NGCLO017_Ap14 M 30 12/12/2018 Lisbon MA Anal swab
NGCLO017_Opl4 M 30 12/12/2018 Lisbon MA Oropharyngeal swab
NGCLO018_Ap15 M 45 17/12/2018 Lisbon MA Anal swab
NGCLO018_Op15 M 45 17/12/2018 Lisbon MA Oropharyngeal swab
NGCL019_UR* M 22 30/11/2017 Lisbon MA Urethral swab
NGCL020_UR** M No data 19/12/2017 Lisbon MA Urethral swab

Sample 1D tags are composed by the sample name, specimen type (A — anal; O — Oropharyngeal;
U — Urine; UR — Urethral) and the pair code (p#). MA — Metropolitan Area. *associated isolate
NGPT17487 (accession #ERS4271282). **associated isolate NGPT17512 (#ERS4271296).
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7.2.2. Generation of standard curves for real-time quantitative PCR
(gQPCR)

To quantify the number of N. gonorrhoeae genomes in each sample, a plasmid standard
curve was generated as previously described for other pathogens [354, 357]. Primers for the
conserved gene NGO_0870 (currently updated to NGO_RS04315) were designed based on
constant regions (primers NGO_870-A CCGACCTACGGCAGAATCC and NGO_870-B
GCTGCGGAACTGGTCGAA were designed using Primer Express software; Applied
Biosystems, MA, USA), according to the reference genome sequence of N. gonorrhoeae strain
FA1090 (Genbank accession #AE004969.1). Briefly, an amplified fragment (66 bp) of
NGO _0870 was cloned into the pJET1.2 Cloning Vector (Thermo Scientific, MA, USA)
according to the manufacturer's instructions. After transformation of DH5a E. coli with the cloned
vector and subsequent overnight propagation, plasmid DNA was purified and transformation was
confirmed by PCR and Sanger sequencing. The plasmid copy number was calculated according
to the formula: N° plasmid/mL = [Avogadro's N° x Plasmid conc. (g/mL)] / MW of 1 mol of
plasmids (g). The standard curve consisted of eight-serial plasmid dilutions (1x10* to 1x108
plasmid copies/puL). The number of human cells per sample was quantified by a similarly
generated plasmid standard curve using an amplified fragment (73 bp) of a single copy human
gene (p-actin) cloned in a similar vector, as previously described [357] (primers B-actin-3
GGTGCATCTCTGCCTTACAGATC and B-actin-4 ACAGCCTGGATAGCAACGTACAT).

7.2.3.9gPCR for quantification of Neisseria gonorrhoeae and human cells

in clinical samples

The real-time quantification was performed using the Light-Cycler® 480 SYBR Green
chemistry and optical plates (Roche Diagnostics, Basel, Switzerland). The qPCR reagents
consisted of 2 x SYBR Green I Master Mix, 400 nM of each primer and 5 uL. of DNA sample in
a final volume of 25 pL. The thermocycling profile was: 10 min/95 °C followed by 40 cycles of
15 s/95 °C and 1 min/ 60 °C. Specificity was checked by generating the dissociation melting
curves. Absolute quantification of bacterial and human genomes was calculated in relation to the
respective plasmid standard curve. Final number of N. gonorrhoeae and human genome copies

was calculated in relation to the volume of input DNA used downstream (see next section).
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7.2.4. Design and synthesis of RNA “baits” for DNA capture

In order to capture N. gonorrhoeae DNA directly from clinical samples, complementary
RNA oligonucleotide “baits”, 120 nucleotide in size, were designed to span the ~2.1 Mb of the
N. gonorrhoeae genome, as previously described [354]. As such, the complete reference genome
sequences of N. gonorrhoeae strains FA1090 (RefSeq accession #NC _002946),
FDAARGOS 205 (#NZ_CP020418) and NCCP11945 (#NC_011035) were fragmented in silico
into 120 bp sequences, as well as fourteen plasmid sequences [pAustralian (#NC_025191),
pCmGFP (#NC_011521); pEM1 (#NC_019211); pEP5289 (#NC_014105), pJD1 (#NC_001377),
pJD4 (#NC_002098), pNG869_1 (#NZ_CMO003346), pNG869_2 (#NZ_CMO003347), pNG869_3
(#NZ_CMO003348), pNGK (#NC_011034), pSJ5.2 (#NC_010881), punamed_MS11
(#NC_022243), punamded_1 (#NZ_CP020416), punamed_2 (#¥NZ_CP020417)]. All resulting
sequences were BLASTN searched against the Human Genomic + Transcript database to excluded
homologous sequences to the human genome. A total of 49814 RNA probes were generated, and
this custom bait library was then wuploaded to the SureDesign software
(https://earray.chem.agilent.com/suredesign/) and synthesized by Agilent Technologies (Agilent

Technologies, CA, USA). Before enrichment and WGS, DNA samples were quantified using
Qubit HS kit (Invitrogen, MA, USA) to calibrate the input to 10-200 ng DNA in 7 pL.

