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Summary

Background—The number of cases of gonorrhoea in the USA and worldwide caused by
Neisseria gonorrhoeae is increasing (555 608 reported US cases in 2017, and 87 million cases
worldwide in 2016). Many countries report declining in vitro susceptibility of azithromycin, which
is a concern because azithromycin and ceftriaxone are the recommended dual treatment in many
countries. We aimed to identify strain types associated with decreased susceptibility to
azithromycin.

Methods—We did a genomic analysis of N gonorriioeae isolates obtained by the US Gonococcal
Isolate Surveillance Project. Isolates were whole-genome sequenced based on decreased
susceptibility to azithromycin (minimal inhibitory concentration [MIC] =2 pg/mL, using agar
dilution antibiotic susceptibility testing) and geographical representation. Bioinformatic analyses
established genomic diversity, strain population dynamics, and antimicrobial resistance profiles.

Findings—410 isolates were sorted into more than 20 unique phylogenetic clades. One
predominant persistent clade (consisting of 97 isolates) included the most isolates with
azithromycin MICs of 2 pg/mL or higher (61 of 97 [63%] vs59 of 311 [19%]; p<0-0001) and
carried a mosaic /mtr (multiple transferable resistance) locus (68 of 97 [70%] vstwo of 313 [1%];
p<0-0001). Of the remaining 313 isolates, 57 (18%) had decreased susceptibility to azithromycin
(MIC 24 pg/mL), which was attributed to 23S rRNA variants (56 of 57 [98%]) and formed
phylogenetically diverse clades, showing various levels of clonal expansion.

Interpretation—Reduced azithromycin susceptibility was associated with expanding and
persistent clades harbouring two well described resistance mechanisms, mosaic mirlocus and 23S
rRNA variants. Understanding the role of recombination, particularly within the mirlocus, on the
fitness and expansion of strains with decreased susceptibility has important implications for the
public health response to minimise gonorrhoea transmission.

Funding—US Centers for Disease Control and Prevention (CDC), CDC Combating Antibiotic
Resistant Bacteria initiative, Oak Ridge Institute for Science Education, US Department of
Energy/CDC/Emory University, National Institutes of Health, and Biomedical Laboratory
Research and Development Service of the US Department of Veterans Affairs.

Introduction

Neisseria gonorrhoeae, a Gram-negative diplococcus, is the causative agent of gonorrhoea.
The rates of reported cases of gonorrhoea in the USA have increased by 75-2% between
2009 and 2017, from a historic low of 98-1 cases per 100 000 population in 2009 to 170-6
cases per 100 000 population reported in the USA in 2017.1 Global prevalence and
incidence of gonorrhoea is high,2 with an estimated 87 million cases worldwide in 2016.3 N/
gonorrhoeae was identified as an urgent-level antibiotic resistance threat by the US Centers
for Disease Control and Prevention (CDC) in 2013, and again in 2019.° The CDC currently
recommends dual therapy with azithromycin and ceftriaxone for first-line treatment of
uncomplicated gonorrhoea (urogenital infections in adults).

Since its development in the 1980s, azithromycin has proven effective against gonorrhoea,
chlamydia, and other non-sexually transmitted bacterial infections,’ and this antibiotic has
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been widely used. However, the long half-life of azithromycin (serum ty, 68 h) might
increase the risk of selection for resistance through prolonged subinhibitory intracellular and
extracellular concentrations. ’ Reduced susceptibility of gonococci to azithromycin was
reported in the 1990s, and although azithromycin has not been recommended as a
monotherapy, growing reports of decreased azithromycin susceptibility are being monitored
worldwide.8-13 Azithromycin was recommended to be used in dual therapy with ceftriaxone
in 2015,5 to function as a shield to potentially delay the emergence of resistance to
ceftriaxone, the last remaining antimicrobial option. This recommendation was modelled
after combination antimicrobial therapy for prevention of resistance used for other infectious
diseases such as tuberculosis.1

The Clinical and Laboratory Standards Institute set interpretive susceptibility criteria for
azithromycin at the discrete, in vitro minimum inhibitory concentration (MIC) of 1 ug/mL or
lower.15 They did not define resistance, since the level at which in vitro susceptibility
isolates would be associated with azithromycin monotherapy treatment failure is unknown;
thus, an MIC greater than 1 ug/mL was defined as decreased susceptibility. Similarly, the
European Committee on Antimicrobial Susceptibility Testing defined an epidemiological
cutoff of 1 ug/mL.1°

