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A B S T R A C T

Objectives: The prevalence of Neisseria gonorrhoeae NG-MAST genogroup G1407, associated with
decreased susceptibility to extended-spectrum cephalosporins and fluoroquinolone resistance, has
declined in Europe and it switched from circulating predominantly in men who have sex with men
(MSM) in 2009–2010 to heterosexuals in 2013. We hypothesise that changes to gonorrhoea treatment
guidelines combined with differences in country-level consumption of cephalosporins and quinolones
contributed to this shift.
Methods: Linear regression was used to evaluate the association between changes in prevalence of G1407
between 2009–2010 and 2013 and country-level consumption of quinolones and cephalosporins in 2011/
12 in 20 European countries.
Results: Whilst the prevalence of G1407 declined between 2009–2010 and 2013 in the EU/EEA, its
absolute prevalence increased by 10% or more in three countries. The national prevalence of G1407 in
2013 was positively associated with population-level general cephalosporin and quinolone consumption
in the preceding 2 years. The association between the prevalence of G1407 and proportion of the national
sample derived from MSM was non-significant in 2009–2010 and was negative in 2013.
Conclusions: Our results are broadly compatible with the hypothesis that changes in gonorrhoea therapy
to the more efficacious ceftriaxone (plus azithromycin) from 2010 to 2011 onwards resulted in a reduced
prevalence of the resistance-associated G1407 overall but in MSM in particular. High population-level
consumption of quinolones and cephalosporins in certain countries then contributed to the selection of
G1407 predominantly in heterosexuals in these countries.

© 2020 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial
Chemotherapy. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

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

1. Introduction

Much remains to be learnt about the factors that drive
antimicrobial resistance (AMR) and its differential presence and
spread in Neisseria gonorrhoeae. Two factors that have been shown
to play an important role are travel and exposure to antimicrobials
[1,2]. Unsurprisingly, infection with gonococcal strains from

countries with a high prevalence of AMR has been shown to be
a risk factor for antimicrobial-resistant infection [1,2]. The related
question as to why some countries developed a high prevalence of
gonococcal AMR in the first place is most plausibly explained by
high general antimicrobial exposure, incorrect use of antimicro-
bials in general and in gonorrhoea treatment in particular, and lack
of follow-up of patients and surveillance of AMR emergence and
spread [3–5]. This is illustrated by the emergence of resistance to
extended-spectrum cephalosporins, which was first documented
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urprising if we consider that in 2000, Japan’s per capita general
ephalosporin consumption was twice that of the country with the
econd highest consumption and 72 times that of the lowest
onsumer [4], and additionally many suboptimal oral cephalo-
porins were available for treatment of gonorrhoea and other
nfections [8]. High per capita general consumption of cepha-
osporins could lead to gonococcal AMR via bystander selection [9].
eisseria gonorrhoeae infection is frequently asymptomatic and
ersists for months [10]. As a result, antimicrobials used for other
ndications may select for resistance in asymptomatic gonococcal
nfections (direct bystander selection). Antimicrobial use, regard-
ess of indication, has also been shown to select for AMR in
ommensal Neisseria spp., which could then transfer these AMR
eterminants through horizontal gene transfer to co-infecting or
ncoming gonococci (indirect bystander selection [11]). Antimi-
robials used to treat gonorrhoea could also select for AMR both via
irect and indirect mechanisms, particularly if they do not
radicate all gonococci or if they produce long subtherapeutic
ails (gonorrhoea therapy selection) [12–14].