7.2.5. SureSelect*™ " Neisseria gonorrhoeae enrichment and WGS

directly from clinical samples

N. gonorrhoeae whole-genome capture from DNA samples was performed using Agilent
Technologies’ SureSelect*™ ™ target enrichment system for Illumina paired-end multiplexed
sequencing library protocol (G9702-90000, version CO, September 2018; Agilent Technologies,
CA, USA) upon enzymatic fragmentation with SureSelect low input enzymatic fragmentation kit
(G9702-90050, Revision A0, September 2018; Agilent Technologies, CA, USA), according to
the manufacturer’s instructions. N. gonorrhoeae enriched libraries were subjected to cluster
generation and paired-end sequencing (2x150 bp) in an Illumina NextSeq 550 equipment,

according to the manufacturer’s instructions.
7.2.6. Neisseria gonorrhoeae read filtering and genome assembly
All raw reads produced were taxonomically classified with Kraken v2 [358] with default

parameters, using the pre-built  MiniKraken 8Gb  database (available at

https://ccb.jhu.edu/software/kraken/). A first draft assembly was constructed using INNUca
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v4.0.1 pipeline [310] (see Chapter Il Section 3.3.2 for details) and assemblies filtered by contig
length (contigs with > 200 bp), GC content (contigs with GC content between 5.0% and 95%)
and k-mer coverage (k-mer coverage of < 2) were re-analysed using Kraken. All contigs classified
up to the genus Neisseria or up to the species Neisseria gonorrhoeae were then filtered into a new
draft assembly. Finally, trimmed reads (produced during the INNUca pipeline using
Trimmomatic v0.36 [327] were mapped to the resulting draft assembly using Bowtie2 v2.2.9
[359], extracted and re-analysed using Kraken. All mapping reads were then used to construct a
final assembly using the INNUCca pipeline. First and final draft assembly statistics for all samples
are presented in Table 7.3. Additionally, raw reads were mapped to a human reference genome
(RefSeq accession #NC_000001-NC_000024 and #NC_012920), using Bowtie2 v2.2.9, in order
to assess the success of bacterial DNA enrichment.

Table 7.3.| Assembly statistics for the first and final draft assemblies.

First draft assembly Final draft assembly
Mean # of contigs % reads Mean
Sample Depth of ccfnct)ifgs Size (bp) kept aftegr mapped to 1"t Depth of Ci}i’ifgs Size (bp)
Coverage Kraken draft assembly ® Coverage

NGCLO001_A 354.5 416 2357204 188 97.87 258.7 116 2168187
NGCL002_A 134.9 945 3374293" 179 94,51 76.76 153 2099945
NGCL003_Ap1l 562.8 2650  3398020° 398 97.93 230.63 229 2173600
NGCL003_Op1 687.9 11082  6956993° 2373 79.81 198.12 3864 1946311°
NGCL004_Ap2 601.0 5156  4083730° 164 57.76 87.28 171 2141240
NGCL004_Op2 568.1 2283  3249746" 573 31.96 271.98 223 2154660
NGCLO005_Ap3 537.8 386 2239727 163 28.42 371.56 135 2121348
NGCL005_Op3 575.7 5045  5149829° 1287 68.85 197.58 1190 2850896 ¢
NGCLO006_Ap4 845.2 12838  6484078° 214 88.66 105.38 215 2148349
NGCL006_Op4 800.5 2143 2022901 497 65.57 1252.29 861 401355°¢
NGCLO007_Ap5 689.7 727 2395294 148 21.85 433.21 126 2130021
NGCL007_Op5 967.2 10013  4363432° 777 277 578.06 950 391360°¢
NGCL008_Ap6 600.0 673 2397589 148 83.82 363.48 138 2135550
NGCL008_Op6 615.5 4585 5305862 ° 1867 12.02 148.18 2554 3385176 °¢
NGCLO009_Ap7 484.9 578 2316448 224 82.39 314.23 129 2126143
NGCL009_Op7 520.1 11080  6748869° 3718 61.27 71.9 3465 2234942°
NGCLO010_Ap8 565.9 1622 2799584 243 85.73 308.74 152 2140971
NGCL010_Op8 4635 3493  3983042° 1074 30.14 139.95 2019 1803425°
NGCLO011_U 430.2 213 2202711 150 72.02 313.47 117 2163400
NGCL012_Ap9 400.6 332 2236250 158 25.45 265.33 135 2127223
NGCLO012_Op9 545.5 4493 4757693 ° 932 93.03 150.47 1296 2810346 °¢
NGCLO013_Ap10 459.8 274 2178473 160 86.59 343.91 138 2104785
NGCLO013_Op10 643.4 3308 4372497° 731 56.44 200.36 1324 2774503°
NGCLO014_Apll 886.5 10298  5597744° 165 91.58 363.35 147 2142073
NGCLO014_Opl1l 4732 10309  7959214° 3700 63.88 116.67 2920  3576009°
NGCLO015_Ap12 389.8 453 2308592 150 54.39 252.86 146 2126112
NGCLO015_Op12 521.2 7833 6771077° 1903 63.07 148.34 3837 1710268 ¢
NGCLO016_Ap13 561.7 13893  5775520° 2369 80.06 106.54 2237 1239392°
NGCLO016_Op13 628.7 8827  8030652° 2753 26.08 165.03 2869  3706557°
NGCLO017_Apl4 667.9 8844 5845805 " 184 15.42 326.39 158 2081167
NGCLO017_Op14 511.8 3105 2818062° 856 65.61 442.68 1635 808111°
NGCL018_Ap15 731.2 10030  6064209° 344 62.86 303.59 150 2126313
NGCLO018 Op15 565.6 6671 5919365° 1403 32.17 139.44 3780 1812991°
NGCL019 UR 76.6 192 2140307 186 55.45 53.98 154 2123931
NGCL020_UR 100.0 226 2204493 181 24.07 64.15 158 2169061