In the USA, the Gonococcal Isolate Surveillance Project (GISP) showed that the percentage
of isolates with decreased susceptibility to azithromycin (MIC =2 pg/mL) remained low for
decades, until a sharp rise from 0-6% in 2013 to 2:5% in 2014 and to 4-4% by 2017.1 The
predominant reason for this increase is the growth (from 2013 to 2017) in the proportion of
isolates with low-level decreased susceptibility to azithromycin (MIC 2-4 pg/mL).2 WHO?®
and other international organisations'9-12 reported an increase in the percentage of isolates
with reduced susceptibility to azithromycin across multiple countries, approaching the level
at which WHO recommends the review, modification, or discontinuation of an antimicrobial
in empirical treatment.? Several cases of decreased susceptibility to both azithromycin and
ceftriaxone have been recorded internationally.18 To date, no known treatment failures with
this susceptibility pattern have been identified in the USA;1® however, CDC monitors
resistance levels because of its mandate for preparedness.

N gonorrhoeae antibiotic resistance variants emerge through either plasmid-mediated or
chromosomal-mediated mechanisms, including single nucleotide polymorphisms (SNPs) or
recombination events.1” Antibiotic resistance genes for azithromycin include the 23S rRNA
genes, which result in intermediate-level or high-level resistance, and the mtr (multiple
transferable resistance) efflux pump locus (mtrregulatory and mitr pump).17-19 Multiple
variations within the mirlocus, which affect either mirregulation, overexpression of the
pump, or elevated efflux of the pump,2° might work in concert to elevate MIC to levels of
decreased susceptibility (MIC 2—4 pg/mL).

We aimed to extend our understanding of N gonorrhoeae genetic diversity, variation in strain
prevalence, and antibiotic resistance determinants beyond previously published data for
surveillance isolates obtained by GISP in 2000-1318 and 2014-16.21 We did a surveillance-
based genome analysis of GISP isolates from 2017 to identify strains and antibiotic
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resistance profiles associated with the overall increase in proportion of isolates with
decreased susceptibility to azithromycin (MIC =2 pug/mL) in the USA.

Methods
GISP protocols

Isolates were selected from the national sentinel surveillance project GISP.22 GISP
guidelines in 2017 included collection of isolates from the first 25 males who presented with
gonococcal urethritis every month at one of 27 clinical sites across the USA. Isolates
underwent antimicrobial susceptibility testing for seven drugs, using standardised agar-
dilution methods.22 Confirmation antimicrobial susceptibility testing was done at the CDC
(Atlanta, GA, USA). Collection of clinical specimens, culturing of isolates, and
antimicrobial susceptibility testing procedures are described in the GISP protocol.22

Isolate selection

From GISP isolates obtained in 2017, 5061 met all GISP qualifications,?2 of which, 410
were sequenced (appendix 1 pp 3-4). First, a stratified random sample of 13 isolates from
every sentinel site was selected without replacement for sequencing (n=283). Next, from the
remaining GISP specimens, all isolates meeting the following phenotypic criteria were
selected, exclusive of previous subsets (appendix 1 p 3): azithromycin MIC 4 pg/mL or
higher (n=74); cefixime MIC 0-25 pug/mL or higher (n=12); or ceftriaxone MIC 0-125 pg/mL
or higher (n=6). Finally, isolates with an azithromycin MIC of 2 pg/mL were selected at
random (appendix 1 p 4), to achieve a 30% sampling frame (n=37). Only 30% of isolates
with an MIC of 2 ug/mL were sequenced because of an increase in isolates with decreased
susceptibility to azithromycin, limited capacity for sequencing, and prioritisation to
sequence isolates with intermediate-level and high-level decreased susceptibility to
azithromycin (MIC >4 ug/mL). All sequences had to pass quality cutoffs. GISP whole-
genome sequencing (WGS) datasets from 2000-1318 and 2014-162 included isolate
selection, as previously described. Appendix 2 presents the 410 isolates from GISP
sequenced in 2017, with accession numbers, MICs for azithromycin, ceftriaxone, and
cefixime, multilocus sequence typing, N gonorrhioeae multiantigen sequence typing,
antimicrobial resistance determinant calls, and demographic data (sexual orientation, HIV
status, and geographical distribution according to Health and Human Services [HHS]-
defined US region;23 appendix 1 p 5). The representation of sequenced isolates per HHS
region is provided in appendix 1 (pp 6-7).