Studies have provided support both for bystander and
onorrhoea therapy selection. A global study found support for

 bystander effect—both in 2008 and 2013, population-wide
ational-level consumption of cephalosporins was found to
redict the prevalence of decreased susceptibility or resistance
o extended-spectrum cephalosporins in N. gonorrhoeae [4]. The
ame was true for quinolones and macrolides, but the relationship
as weakest for macrolides [4]. Ecological studies from the USA
ave found positive [15] and negative [16] evidence of bystander
election. A recent study from 24 European Union/European
conomic Area (EU/EEA) countries found positive associations
etween population-level general cephalosporin use and two
arkers of cefixime and ceftriaxone decreased susceptibility,
amely geometric mean minimum inhibitory concentration (MIC)
verall and geometric mean MIC among susceptible isolates.
imilar associations were found for quinolone use and ciprofloxa-
in resistance, but not for macrolide use and resistance [3].
In the present paper, we extend this EU/EEA analysis by

valuating country-level associations between general consump-
ion of cephalosporins/quinolones and changes in the prevalence
f NG-MAST (N. gonorrhoeae multiantigen sequence typing)
enogroups associated with decreased susceptibility or resistance
o extended-spectrum cephalosporins and resistance to

fluoroquinolones. This analysis makes use of two large surveys
of gonococcal AMR that have been performed in 20 European
countries—Euro-GASP (European Gonococcal Antimicrobial Sur-
veillance Programme) 2009/10 and Euro-GASP 2013. In the 2009–
2010 survey, the dominant NG-MAST genogroup overall was
G1407, which was strongly associated with decreased susceptibili-
ty or resistance to extended-spectrum cephalosporins and
resistance to fluoroquinolones. Previous surveillance studies have
indicated that G1407 may have emerged within multilocus
sequence typing (MLST) ST1901 in Japan in early 2000s [17]. It
was subsequently transmitted to Europe, spread rapidly, and had
become the predominant NG-MAST genogroup by 2009–2010 [18].
All G1407 isolates in 2009–2010 were resistant to ciprofloxacin and
none were highly susceptible to cefixime (96% had MICs of
�0.06 mg/L). G1407 has also been strongly associated with clinical
failure to cefixime therapy [8,18].

In response to this rapid increase in cefixime resistance,
guidelines in Europe and elsewhere changed the recommended
therapy for gonorrhoea from cefixime to dual therapy with
ceftriaxone and azithromycin [19]. The UK, for example, changed
its treatment guidelines along these lines in 2010/11 [20–22]. This
was followed by a decline in the prevalence of UK isolates with
decreased susceptibility to cefixime—a decline that was mirrored
by a decreased prevalence of the NG-MAST G1407 clone [21]. In
2012, ceftriaxone plus azithromycin, which was already being used
in several countries, was officially recommended for all European
countries [19]. By the time of the 2013 Euro-GASP survey, a
decrease in cefixime non-susceptibility and a decline in the
prevalence of the NG-MAST G1407 clone from 23.3% in 2009–2010
to 16.5% in 2013 was found [23,24]. However, this decline in the
prevalence of G1407 was limited to eight countries and the
prevalence of G1407 actually increased in a number of countries
(Table 1). Even more intriguingly, whereas G1407 had been
associated with men who have sex with men (MSM) in 2009–2010
(odds ratio = 1.8; P = 0.003), by the 2013 survey it was strongly
associated with heterosexuals [odds ratio = 6, 95% confidence
interval (CI) 3–13] [18,23,24]. In 2013, NG-MAST G1407 remained
strongly associated with AMR—19.5% of isolates were cefixime-
resistant compared with 0% of other main genogroups [24].

The reasons for these rapid changes in the epidemiology of
G1407 and other NG-MAST genogroups in Europe are largely
unknown. In this paper, we test the hypothesis that changes to

able 1
revalence (%) of most frequently observed Neisseria gonorrhoeae NG-MAST genogroups in each country in the 2009–2010 [18] and 2013 [24] Euro-GASP surveys.