2 refers to the % of mapped reads after trimming using Trimmomatic v0.36 [327]. ° first draft assemblies
flagged due to genome size. ¢ final draft assemblies flagged due to genome size and total number of contigs.
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7.2.7. Isolate typing, antimicrobial resistance prediction and phylogenetic

analysis

In silico seven loci Multi-locus Sequence Typing (MLST) prediction was performed
using mist v2.4 software (https://github.com/tseemann/mist). Neisseria gonorrhoeae Multi-

Antigen Sequence Typing (NG-MAST) was performed using the ngmaster v0.4 software [286]
(http://www.ng-mast.net/). Fine-typing for Neisseria species confirmation was performed using

the rplF gene, upon query to the PubMLST Neisseria database (http://pubmlst.org). Identification

of antimicrobial resistance determinants (see Chapter I11 for full list of determinants) in silico was
performed using ARIBA v2.12.2 with the NG database [302]. Typing with the seven-loci
Neisseria gonorrhoeae Sequence Typing for Antimicrobial Resistance (NG-STAR) scheme [303]
was also performed for interpretation purposes, upon query to the PUbMLST Neisseria database.

Gene-by-gene analysis was performed using chewBBACA software v2.0.11 [331] by
taking advantage of the cgMLST N. gonorrhoeae cgMLST v1.0 scheme [311] (1594 loci) and the
Maximum-shared cgMLST scheme (822 loci) as described in Chapter 1l1l. Genomes exhibiting
less than 95% of loci called in the cgMLST scheme were excluded from the phylogenetic analysis.
Isolates were sub-typed using the WGS-based genogroup strategy described in Chapter IlI.
Briefly, the novel genomes’ allelic profiles were integrated with the previous 3945 genome
dataset (See Chapter VI). For each subset of isolates under comparison, the maximum number of
shared loci between them was maximized using PHYLOViZ online 2.0 Beta version
(http://online2.phyloviz.net/) before minimum spanning tree (MST) construction [310, 332, 337].

Allelic distance thresholds for cluster inspection are expressed as percentages of allelic
differences (AD) over the total number of shared loci under comparison for every analysis of each
subset of isolates at any given level. To investigate sub-clusters with potential epidemiological
link to the novel genomes, after generating a sub-MST for each low-level genogroup, we applied
a cut-off of 1.5% AD (as described in Chapter I11 Section 3.3.6.), and re-analysed each resulting

cluster by maximizing the number of shared loci between them.

7.3. Results

7.3.1. WGS of Neisseria gonorrhoeae directly from clinical samples

In order to perform whole-genome sequencing of N. gonorrhoeae directly from clinical
samples, we applied the SureSelect*™ ™S target enrichment system to total genomic DNA samples
extracted from 35 N. gonorrhoeae-positive clinical samples. Results showed that the targeted
capture of Bacterial DNA was successful for all samples, regardless of the level of eukaryotic

DNA “contamination” in each samples (Figure 7.1.A). The mean percentage of mapped reads of
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all samples to the reference human genome was ~2%, while the mean percentage of mapped reads
to reference N. gonorrhoeae genomes was ~88%. Still, first draft assembly data revealed that 22
samples had genomes larger than the expected (i.e., above 2.1 Mbp), and ten assemblies produced
more than 1000 contigs (Table 7.3.), which is indicative of an overall “contamination” (i.e., non-

N. gonorrhoeae sequencing data).
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Figure 7.1. | Enrichment success versus the Neisseria gonorrhoeae and human genome copies in the input
DNA. Genome copies for human and N. gonorrhoeae were assessed by qPCR. (A)
Relationship between the number of genome copies and the percentage of mapped reads.
Black circles and triangles refer to the percentage of mapped reads of urogenital and
oropharyngeal samples, respectively, to N. gonorrhoeae reference genome NCCP11945
(Refseq accession #NC_011035) versus the number of gonococcal genomes copies. Grey
diamonds refer to the percentage of mapped reads to the human reference genome (RefSeq
accession #NC_000001-NC_000024 and #NC_012920) versus the number of human genome
copies. Relationship between the number of N. gonorrhoeae genome copies and the
percentage of classified reads up to the Genus Neisseria (B) or as N. gonorrhoeae (C) using
Kraken v2 [358].
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In fact, due to the close genetic relatedness of Neisseria species, targeted capture revealed not to be
specific for N. gonorrhoeae (Figure 7.1.B, Figure 7.1.C and Figure 7.2.A). Taxonomic classification
up to the Neisseria species of all generated raw reads showed that twelve samples exhibited more than
50% of classified reads from other Neisseria species (Figure 7.2.A), particularly N. meningitidis and N.
subflava, both commensal species of the human respiratory tract. Additionally, ten genomes did not
present N. gonorrhoeae reads as the predominant taxonomic hit (Supplementary Table S7.1.). This
was particularly underlined in samples associated with oropharyngeal swabs (Figure 7.1.B and Figure
7.1.C), an environment where several commensal Neisseria species are present. Following this, we
attempted to remove reads classified as Neisseria species other than N. gonorrhoeae, in order to recover
highly contaminated samples, which resulted in a mean loss of ~60% of reads across samples
(Supplementary Table S7.2.). Based on genome sizes, assemblies seemed to have improved for eight
samples (Table 7.3.). Still, although the predominant taxonomic hit was now N. gonorrhoeae in 29
samples, this did not overall improve the most problematic genomes (Figure 7.2.B and Supplementary
Table S7.2.) as, in order to obtain reads for subsequent genome assembly, we had to resort to reference-
based mapping, which most likely carried over non-N. gonorrhoeae reads due to high inter-species