WGS of N gonorrhoeae isolates

WGS was done at the Antibiotic Resistance Laboratory Network (AR Lab Network) and
Hawaii Department of Health, using PulseNet protocols (appendix 1 p 8)24 and MiSeq with
V2/V3 reagents (lllumina, San Diego, CA, USA), or at the CDC Biotechnology Core
Facility Branch (Atlanta, GA, USA) using HiSeq2500 and V2 reagents (Illumina). Read data
are deposited at the National Center for Biotechnology Information Sequence Read Archive
(project accession PRINA317462 and PRINA329501; appendix 2).
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Bioinformatics analyses

The WGS analysis pipeline?! is described in appendix 1 (pp 9-10) and included the
following processes: quality assessment; trimming; assembly; multilocus sequence typing; N/
gonorrhoeae multiantigen sequence typing; and maximume-likelihood core-genome SNPs,
removal of recombination, phylogenetic alignment (1 785 354 nucleotides, 16 396 SNPs),
and interactive tree of life (iTOL) visualisation. The N gonorrhoeae strain FA19 (GenBank
accession CP012026.1) served as the reference genome. AMR-profiler (CDC) is a
customised script for antibiotic resistance determinant identification (alleles or SNPs) from
raw reads and genomic assemblies.?! Maximum-likelihood core-genome SNPs, removal of
recombination, phylogenetic alignment (including 410 isolates from 2017 and 646 isolates
from 2014 to 2016) was generated for review (1 583 698 nucleotides, 20 758 SNPs).

Statistical analysis

Fisher’s exact test was used to calculate associations between pairwise categorical variables
such as increased MIC, resistance determinants, sequence type, and clade (appendix 1 pp
11-13).

Role of the funding source

Results

The funder had no role in study design, data collection, data analysis, data interpretation, or
writing of the report. The corresponding author had full access to all data in the study and
had final responsibility for the decision to submit for publication.

The 410 isolates that were sequenced represented 70 unique sequence types defined by
multilocus sequence typing, including 11 novel multilocus sequence types (MLSTS). 22
unique sequence types were represented by five or more isolates (figure 1); ST9363
represented 81 (20%) of 410 isolates. Among isolates with decreased susceptibility to
azithromycin (n=120), the most common sequence types were ST9363 (42%), ST7371
(16%), ST1584 (13%), and ST1579 (7%). The MLST ST9363 was recorded in the USA in
previous years (2014-16) as a predominant strain that included nearly half the isolates with
decreased susceptibility to azithromycin (96 of 198 [48%]).21

Sequence types and associated phenotypic antibiotic susceptibilities for azithromycin,
ceftriaxone, and cefixime are shown in figure 1. Differences were noted in the percentage of
isolates within each sequence type that had decreased susceptibility to azithromycin. In
ST9363, 51 (63%) of 81 isolates had decreased susceptibility to azithromycin; 46 (57%) had
low-level decreased susceptibility (MIC 2—4 pug/mL) and five (6%) had intermediate-level to
high-level decreased susceptibility (MIC 8-16 pg/mL). By comparison, 20 (87%) of 23
isolates in ST7371 had intermediate-level decreased susceptibility to azithromycin (MIC 8-
16 pug/mL); moreover in ST7371, 22 (95%) of 23 isolates had decreased susceptibility to
ciprofloxacin (MIC 32 pug/mL). ST1584 contained 16 (47%) of 34 isolates with decreased
susceptibility to azithromycin (MIC 4 pg/mL). In ST1579, nine (75%) of 12 isolates not
only had decreased susceptibility to azithromycin (MIC 8 pug/mL) but also to ciprofloxacin
(MIC 4 ug/mL).
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Figure 2 shows the maximume-likelihood core-genome phylogenetic tree based on 410
isolates, with more than 19 clades. Clades typically consisted of one predominant MLST or
contained related MLSTSs (eg, ST9363 and ST11422 share six out of seven alleles). The
table presents clade descriptors, including predominant MLSTs, number of isolates per
clade, and antimicrobial resistance profiles. Variants are described in appendix 1 (pp 19-20).

Clade A, the largest in this dataset, consisted of 97 isolates, including those both susceptible
to azithromycin and with decreased susceptibility. 61 (63%) of 97 isolates had decreased
susceptibility to azithromycin (MIC =2 pg/mL), compared with 59 (19%) of the remaining
311 isolates (p<0-0001; appendix 1 p 11). Clade A was predominantly represented by MLST
ST9363, in 81 (84%) of 97 isolates versus none of 313 isolates (p<0:0001; appendix 1 p 13),
and to a lesser extent by MLST ST11422 (four of 97 [4%]), ST11417 (two of 97 [2%)]), and
ST11428 (two of 97 [2%]; figure 2, table). Clade A (ST9363) was persistent throughout the
year and represented diverse demographic groups. Isolates from clade A (ST9363) were
from eight of ten HHS geographical regions in the USA,23 with two-thirds (67%) of isolates
from two HHS geographical areas (region 5 [IL, IN, MI, MN, OH, and WI] and region 9
[AR, CA, HI, NV, GU, American Samoa, Northern Mariana Islands, Federated States of
Micronesia, Marshall Islands, and Palau]) and were equally represented by men who have
sex with men (45%) and men who have sex with women (45%). Clade A consisted of
multiple hierarchical subclades; figure 3 shows clade A (ST9363; 32 isolates, average SNP
distance 147 [SD 96]) and subclade sc9363.1 (65 isolates, average SNP distance 44 [23]). 61
(63%) of 97 isolates in clade A had decreased susceptibility to azithromycin (MIC =2
pg/mL) and were predominantly clustered in sc9363.1 (57 of 65 [88%] vs four of 32 [13%];
p<0-0001; appendix 1 p 13). Six of the remaining eight isolates in s¢9363.1 had an
azithromycin MIC of 1 pg/mL, which is within one dilution of the decreased susceptibility
designation.