Country 2009–2010 2013

N G1407 G2992 G225 N G1407 G2992 G225 G51 G2400 G21

Austria 50 46 4 4 54 9 2 6 2 4 0
Belgium 50 20 8 6 55 16 16 2 2 7 2
Cyprus 12 50 0 0 8 75 0 0 0 0 0
Denmark 50 30 2 14 55 22 7 4 2 7 0
France 50 8 14 6 57 7 11 5 4 7 2
Germany 50 30 0 4 47 21 11 0 4 2 0
Greece 50 24 0 4 48 25 2 21 0 2 6
Hungary 17 47 0 6 48 42 0 8 0 4 0
Iceland – – – – 5 0 0 0 0 20 20
Italy 50 38 14 2 26 12 35 4 0 15 4
Latvia 29 0 0 10 38 13 5 0 3 0 47
Malta 50 6 2 62 20 10 50 5 0 0 0
Netherlands 100 19 8 5 66 2 18 0 9 15 14
Norway 49 16 27 0 55 18 4 7 0 13 0

Portugal 50 18 8 8 108 24 4 2 4 6 7
Slovakia 50 38 0 30 38 24 11 3 32 3 0
Slovenia 50 38 4 16 54 7 4 2 15 0 19
Spain 100 36 11 6 116 20 8 9 3 9 10
Sweden 50 2 6 18 50 16 2 6 0 4 10
UK 100 15 4 2 106 5 12 0 13 6 3
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gonorrhoea treatment guidelines combined with differences in
country-level general consumption of cephalosporins and quino-
lones contributed to these changes (Fig. 1).

2. Methods

2.1. Data sources

2.1.1. 2013 Euro-GASP survey
The detailed study protocol for the 2013 survey has been

published elsewhere [23,24]. In brief, 1054 isolates from 20
countries (1 per gonorrhoea case) were collected between
September and November 2013 from 20 Euro-GASP countries
and antimicrobial susceptibility testing and whole-genome
sequencing (WGS) were performed [24]. Briefly, each country
was asked to provide 50 isolates from 50 different individuals,
except in the case of the UK, Spain and the Netherlands where 100
isolates were requested. Epidemiological data were collected with
each isolate and antimicrobial susceptibility testing was per-
formed either centrally (8 countries) or decentralised (12
countries). MICs were determined by Etest for cefixime and
ceftriaxone and by Etest or agar dilution for ciprofloxacin.

NG-MAST alleles were identified in silico based on tbpB and
porB sequences derived from WGS. Different NG-MAST sequence
types (STs) were assigned to a NG-MAST genogroup if their porB
and tbpB sequences were sufficiently similar. Genogroups were
named after the predominant ST [23]. As an example, G1407 is the
genogroup in which ST1407 is the predominant ST.

We used the publicly available, individual-level data sets for
this survey [24].

2.1.2. 2009–2010 Euro-GASP survey
Aggregate published data from the Euro-GASP 2009–2010

survey were used [18]. The survey used a similar methodology to
the 2013 survey [24]. A total of 1066 isolates (1 per gonorrhoea
case) from 21 countries were used for molecular epidemiological
typing with NG-MAST. These included 19 of the 20 countries

2.2. Genogroups

2.2.1. Cephalosporins
Of the two cephalosporins assessed, resistance was only

detected in an appreciable number of isolates to cefixime, and
this resistance was almost exclusively concentrated in G1407
isolates. For cephalosporins, the association between population-
level general consumption and genogroup prevalence was thus
limited to G1407.

2.2.2. Quinolones
Considering genogroups larger than 10 isolates, with the

exception of G4822, all of the genogroups could be characterised
as being either highly (>93%) fluoroquinolone resistant or
susceptible (Table 2). Only one of these genogroups (G1407) was
large enough (defined as >10% of the sample), once split over 20