homology.
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Figure 7.2.| Taxonomic classification within Neisseria species of raw (A) and filtered (B) reads generated for all

clinical samples. Data refer to the percentage of reads classified as belonging to Neisseria spp. within
those classified as Bacterial reads by Kraken v2 [358]. Values above the graphs refer to the total
number of classified reads up to the Neisseria species over the total number of generated reads.
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7.3.2. Global strain typing and antimicrobial resistance profile

After improving genome assemblies by filtering reads, we proceeded to perform strain
typing for all clinical samples and in silico extract the genetic determinants for AMR. The
exclusion criteria for the total number of loci called in the cgMLST scheme (i.e., < 95% loci
called), together with the previously described results (see section above), resulted in the
exclusion of 16 genomes from all downstream analysis. Of note, this exclusion enrolled all
oropharyngeal-associated samples (Table 7.4.). We then performed strain typing on all 19
validated genomes, based on the traditional MLST and NG-MAST schemes, as well as on our
defined WGS-based genogroups (described in Chapter I1), with results presented in Table 7.4.
Results showed that typing was overall successful for all final genome assemblies, with both
traditional typing schemes. Novel genomes were integrated into ten distinct WGS-based
genogroups, namely  G009.009, G014.038, G142.207, G015.016, G079.129, G127.185,
G040.043, G021.029, G004.003, and a new one linked to the high-level genogroups G001
(Figure 7.3.). Noteworthy, results showed that seven out of the 19 genomes were classified into
two distinct genogroups, namely G142.207 (n=3) and G079.129 (n=4).
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Figure 7.3.| Phylogenetic distribution of novel validated Neisseria gonorrhoeae genomes captured directly from clinical
samples. Minimum spanning tree (MST) was constructed based on allelic diversity found among the 822
genes (MScgMLST scheme), enrolling a total of 3964 isolates collected across Europe. All nodes
presenting an allelic distance (AD) below 40, corresponding to the low-level genogroup threshold, have
been collapsed for visualization purposes. Nodes are coloured according to different low-level genogroups
and novel genomes. Straight and dotted lines reflect nodes linked with the ADs below and above the
threshold applied for high-level WGS-based genogroup definition (79 AD), respectively. WGS-based
genogroups enrolling novel genomes are highlighted by thicker black circles. MST was generated using the
GrapeTree v1.5.0 software [338].
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Table 7.4.| Strain typing statistics for all Neisseria gonorrhoeae genomes captured from clinical

samples.
sample WGS-based MLST NG-MAST # of loci called with the ) # of loci called with the )
genogroup (ST) (ST) cgMLST schema (1594 loci) MScgMLST schema (822 loci)

NGCLO001_A G009.009 7822 4995 1563 821
NGCL002_A G014.038 8143 9918 1559 820
NGCL003_Apl G142.207 7822 14994 1538 812
NGCL003_Op1* ND ND ND 101 61
NGCL004_Ap2 G015.016 8135 387 1551 821
NGCL004_Op2* ND 8135 387 1500 800
NGCLO005_Ap3 G079.129 1583 15589 1561 822
NGCLO005_Op3* ND ND 15589 1444 760
NGCL006_Ap4 G127.185 10314 New 1554 821
NGCL006_Op4* ND ND ND 23 12
NGCLO007_Ap5 G040.043 13781 5441 1563 821
NGCL007_Op5* ND ND ND 11 6