68 (70%) of 97 isolates in clade A carried a mosaic mtrlocus (68 of 97 [70%] vstwo of 313
[1%]; p<0-0001; figure 3; appendix 1 p 12). 65 (100%) of 65 isolates in subclade sc9363.1
carried multiple variants in the mtrlocus (figure 4), including mosaic mirR (gene encoding
the repressor), an A—C substitution in the mtrR and mtrCDE promoter region, and mosaic
mitrD (gene encoding the cytoplasmic membrane protein of the MtrCDE efflux pump)
identified by protein variant Lys823Glu (figure 3; appendix 1 pp 19-20). These variants
contributed to decreased susceptibility to azithromycin.2® The adenosine to cytosine
nucleotide change in the mrR and mirCDE promoter region might affect mirR and mtrCDE
expression, whereas a mosaic /mirR could decrease functionality of the repressor and in turn
affect mtrCDE expression.20 Variations in mirD affect antimicrobial efflux by the pump. The
remainder of isolates in clade A (ST9363, 32 of 97 isolates) did not carry mosaic mirR (32
of 32 [100%]) or mtrR promoter variants (28 of 32 [88%]), but did carry the mosaic mirD
(variant Lys823Glu; 32 of 32 [100%]; figures 3, 4) and MtrR Ala39Thr (28 of 32 [88%)]),
which could result in increased mtrCDE expression and a change in MtrD functionality and
efflux; however, these mutations were associated with susceptibility to azithromycin (MIC
<2 pg/mL). In previous studies from the USA, strain ST9363 with decreased susceptibility
to azithromycin and mosaic mtrlocus was reported (appendix 1 pp 14-15).18:21 The mosaic
mitrlocus was initially identified associated with decreased susceptibility to azithromycin in
the USA in 2012,18 but only represented a minority of isolates studied with decreased
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susceptibility to azithromycin in 2012-13 (22% [11 of 50]). In 2014-186, strain ST9363 with
decreased susceptibility to azithromycin and mosaic mirlocus represented 57% (113 of 198)
of isolates with decreased susceptibility to azithromycin;2! in 2017, the clade with mosaic
mirrepresented 69% (155 of 222, with estimation to 100% of 2017 isolates with decreased
susceptibility to azithromycin [MIC 2 ug/mL]) of isolates with decreased susceptibility to
azithromycin (appendix 1 pp 16-17), suggesting persistence and expansion of the strain.
Strain ST9363 with mosaic mirD only was initially identified in 2009 and shows strain
persistence to 2017.

Dispersed within clade A (both ST9363 and sc9363.1), eight isolates carried 23S rRNA
mutations: six carried 2611C—T (one, two, three, or four copies), and two carried four
copies of 2059A—G (appendix 1 pp 19-20). These variants resulted in azithromycin MICs
of 2-16 pg/mL (appendix 1 p 18). Moreover, ten isolates within subclade sc9363.1 (N
gonorrhoeae multiantigen sequence type [NG-MAST] 12302, predominantly in men who
have sex with men [eight of ten]) carried ciprofloxacin resistance (MIC =1 pg/mL) attributed
to mutations in GyrA and ParC (appendix 1 pp 19-20), suggesting continued evolution of
this clade.

Isolates with decreased susceptibility to azithromycin in clades other than clade A (57 of
313) had intermediate-level (MIC 4-16 pg/mL) or high-level (MIC >16 pg/mL) decreased
susceptibility and carried 23S rRNA variants. These isolates were phylogenetically dispersed
and predominantly found in clade Q (represented by ST1584), clade D (represented by
ST7371), and clade B (represented by ST1579; figure 2; table).