Fig. 1. Conceptual framework illustrating hypothesised associations between Neisseria gonorrhoeae NG-MAST genogroup 1407 (which is strongly associated with decreased
susceptibility or resistance to cephalosporins) and sexual orientation in two treatment eras. In 2009–2010, when the less potent cefixime was favoured for gonorrhoea
treatment, this selected for emergence, maintenance and/or spread of cephalosporin resistance-associated NG-MAST genogroups (such as G1407) in groups with a high
prevalence of gonorrhoea and hence high exposure to cefixime, such as men who have sex with men (MSM). In 2013, when ceftriaxone plus azithromycin was recommended
therapy, which effectively eradicates G1407 in all anatomical sites, the selection for resistant NG-MAST genogroups in MSM was relaxed, this reservoir of NG-MAST G1407 was
targeted and eradicated, and trumped by population-level general consumption of cephalosporins that selected for resistant NG-MAST genogroups in (heterosexual)
populations with high cephalosporin consumption. The large oblong shape represents the total N. gonorrhoeae population in the 2009–2010 [18] and 2013 [24] Euro-GASP
surveys. Variations in the blue gradient represent variations in cephalosporin consumption in the general population, which vary between 0.0 and 7.2 defined daily doses/
1000 population per day between European countries. The green shape represents G1407 isolates. The diagram is schematic and not an accurate reflection of survey data.

Table 2
Prevalence of ciprofloxacin resistance by NG-MAST genogroup in 1054 isolates with
whole-genome sequencing performed in Euro-GASP 2013a [24].

Genogroup N Ciprofloxacin-resistant [n (%)]

G1407 174 172 (98.9)
G2992 94 0 (0)
G21 70 3 (4.3)
G2400 65 65 (100)
G51 55 1 (1.8)
G225 46 46 (100)
G387 33 0 (0)
G4995 31 31 (100)
G7445 18 0 (0)
G292 17 1 (5.9)
G10419 16 1 (6.3)
G8919 16 0 (0)
G10801 15 15 (100)
G5624 15 15 (100)
G2 14 1 (7.1)
G359 14 0 (0)

G995 14 0 (0)
G5333 13 13 (100)
G10799 12 12 (100)
G1993 11 0 (0)
G4822 11 6 (54.5)

a Two isolates with intermediate susceptibility to ciprofloxacin were classified as
susceptible.
included in the 2013 survey. Iceland was included in 2013 but not
2009–2010 and Romania was included in 2009–2010 but not 2013.
The same methodology was used to classify isolates into NG-MAST
genogroups as used in the 2013 survey, however the porB and tbpB
sequences were obtained by conventional Sanger sequencing in
2009–2010 [18].
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ountries, to generate accurate prevalence estimates. The median
ize of the other genogroups with n > 10 was 16 [interquartile
ange (IQR) 14–46]. These were too small to generate accurate
revalence estimates. As a result, the association between
enogroup and consumption was assessed for G1407 by itself,
nd for the other genogroups with n > 10 a ‘composite fluoroquin-
lone resistance genogroup’ prevalence variable was used. This
as calculated as the country-level number of isolates from all
enogroups with n > 10 and >93% ciprofloxacin resistance divided
y the total number of isolates from genogroups with n > 10. In
hese calculations, the 11 isolates from G4822 were coded as
issing since G4822 was the only genogroup that could not be
lassified as either highly resistant or susceptible (Table 2).

.2.3. Change in genogroup
The country-level prevalence of three genogroups was reported

n 2009–2010 and 2013. The change in G1407 prevalence was
alculated by subtracting the prevalence in 2009–2010 from 2013.

.3. Antimicrobial consumption

Data from the European Surveillance of Antimicrobial Con-
umption (ESAC) were used as a measure of national general
opulation-level antimicrobial drug consumption [25,26]. ESAC
rovides open access to the data it collects on antimicrobial use in
mbulatory care and hospital care in European countries [25,26].
ll 20 countries participating in the 2013 Euro-GASP study
eported data on ambulant antimicrobial consumption to ESAC.
SAC reports antimicrobial consumption as the number of defined
aily doses (DDD) per 1000 inhabitants (DID) following the World
ealth Organization (WHO) guidelines [26,27]. One DDD is defined
s the average maintenance dose per day for a drug used in its main
ndication for adults [26]. Data provided by ESAC have been shown
o be accurate and to correlate closely with those produced by
ther methodologies [26].
In our study, we used the total country-specific antimicrobial

rug use in ambulatory care broken down into the following major
ntimicrobial classes: J01D, other β-lactam antimicrobial agents
cephalosporins, monobactams and carbapenems; we refer to this
lass as cephalosporins); and J01MA, quinolones.
Data were available from 2011 to 2013. We computed and used

s explanatory variable the mean consumption for each antimi-
robial class and country for the period 2011/12. All consumption
gures are reported as DID/day.