NGCLO008_Ap6 G021.029 8156 5441 1564 822
NGCL008_Op6* ND ND ND 624 311
NGCLO009_Ap7 G079.129 1583 15589 1558 822
NGCLO009_Op7* ND ND ND 324 184
NGCL010_Ap8 G142.207 7822 14994 1562 822
NGCL010_Op8* ND ND ND 261 93
NGCLO011_U G004.003 7363 New 1574 822
NGCL012_Ap9 G021.029 8156 18974 1564 821
NGCLO012_Op9* ND ND ND 1451 761
NGCL013_Ap10 G014.038 8143 8426 1563 822
NGCL013_Op10* ND 8143 ND 1405 748
NGCLO014_Apll G127.185 7822 12547 1561 821
NGCLO014_Op11l* ND ND ND 1001 524
NGCLO015_Apl2 G079.129 1583 15589 1558 820
NGCLO015_Op12* ND ND ND 49 34
NGCLO016_Ap13* ND ND ND 182 106
NGCL016_Op13* ND ND ND 753 370
NGCLO017_Apl4 G001.New 13292 9208 1566 822
NGCLO017_Op14* ND ND ND a7 20
NGCLO018 Apl5 G079.129 1583 15589 1564 822
NGCL018 Op15* ND ND ND 76 44
NGCL019_UR G142.207 7822 New 1547 821
NGCL020_UR G009.009 7822 4995 1555 822

MLST — Multi-locus Sequence Type; NG-MAST — Neisseria gonorrhoeae Multi-antigen Sequence Type;
cgMLST — core-genome Multi-locus Sequence Typing; MScgMLST — Maximum-shared core-genome
Multi-locus Sequence Typing; ND — Not determined. *Samples failing the minimum number of loci called
criteria (i.e., > 95% loci called).

In silico read-based detection of AMR determinants for N. gonorrhoeae and NG-STAR
typing results are presented in Table 7.5. Most genomes presented alterations 228S in folP
(encoding for dihydropteroate synthase) and 57M in rpsJ (ribosomal protein S10), associated with
resistance to sulphonamides and tetracycline, respectively, while ten carried ponA (penicillin-
binding protein 1) alteration 421P associated with decreased susceptibility to penicillins. Fifteen
genomes presented alterations in gyrA associated with ciprofloxacin resistance, with 14 carrying
simultaneously alterations 91F and 95A, and one possessing the combination 91F/95G.
Additionally, nine genomes also carried alteration 87R in parC (topoisomerase 1V subunit C)
associated with ciprofloxacin resistance. Only one genome presented azithromycin resistance-

associated alteration C2597T in 23SrRNA, although it was only observed at ~20%, suggesting
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that only one copy of this gene possesses this SNP, which may not be enough to trigger resistance
[120, 192]. Noteworthy, one genome (NGCL010_Ap8) carried the alteration C1184T in the
16SrRNA gene, associated with Spectinomycin resistance, which was never observed in any
sequenced genome from Portugal to date (See Chapter Il and VI). No genome carried a penA
(penicillin-binding protein 2) allele type associated with decreased susceptibility to

cephalosporins.

7.3.3. Phylogenetic analysis

As previously mentioned, cgMLST calling data showed that 19 genomes could be
included in our WGS dataset without compromising the maximum number of shared loci within
sub-sets, since more than 95% of loci were called (Table 7.4.). This highlighted the possibility to
perform phylogenetic inferences from genomic data captured directly from clinical samples, i.e.,
that genome assemblies constructed from complex WGS data provided the same resolution power
as those obtained from culture. As such, after the integration of the novel genomes within our
WGS dataset, we assessed if these integrated genetic clusters with potential epidemiological
linkage, by applying the conservative threshold of 1.5% AD within each low-level genogroup,
after sub-MST generation maximizing the shared loci between isolates at this level. At this
threshold, results showed that 12 out of 19 genomes could be linked with other isolates from our
dataset (Figure 7.4.). Those unlinked were NGCL017_Ap14 that was shown to be classified into
a novel WGS-genogroup (Figure 7.3.), and five other genomes that, although integrating known
WGS-genogroups, displayed AD above the applied cut-off, namely NGCL015 Apl2 and
NGCL018_Ap15 (Figure 7.4.B), NGCL014_Apl1l (Figure 7.4.E), NGCL013_Ap10 (Figure
7.4.F), and NGCL007_Ap5 (Figure 7.4.H). More importantly, with exception of NGCL001_A,
all remaining 11 genomes were directly linked to other isolates collected in Portugal (Figure 7.4.).
Noteworthy, nine novel genomes integrated three genogroups that were previously highlighted as
emerging in recent years (See Chapter VI), namely G079.129 (n=4) (Figure 7.4.B), G127.207
(n=3) (Figure 7.4.C) and G127.185 (n=2) (Figure 7.4.E), five of which clustering with other
isolates at the applied threshold.
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Figure 7.4.| Neisseria gonorrhoeae clusters enrolling genomes captured directly from clinical samples.
Minimum spanning trees (MSTs) were constructed after maximizing the number of shared
loci between isolates from the same genogroup. Nodes are coloured by country of origin and
outlines by collection year. The numbers in red on the connecting lines represent the allele
differences (AD) between novel genomes and their closest links. Clusters defined at a
threshold of 1.5% AD within each genogroup and enrolling novel genomes are highlighted
in grey, and WGSCL number refers to the ones determined in Chapter 111 and Chapter VI.
MSTs were generated using the GrapeTree v1.5.0 software [338].
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For clinical samples NGCL019 UR and NGCL020 _UR, N. gonorrhoeae had already
been isolated from culture and sequenced for comparison purposes (NGPT17487 and
NGPT17512, respectively). In both cases, results showed that both genomes (i.e., obtained from
culture and culture-independent methods) were linked together, displaying only 3 AD (Figure
7.4.A and Figure 7.4.C). Additionally, when looking at the entire 1594 loci scheme, both pairs
only exhibited a total of 6 AD within the maximum number of shared/called loci (i.e., 1547 loci
for NGCL019_UR/NGPT17487 and 1555 loci for NGCL020_UR/NGPT17512). This could be
due to the inherent higher genetic diversity present in the culture-independent captured genomes,
since all the gonococcal population present in the samples was sequenced (i.e., closely mirroring
the one infecting a patient) unimpacted by the culture bottleneck. Regarding missing loci that
were differentially observed in each genome pair (i.e., loci called in one but missing from the
other), data showed that the genomes obtained by the culture-independent strategy were not
impacted by these. In fact, genome pair NGCL019 UR/NGPT17487 displayed 10 and 16
differentially missing loci, respectively, while NGCL020_UR/NGPT17512 displayed 9 and 19,