Clade Q, represented by ST1584, contained 34 isolates and included multiple subclades
(table). 13 isolates of ST1584 represented multiple HHS geographical areas (region 5, region
6 [AR, LA, NM, OK, and TX], and region 2 [NJ, NY, PR, and VI]), multiple NG-MASTs
(865, 8532, and 8194), had an average SNP distance of 118 (SD 85), and were
predominantly found in men who have sex with women (12 of 13). The 13 isolates carried
an mirR premature stop sequence (truncated MtrR protein; appendix 1 pp 19-20) without
23S rRNA variants, contributing to their relatively low azithromycin MIC (<1 pg/mL).
Within clade Q was a subclade (sc1584.1) of 16 phylogenetically homogeneous isolates
(average SNP distance 9 [SD 5]). These isolates were NG-MAST 7638, solely from HHS
region 9, and predominantly found in men who have sex with men (13 of 16). 16 (100%) of
16 sc1584.1 isolates had decreased susceptibility to azithromycin (MIC 4 pg/mL) and
contained four copies of 23S rRNA 2611C—T and the mirR premature stop sequence.
Although clade Q (represented by ST1584) was present in 2014-16,21 the homogeneous
subclade sc1584.1 with the 23S rRNA mutation 2611C—T (MIC 4-8 pg/mL) was first
identified in 2015-16, showing persistence to 2017 (appendix 1 pp 14-15).

Clade D, represented by ST7371, contained 20 of 22 isolates with intermediate-level
decreased susceptibility to azithromycin (MIC 8-16 pg/mL). Clade D (ST7371) was highly
homogenous (NG-MAST 3169 [19 of 22]), had an average SNP distance of 8 (SD 5), and
was predominantly found in HHS region 3 (DE, DC, MD, PA, VA, and WV) and in men
who have sex with women (21 of 22). 21 of 22 isolates carried four copies of 23S rRNA
2611C—T and variants in the mtrpromoter associated with decreased susceptibility to
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azithromycin. Furthermore, variants were recorded in PBP2, encoded by the penA gene
(Ala501Thr), PBP1, encoded by the ponA gene (Leu421Pro), PorB (Gly120Lys and
Gly121Asp or Gly121Asn), which are associated with reduced susceptibility to other
antibiotics, and GyrA (Ser91Phe and Asp95Asn) and ParC (Ser87lle), associated with
ciprofloxacin resistance (MIC 32 pg/mL; appendix 1 pp 19-20). Clade D (ST7371) isolates
with decreased susceptibility to azithromycin were previously recorded in 201621 showing
strain persistence to 2017 (appendix 1 pp 14-15).

Clade B, represented by ST1579, contained nine (100%) of nine isolates with decreased
susceptibility to azithromycin (MIC 8 pug/mL). Isolates in this clade carried the 23S rRNA
mutation 2611C—T, were highly homogenous (average SNP distance 8 [SD 3]), and were
predominantly found in men who have sex with men (eight of nine) and in the HHS
geographical region 5 (six of nine). The clade carried variants associated with decreased
susceptibility to azithromycin (adenosine deletion in the m#rpromoter, and MtrR His105Tyr)
and a variant associated with decreased susceptibility to cefixime (Leu421Pro in PBP1;
appendix 1 pp 19-20). Isolates were collected throughout 2017, suggesting persistence of
the ST1579 strain, with 23S rRNA variants seen in 2016 (appendix 1 pp 14-15).21 All
isolates were resistant to ciprofloxacin (MIC 4 ug/mL).

Other isolates with decreased susceptibility to azithromycin that carried the 23S rRNA
mutation 2611C—T were distributed among phylogenetically diverse clades and with low
representation, implying limited expansion. These isolates were present in clade O
(represented by ST10932; four of eight isolates with MIC 4-8 ug/mL), clade L (represented
by ST12093; three of four isolates with MIC 2-16 pg/mL), clade E (represented by ST8156
and ST1583; two of 13 isolates with MIC 8 pg/mL), clade G (represented by ST7827; one of
seven isolates with MIC 8 pug/mL), and clade C (represented by ST1901; one of 22 isolates
with MIC 4 pg/mL). Clades represented by ST8156 and ST10932 were present in 2014-16
and 2015-16, respectively, and carried the 2611C—T mutation. Although present earlier,2!
neither ST12093 (2014) nor ST7827 (2014-16) carried 23S rRNA variants before 2017
(appendix 1 pp 14-15), implying introduction of antimicrobial resistance into this strain.
Only two isolates contained the 23S rRNA 2059A—G vari ant (appendix 1 pp 19-20); these
isolates were in clade A (s¢9363.1), were predominantly found in the HHS geographical
region 5, and had high-level decreased susceptibility to azithromycin (MIC >16 pug/mL). The
23S rRNA 2059A—G variant seen in previous years was recorded in separate clades

represented by ST1901 (n=4) in 2016 and ST7822 (n=3) in 2014-15 (appendix 1 pp 14-15).
21