.4. Analysis

Linear regression was used to assess the associations between
he prevalence of NG-MAST G1407 in a country in 2013 and the
onsumption of cephalosporins and quinolones in 2011/12.

.4.1. Correlation between prevalence of G1407 and proportion of men
 2009–2010 and 2013
We used linear regression to assess the correlation between

he country-level prevalence of G1407 in 2009–2010 and the
roportion of isolates that were obtained from men [28]. This
as then repeated for 2013. We used this measure as a proxy

or the proportion of isolates obtained from MSM. We reasoned
hat this would provide a more accurate measure of the
elative proportion of the samples that were from MSM than

3. Results

The demographic characteristics of the survey participants in
2009–2010 and 2013 are provided in Table 3. The sexual
orientation was known for a higher proportion of isolates in
2009–2010 than 2013 (62% vs. 47%; P < 0.001). This proportion also
varied between the eight largest genogroups in 2013—from a high
of 74.5% in G51 to a low of 35.1% in G1407 (Supplementary
Table S1). In both surveys the majority of the isolates (81–84%)
were from men.

3.1. Cephalosporins

3.1.1. Consumption
There were large variations in cephalosporin consumption

between countries. Consumption (in DID/day) was highest in
Cyprus (5.8) and Greece (7.2) and lowest in the Netherlands (0.0)
and Denmark (0.1). Median consumption was 1.5 (IQR 0.4–2.7)
(Table 4).

3.1.2. NG-MAST genogroups

3.1.2.1. G1407. Whilst the prevalence of G1407 declined from 2009
to 2010 to 2013 in the EU/EEA as a whole, its prevalence increased
by an absolute 10% or more in Cyprus, Latvia and Sweden (Table 1).
The national prevalence of G1407 in 2013 was positively associated
with cephalosporin consumption in the preceding 2 years
(coeff. = 3.9, 95% CI 0.5–7.4) (Fig. 2). The change in prevalence of
G1407 between 2009–2010 and 2013 was positively associated
with cephalosporin consumption but this association was not
statistically significant (coeff. = 2.1, 95% CI �1.5 to 5.8) (Fig. 2).

3.2. Quinolones

3.2.1. Consumption
Quinolone consumption varied 9-fold between a low of 0.4 and

0.6 in the UK and Norway, respectively, and a high of 3.7 and 3.5 in
Cyprus and Italy, respectively (median 1.7, IQR 0.9–2.5) (Table 4).

3.2.2. NG-MAST genogroups
The prevalence of G1407 in 2013 was positively associated with

quinolone consumption, but this association was not statistically

Table 3
Demographic characteristics of individuals providing isolates for Euro-GASP 2009–
2010 [18] and 2013 [24] surveys.

2009–2010 [n (%)] 2013 [n (%)]

N 1066 1054
Age <25 years 32% 28%
Age �25 years 68% 72%
Known sex 1050 (98) 1045 (99)
Male 868 (81) 884 (84)
Known sexual orientation 660 (62) 499 (47)**
Males of known sexual orientation 478/868 (55) 414/884 (47)*
MSMa 222/478 (46) 206/414 (50)*
Heterosexuals 438/660 (66) 294/499 (59)*

MSM, men who have sex with men.
a The percentage refers to the percent MSM in those males with known sexual

orientation.
* P < 0.05.
** P < 0.005 (χ2 test).
he sexual orientation variable, as for nine countries no MSM
ere reported despite men constituting 66% or more of the
amples (Table 3).
All statistical analyses were performed in Stata 13.0 (Stata

tatistical Software: Release 13; StataCorp LP, College Station, TX,
SA). A P-value of <0.05 was regarded as statistically significant.
38
significant (coeff. = 9.4, 95% CI 2.4–16.3) (Fig. 3). The change in
prevalence of G1407 from 2009 to 2013 was not significantly
associated with quinolone consumption (Fig. 3).