respectively.

7.4. Discussion

In the present study, we applied a culture-independent approach to capture and sequence
N. gonorrhoeae genomes directly from clinical specimens collected from distinct anatomic sites.
In particular, we aimed to bypass the culture step for WGS and assess the ability to carry out in
silico typing, to perform phylogenetic inferences and to predict AMR profiles based on the
obtained genomic data. As culture is progressively being abandoned in favour of NAAT, it is
important to implement alternative approaches to report N. gonorrhoeae AMR and molecular
epidemiological data. Our results showed that the applied strategy was successful in the capture
of bacterial DNA, independently of the degree of human DNA present in each complex clinical
sample (Figure 7.1.). Nevertheless, due to both the presence of commensal Neisseria species and
the high genetic relatedness of these, capturing N. gonorrhoeae from oropharyngeal samples was
unsuccessful. In fact, even when attempting to filter reads by taxonomic classification coupled
with reference-based read mapping, it was impossible to extract useful N. gonorrhoeae WGS data
from these samples. The capture of genomic data from oropharyngeal samples would be of
particular importance as N. gonorrhoeae isolation from these is recognized as challenging and
most often unsuccessful [24], and pharyngeal infections are considered to be more difficult to
treat [360]. Our data (Table 7.1.) together with previous reports [24, 85, 361-364] have shown
that diagnosis based on these specimens increases the number of confirmed cases of gonococcal

infection, as oropharyngeal infections are mostly asymptomatic and, consequently, undiagnosed.
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Additionally, it has been suggested that this site may be important for the development of AMR
because the presence in the pharyngeal mucosa of non-gonococcal Neisseria species may promote
the transfer of resistance to N. gonorrhoeae [365, 366].

Still, in this work, we were able to capture N. gonorrhoeae WGS data from 19 distinct
clinical samples hailing from the urogenital tract. This allowed us to predict AMR profiles (Table
7.5.) and perform phylogenetic inferences (Figure 7.4.) with high discriminatory power. In fact,
this culture-independent approach had already allowed to perform AMR prediction, for instance,
for M. tuberculosis [356]. Even though we could not successfully apply this approach to all types
of clinical samples, we showed that it is possible to obtain and integrate N. gonorrhoeae WGS
data with data generated from isolated strains. Here, we were able to integrate most of the novel
obtained genomes into genetic clusters linked at a threshold with potential epidemiological
linkage. This opens the possibility of using this approach in response to particular settings where
strains could not be isolated, namely in judicial settings, i.e., in cases of sexual assault or sexual
abuse (if gonorrhoea infections are present and transmitted), or in outbreak settings, as illustrated
recently for C. trachomatis [355]. Additionally, it may allow to gain insights into the genetic
diversity of intra- and inter-patient infecting N. gonorrhoeae populations, with particular
importance in cases of invasive disease. The ability to analyse the genetic diversity of N.
gonorrhoeae directly from clinical samples (i.e., to analyse the evolving bacterial population
during infection) may aid in understanding how this pathogen can progress to invasiveness during
the host-pathogen arms race. This was recently achieved for the sexually transmitted pathogen T.
pallidum, the causative agent of syphilis [354], which can also infect multiple anatomic sites and
has complex disease progression stages. As this chapter corresponds to an ongoing work, it is our
aim to explore these data for genomic regions displaying inter- and intra-strain genetic
heterogeneity, namely through the inspection of both single nucleotide sites with allelic variation
and in-length variable DNA homopolymeric tracts (poly-G/C and poly-A/T sites), as previously
performed for T. pallidum [354] and C. trachomatis [367].