23S rRNA variants have been identified in GISP isolates every year (2000-17), albeit
sporadically. Grad and colleagues!® reported 56% of isolates with decreased susceptibility to
azithromycin were associated with variants of the ribosome, including 23S rRNA variants,
whereas Thomas and colleagues?! reported 20% of isolates with decreased susceptibility to
azithromycin could by accounted for by 23S rRNA variants.?! In this analysis, with
estimation to 100% of 2017 isolates with decreased susceptibility to azithromycin (MIC 2
ug/mL), 66 (30%) of 222 isolates with decreased susceptibility to azithromycin were
associated with 23S rRNA variants (appendix 1 pp 16-17).
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Discussion

The findings of our genomic analysis provide an in-depth description of N gonorrhoeae
strain populations and antibiotic resistance determinants among isolates obtained from the
USA in 2017, and a comparison with populations in 2000-16. Our findings offer an
explanation for the increasing number of patients with decreased susceptibility to
azithromycin because of persistence and expansion of a predominant strain, ST9363. Our
genomic characterisation shows the continued persistence of strain ST9363, with mosaic mtr
locus associated with the phenotype of low-level decreased susceptibility to azithromycin
(MIC 2-4 pg/mL), from its first observation in the USA in 2012 to the current analysis in
2017. Although resistance criteria have not been established for azithromycin, and
insufficient clinical data are available about treatment failures associated with low-level
resistance to azithromycin (MIC 2—4 ug/mL), isolates with these MICs fall outside defined
susceptibility criterial® and are, therefore, concerning for potential treatment failures.

Subclade sc9363.1 carries various mutations of the miroperon, encoding a multiple
transferable resistance efflux pump (MtrCDE), which exports a diverse array of substances,
including antimicrobials and antibiotics. Mutations in mosaic mirR, the mirR promoter, and
mosaic mirD augment expression of the efflux pump (MtrCDE), provide increased pump
efficacy, and contribute to improved biological fitness and survival of N gonorrhoeae in vivo.
19.25.26 gjince 2014, this subclade showed pervasiveness in most HHS-defined US regions
and in populations of men who have sex with men and men who have sex with women.
Isolates in ST9363 carrying mosaic mitrwere identified internationally in Australia in 2012;
these isolates accounted for 85% of those with decreased susceptibility to azithromycin
(MIC =1.0 pg/mL) in Australia by 2017.27 Similar isolates were identified in Canada in
2014,28 suggesting mosaic mtrlocus operon could be contributing to the worldwide rise of
low-level azithromycin resistance (MIC 2-4 ug/mL). Highly functional DNA repair
mechanisms provide N gonorrhoeae with the capability for gene transfer recombination
events to improve infectivity and survival against host defences and to produce gain-of-
resistance determinants (mosaic /1r). We need to understand these mechanisms to minimise
future recombination events that achieve resistance. Similarly, if bacteria are induced to
recombine or select for resistance because of prolonged exposure to subinhibitory
concentrations of azithromycin, based on the long half-life of the antibiotic after treatment,’
then minimisation of exposure (reduction in clinical treatment) could be one approach to
solve this problem.

In addition to a mosaic mirlocus that increases azithromycin MICs just above the
susceptibility level 2025 multiple copies of 23S rRNA variants result in decreased
susceptibility to azithromycin (MICs =4 pg/mL).1” Our genomic analysis identified diverse
populations of isolates carrying the 23S rRNA variants 2611C—T and 2059A—G, which
are associated, respectively, with intermediate-level (MIC 4-16 ug/mL) and high-level (MIC
>16 pg/mL) decreased susceptibility to azithromycin. Persistence and loss of these clades,
along with introduction of new strains with 23S rRNA variants, maintained the proportion
(0-2-0-9%) of isolates with decreased susceptibility to azithromycin (MIC 8-16 pg/mL)
reported in 2013-17.1 The 23S rRNA variant 2611C—T was phylogenetically distributed
within multiple clades (represented, for example, by ST9363, ST7371, ST1584, and
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ST1579). These persistent populations belonged either to highly clonal clades (eg, ST7371
in men who have sex with women or ST1584 in men who have sex with men) represented in
one HHS-defined US region or to genetically similar, geographically dispersed populations
(eg, ST1579 in men who have sex with men). Other sequence types (eg, ST12093 with the
2611C—T variant, or ST9363 with the 2059A—G variant) suggest novel introduction of or
potential losses of 23S rRNA variants within a strain (eg, ST7822 with the 2611C—T
variant, or ST1901 with the 2059A—G variant). Previous studies suggest biological fitness
and stability of strains with 23S rRNA variants (eg, 2059A—G)29:30 or mosaic mtrlocus,
19.25.26 \which continue to be of concern for the potential clinical failure of monotherapy.1°16
However, strains with 23S variants in our study represented homogeneous less expansive
networks than presumed for the ST9363 strain. Understanding the reasons behind the low
expansion of 23S rRNA variants, with respect to the expansive transmission of clade
ST9363, in addition to the role of DNA repair and recombination in biological fitness and
transmissibility, could be invaluable to slow the spread of drug-resistant N gonorrhoeae.
Continued genomic monitoring of strains is crucial,3! and increased understanding of the
networks of transmission and spread within these networks might provide further direction
for public health response in the control of drug-resistant N gonorrhioeae.