Ultimately, considering the new era of laboratory diagnosis where molecular technologies
are readily replacing culture, it is crucial to build the necessary tools for a sustainable surveillance
of N. gonorrhoeae AMR. This becomes particularly important as, in most countries, the diagnosis
of gonococcal infections is being based on modern day molecular assays applied to multiple non-
invasive specimens from the same patients (e.g. urine and extragenital swabs), which cannot, at
this stage, be used to determine AMR in N. gonorrhoeae. As such, to overcome the inability to
analyse gonorrhoea-positive oropharyngeal samples observed here, we anticipate the need to
implement a Next Generation Sequencing (NGS) strategy based on amplicons (rather than on the
whole genome) to perform the necessary prediction of AMR profiles and molecular

epidemiological inferences. This strategy will require targeting the major AMR genetic drivers,
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as well as genetic markers reflecting the major gonococcal lineages. Moreover, as it is based on
deep-sequencing, it may allow to simultaneously observe the emergence of AMR mutations (i.e.,
the analysis of minor variants) during infection, as it also bypasses the culture bottleneck (see
next Chapter for more details).
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8. Final overview, concluding remarks and future directions

8.1. Final discussion

The global goal of this PhD dissertation was to strengthen N. gonorrhoeae
epidemiological and antimicrobial resistance (AMR) surveillance using whole-genome
sequencing (WGS) approaches. This work was developed within the scope of the National
Reference Laboratory for Sexually Transmitted Infections (NRL-STI), with access to a large
ongoing N. gonorrhoeae culture collection enrolling a countrywide laboratory network
(Portuguese National Laboratory Network for Neisseria gonorrhoeae Collection — PTGonoNet),
officially formalized in 2010, and hosted and supported by the Portuguese National Institute of
Health (INSA). At the time of writing, this opportunistic collection already constitutes 17 years
of N. gonorrhoeae AMR surveillance performed by the NRL-STI (from 2003 up to 2020),
totalizing 3877 isolates (last update in October 2020). In addition, we took advantage of the
existence of a Next-Generation Sequencing (NGS) core-facility based at the Department of
Human Genetics of INSA, and a Bioinformatics Unit based at the Department of Infectious
Diseases, where the author of this PhD dissertation currently develops his scientific activity.

In this context, we started by analysing the data associated with the vast culture collection
of N. gonorrhoeae isolates at the NRL-STI (Chapter 11). The main driver for this work was the
lack of information regarding the overall AMR trends of N. gonorrhoeae in Portugal. This
collection enrolled 2596 isolates, collected since 2003, from distinct clinical specimens, with
countrywide coverage, and that had been phenotypically characterized for AMR for eight distinct
antimicrobials. We observed that the vast majority of isolates (~88%) presented decreased
susceptibility or resistance to at least one of the tested antimicrobials. Data revealed that, up to
2018, resistance to penicillin, tetracycline and ciprofloxacin were widespread, and that there was
a potential increase in gentamicin intermediate resistance, based on interpretive results. Still, as
the guidelines for resistance classification were updated in the beginning of 2019, resistance to
azithromycin was found to be overall low in our country, contrary to what was previously
reported. A later extended analysis to 2019, introducing 682 isolates to the dataset (described in
Chapter VI), showed that these AMR trends were preserved. More importantly, this additional
dataset allowed us to identify the first cephalosporin-resistant N. gonorrhoeae isolate detected in
Portugal (corresponding to a published paper described in Chapter V) that was notified to Public
Health Authorities and reported to the scientific community, along with an additional cefixime-
resistant isolate, whose circulation also warrants notification. This work constituted the first large
compilation of AMR data for N. gonorrhoeae in our country, which revealed that most of this
pathogen’s “older” treatment strategies have been compromised, in accordance with what has

been observed worldwide. Particularly, with azithromycin resistance being maintained
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throughout the years (even if at a low frequency) and the introduction of cephalosporin-resistance
isolates in our country, the current treatment guidelines may face challenges in the near future,
prompting the need to control the spread of these strains.

National and international surveillance programmes are increasingly promoting the use
of genomic data to track N. gonorrhoeae main circulating lineages and the emergence and spread
of AMR. Nevertheless, most studies still rely on traditional typing methodologies to report
circulating strains, either through sequence types (ST) or agglomerated ST-based genogroups,
which do not take advantage of genome-scale data. As such, in a second stage, we reported a
comprehensive WGS-based genogroup assignment for N. gonorrhoeae, based on the
identification of the maximum discriminatory genetic thresholds reflecting cluster stability
(Chapter 111), which represent main circulating lineages. This deeply rooted bioinformatics work
took advantage of a European-oriented genomic dataset of 3791 genomes (including novel
sequenced Portuguese isolates) to define a two-step hierarchical genogroup classification, based
on the two earliest cluster stability threshold observed. Our results showed that these WGS-based
genogroups correlated well with other typing techniques (i.e., MLST, NG-MAST, and the
recently proposed core-genome groups) and further linked to specific AMR signatures. In fact,
several genogroups carrying alarming AMR genetic profiles were found to be predominant and
widespread in Europe. Additionally, a preliminary exploration of a draft N. gonorrhoeae pan-
genome pointed that the defined genogroups may also carry specific genetic mechanisms within
their accessory-genomes towards adaptation, pathogenesis and survival (Chapter 1V). Insights on
the clustering at a higher discriminatory level (at a threshold compatible with epidemiological
linkage) further supported the suitability of gene-by-gene typing strategies to detect/track
outbreaks and transmission chains as a means to promote and/or support epidemiological
investigation. In this regard, this study enhances N. gonorrhoeae surveillance by promoting the
prospective monitoring of genogroup frequency and geographic spread, towards more oriented
Public Health actions to control the spread of N. gonorrhoeae AMR, while maintaining backwards
compatibility with previous used typing methods.

Following this output, we applied this approach to disclose the genetic diversity of N.
gonorrhoeae in Portugal, using a dataset of 733 genomes from isolates of the PTGonoNET,
collected throughout our country, from 2003 to 2020 and displaying different AMR profiles
(described in Chapter VI). This constituted the first nationwide genomic epidemiology N.
gonorrhoeae study in the era of WGS-based laboratory surveillance performed in Portugal.
Within the studied time period, we observed that the overall genetic diversity of this pathogen in
our country is high, illustrating the continuous cross-border spread of gonorrhoea that introduces
novel strains into a country as part of large sexual transmission networks. It also reflects the
existence of likely confined transmission chains at country or regional level. Regarding the later,

at a higher discriminatory level, our results provided a comprehensive breakdown of the N.
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gonorrhoeae transmission chains in Portugal and suggested the emergence of novel WGS-based
genogroups. Some potential transmission chains span several years and seem to be still active
given the data from the latest year of surveillance. Additionally, we observed the existence of
European-spread genogroups (previously described in Chapter Il1) carrying alarming AMR
profiles in our country, as well as the emergence of N. gonorrhoeae strains with potentially
increased invasiveness capabilities. As it stands, this work constituted a turning point to
consolidate the genomic epidemiology of gonococci in Portugal, as the implemented gene-by-
gene approach will be carried forward at the Portuguese NRL-STI of INSA.

Finally, considering that diagnosis is being progressively based on nucleic acid
amplification techniques, which do not allow to disclose AMR data and epidemiological links,
we assessed the possibility of capturing WGS data directly from clinical samples via a culture-
independent approach (Chapter VII). We took advantage of our previous successful experience
with other pathogens and enrolled in a study relying on both wet-lab and dry-lab stages. This
relied on the bioinformatics design of 120-nucleotide RNA “baits” to hybridize and capture N.
gonorrhoeae genomes from complex clinical samples such as oropharyngeal, urethral and anal
swabs. We observed that the applied methodology was unsuccessful for oropharyngeal samples,
due to the presence of commensal Neisseria species, presenting high genetic homology to N.
gonorrhoeae. On the other hand, the major goal was still achieved in urogenital swabs, as it was
possible to determine AMR profiles, perform traditional and WGS-based subtyping and
phylogenetically link, with high resolution, culture-independent sequenced genomes with WGS
data generated from cultured isolates.

In summary, we believe the work described in this PhD dissertation stands as an important
contribution towards a more effective WGS-based surveillance of gonococcal infections,
essentially through the development of a N. gonorrhoeae WGS-based classification system at a
global level. This comprehensive assignment facilitates the assessment and continuous
monitoring of genogroup frequency, geographic dispersion, and, more importantly their
association with specific AMR signatures, which constitutes one of the major Public Health
concerns around this sexually transmitted disease-causing bacterium. This described strategy may
benefit Public Health actions through the prioritization of genogroups to be controlled, the
identification of emerging resistance carriage, and the potential facilitation of data sharing and
communication. In this context, this work strengthened the capacity building of the National
Reference Laboratory for Sexually Transmitted Infections of the Portuguese National Institute of
Health, in order to promote a more effective WGS-based surveillance of infections caused by N.

gonorrhoeae.
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8.2. Future perspectives

As is the inherit nature of the pursuit of scientific knowledge, answering a question only
leads to several others being raised. The present PhD dissertation is no exception, and throughout
the different Chapters described in this work several scientific questions were raised, and future
investigation is required to address them, for instance:

i) How does the European-oriented scenario of genogroup distribution translate at the
worldwide scale?

ii) How will the proposed gene-by-gene approach be maintained in order to provide
consistent harmonized and communicable data for Public Health purposes?

iii) How can we obtain reliable epidemiological and AMR data directly from all N.
gonorrhoeae-positive complex clinical specimens towards enhanced molecular

surveillance?

With WGS now widespread, enriching the present work by taking advantage of the more
than 15 000 N. gonorrhoeae genomes currently published, collected from across the World, will
aid in clarifying the first point. We also anticipate that very recent developments of the
chewBBACA suite, namely the release of the Chewie Nomenclature Server, will allow us to share
our WGS-based gene-by-gene typing strategy while maintaining a common nomenclature, and
thus, simplifying the comparison and communication of results. Finally, the development of a
targeted deep-sequencing amplicon-based methodology, in opposition to sequencing the whole
genome, could be a viable alternative to obtain AMR data directly from clinical samples. This
could be achieved by creating a NGS-based amplicon scheme targeting the major genes known
to be involved in N. gonorrhoeae AMR, which could be coupled with a minimum loci panel that
permits a robust inference of WGS-based genogroups. Ultimately, this NGS-based approach
should be designed for rapid response (aiding therapeutic decisions) and high-throughput testing
(providing simultaneous results on AMR for multiple antimicrobials and samples), providing a
faster and cheaper alternative to culture and traditional AMR testing, thus constituting a
foundational step towards the future application of point-of-care molecular tests to N.

gonorrhoeae.
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