A strength of our study was the origin of sequenced isolates from robust sentinel
surveillance in GISP,22 whereas many other surveillance systems include more passively
collected strains, sometimes emphasising cases with clinical complications. Our study also
had several limitations. GISP collection includes only specimens from men. GISP does not
discriminate from repeat individuals or networked partners; both conditions can introduce
bias. Although there is no way to quantify the degree of overlap, the occurrence is expected
to be low. We assume that all isolates are independent. The number of isolates studied
(n=410) could be insufficient for complete accurate representation of low-prevalence strains
or low-frequency antibiotic resistance determinants, but the number was sufficient for full
geographical representation across the major clades. Selection of 30% of isolates with low-
level resistance to azithromycin (MIC 2 pg/mL), although balanced in representation across
most HHS geographical regions, required estimation to 100% of isolates with MIC of 2
ug/mL, which could result in unknown biases. An additional limitation is that the selection
criteria and number of isolates included in our analysis differed from those in previous
studies, and direct comparison of counts or prevalence has limitations. 2017 was the first
year when GISP laboratory work was mostly done in public health laboratories from the
regional AR Lab Network. Since isolates were submitted for sequencing before finalisation
of the reconciliated year-end GISP list, 4% of isolates in our bioinformatic analyses were
later removed from GISP accounting. It is unknown how this minor discrepancy in isolate
selection affects the analyses; a potential minor and unknown bias is acknowledged. Some
isolates selected were not available for sequencing because of unforeseen circumstances
(appendix 1 pp 3—-4). Going forward, CDC is building a laboratory network for sustainable,
future, molecular surveillance efforts.31

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

For molecular analyses of Neisseria gonorrhoeae, including whole-genome sequence
analyses, with target surveillance dates of 2013-17, we searched PubMed between 2014
and 2019 with the keywords “/Neisseria gonorrhoeae”, “antibiotic susceptibility”,
“resistance”, “resistance determinants”, “genomic”, “surveillance”, “mtrR”, “mtr
operon”, and “ST 9363”. For 23S rRNA variants, we searched PubMed with no date
restriction with the keywords “Neisseria gonorrhoeae’, “rRNA variant”, and “23S
rRNA”. For drug studies, we searched PubMed between 1990 and 2019 with the
keywords “Neisseria gonorrhoea€’, “gonorrhea”, “treatment”, “therapy”, and
“azithromycin”. Reports of molecular surveillance from Europe, Canada, China, Japan,
and the USA were reviewed, and decreasing susceptibility to azithromycin was reported.
For example, in the USA, the Gonococcal Isolate Surveillance Project (GISP) showed
that the percentage of N gonorrhoeae isolates with reduced azithromycin susceptibility
increased from 0-6% in 2013 to 4-4% in 2017. The WHO Gonococcal Antimicrobial
Surveillance Programme showed decreasing susceptibility to azithromycin across
multiple WHO regions during 2009-14. Reports provided descriptions of prevalent strain
types, common antimicrobial-resistant determinants, and initial observations of novel
resistant mechanisms, but they did not address whether reduced susceptibility of
azithromycin to N gonorrhoeae strains was associated with a particular resistance
mechanism. This paucity of information raises the question as to which resistance
mechanisms are associated with the declining susceptibility to azithromycin and whether
there is spread of strains harbouring select resistance mutations.

Added value of this study

We did a genomic analysis of N gonorrhoeae isolates obtained by GISP. We identified
one predominant phylogenetic cluster with decreased susceptibility to azithromycin
(minimum inhibitory concentration 2—4 pg/mL) carrying a mosaic mirefflux pump locus
sequence. In 2017, this clade in the USA represented 69% of isolates with decreased
susceptibility to azithromycin, whereas in 2012 it represented a minority of isolates with
reduced susceptibility. The increase in prevalence of this clade could account for the rise
in isolates with decreased susceptibility to azithromycin recorded in GISP and
emphasises the importance of recombination as an antimicrobial-resistance determinant
and the biological advantage and stability of this strain. Additionally, persistence of 23S
rRNA resistance determinants in multiple strains suggests stability of isolates with this
mechanism of decreased susceptibility to azithromycin.

Implications of all the available evidence

Our data provide genetic characterisation of and a genomic mechanism for the decreasing
susceptibility to azithromycin noted in the USA between 2013 and 2017. One strain with
a mosaic mtr locus shows a wide demographic distribution and persistence and increased
representation over multiple years. Continued transmission of this clade is likely and
might support prolonged rises in the prevalence of isolates with decreased azithromycin
susceptibility in the USA. The importance of this finding is emphasised by the concern of
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potential global spread of this strain, with initial observations of a similar strain in
Australia (2012) and Canada (2014). By 2017, the Australian strain accounted for 85% of
isolates with decreased susceptibility to azithromycin. Use of ongoing global surveillance
assists in guiding decisions about recommendations for gonorrhoea treatment.
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Figure 1: Distribution of multilocus sequence types for 410 isolates from the USA in 2017
The 22 most numerous sequence types, which include five or more isolates, are shown

according to susceptibility to azithromycin, ceftriaxone, and cefixime. Decreased
susceptibility to azithromycin is defined as MIC >2 pg/mL. Decreased susceptibility to
cefixime is defined as MIC =0-250 pg/mL. Decreased susceptibility to ceftriaxone is defined
as MIC =0-125 pg/mL. MIC=minimum inhibitory concentration.
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Figure 2: Maximum-likelihood core-genome phylogenetic tree of 410 Neisseria gonorrhoeae
isolates from the USA in 2017

The reference genome was FA19 (GenBank accession CP012026.1). 19 clades (labelled A-
S) are shown, with susceptibility profiles and relevant antibiotic resistance determinants.
Variants are described in appendix 1 (pp 19-20). Isolates susceptible to azithromycin are
defined as MIC <1 pg/mL; decreased susceptibility to azithromycin is categorised with
MICs of 2-4 pg/mL, 8 ug/mL, and =16 pug/mL. Isolates susceptible to cefixime are defined
as MIC <0-125 pg/mL, and those with decreased susceptibility are defined as MIC =0-250
pg/mL. Isolates susceptible to ceftriaxone are defined as MIC <0-060 pg/mL, and those with
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decreased susceptibility are defined as MIC =0-125 pg/mL. Isolates susceptible to
ciprofloxacin are defined as MIC <0-5 pg/mL, and those with decreased susceptibility are
defined as MIC >1.0 pg/mL. The antimicrobial resistance determinants 23S rRNA
2611C—T and 2059A—G are categorised by cumulative number of variant rRNA copies
present (one to four copies). penA identifies mosaic and non-mosaic penA alleles.
Categorisation of isolates by sexual orientation of the individual from whom the isolate was
obtained is also shown. MIC=minimum inhibitory concentration. MSW=men who have sex
with women. MSM=men who have sex with men. MSMW=men who have sex with men and
women.
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Figure 3: Region of the maximum-likelihood core-genome phylogenetic tree representing clade A
Variants are described in appendix 1 (pp 19-20). Aligned antimicrobial determinants

emphasise the separation of the parental clade (ST9363) and subclade 9363.1. Isolates
susceptible to azithromycin are defined as MIC <1 pg/mL; decreased susceptibility to
azithromycin is categorised with MICs of 2-4 pg/mL, 8 ug/mL, and =16 pg/mL. The
antimicrobial resistance determinants 23S rRNA 2611C—T and 2059A—G are categorised
by cumulative number of variant rRNA copies present (one to four copies). mtrR locus is
described by mtrR mosaic (wild-type non-mosaic or mosaic) and mtrR promoter (C
substitution or A deletion in the 13-bp inverted repeat). Amino acid substitutions in MtrR
(Ala39Thr, Gly45Asp, and His105Tyr), MtrD (Lys823Glu, representing /mirD mosaicity),
and PorB (Gly120Lys and Gly121Asp or Asn) are also shown. miroperon and porB and
penA are defined antibiotic resistance genes for cefixime, ceftriaxone, and penicillin.19.20
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penA identifies mosaic and non-mosaic penA alleles. MIC=minimum inhibitory
concentration.
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Figure 4: Schematic of mtr locus of Neisseria gonorrhoeae

Arrows indicate the direction of transcription. The coloured lines above the mirlocus
indicate the mosaic region in clade A isolates with mosaic mitrD only (upper line) and in

subclade 9363.1 with mosaic mirR, promoter, and mosaic mirCDE (lower line).
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