The composite prevalence of quinolone-resistant genogroups
varied between 17% in Latvia and 100% in Cyprus. This variable was
also positively associated with quinolone consumption
0
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(coeff. = 8.4, 95% CI �1.5 to 18.2), but the association was not
statistically significant (P = 0.091).

3.4. Correlation between proportion of men and prevalence of NG-
MAST G1407 in 2009–2010 and 2013

Table 4
Characteristics of isolates from 20 countries included in Euro-GASP 2013 survey (n = 1054) [24] and average cephalosporin and quinolone consumption in 2011/12 for these
countries.

Country N MSM (%) Men (%) Cephalosporin consumption (DID/day) Quinolone consumption (DID/day)

Austria 54 8.6 70.6 1.65 1.3
Belgium 55 39.3 90.7 1.5 2.75
Cyprus 8 0 66.7 5.75 3.65
Denmark 55 0 68.2 0.05 0.6
France 57 0 83.8 2.5 1.85
Germany 47 30 87.9 2.75 1.45
Greece 48 28.8 100 7.15 2.5
Hungary 48 0 84.5 1.85 1.95
Iceland 5 0 100 0.65 1.05
Italy 26 62.2 94.9 2.45 3.5
Latvia 38 0 73.7 0.5 1
Malta 20 44.8 83.9 5.5 1.95
Netherlands 66 79.9 88.5 0 0.8
Norway 55 0 88.1 0.1 0.6
Portugal 108 16.7 87.3 1.55 2.6
Slovakia 38 12.4 70.9 3.7 2.25
Slovenia 54 36.8 91.8 0.3 1.1
Spain 116 0 92.4 1.45 2.55
Sweden 50 0 67 0.2 0.75
UK 106 66.1 89.1 0.4 0.4

MSM, men who have sex with men; DID, defined daily doses (DDD)/1000 population.

Fig. 2. (a) Consumption of cephalosporins 2011/12 (defined daily doses/1000 population/day) versus prevalence of NG-MAST G1407 in 2013 [24] and (b) change (delta) in
G1407 prevalence between 2009–2010 [18] and 2013 [24] in 20 European countries.

Fig. 3. (a) Consumption of quinolones in 2011/12 (defined daily doses/1000 population/day) versus prevalence of NG-MAST G1407 in 2013 [24] and (b) change (delta) in
G1407 prevalence from 2009–2010 [18] to 2013 [24] in 20 European countries.
3.3. Correlation between cephalosporin and quinolone consumption

The mean 2011/12 consumption of cephalosporins and
quinolones was positively correlated (r = 0.61; P = 0.002) (Supple-
mentary Fig. S1).
381
The country-level association between the proportion of
isolates from men and the prevalence of G1407 switched from a
non-significant association in 2009–2010 to a negative association
in 2013 (coeff. = �0.93, 95% CI �1.83 to �0.02) (Supplementary
Fig. S2).
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. Discussion

Neisseria gonorrhoeae is well known to be able to rapidly adapt
o external pressures. The 2009–2010 [18] and 2013 [23,24]
uropean surveys we analysed provide further evidence of how
apidly the epidemiology of N. gonorrhoeae can change. Whilst
1407 remained highly resistant to cefixime/fluoroquinolones and
tayed the predominant genogroup, its relative prevalence
eclined. Furthermore, whereas it was circulating predominantly
n MSM networks in 2009–2010, this had changed to heterosexual
etworks in 2013. Although its prevalence declined overall, it
ncreased in absolute terms by 10% or more in three countries
23,24]. A key finding of our study was that in general these
ountries consumed more cephalosporins and quinolones than
ountries where the prevalence of G1407 declined. In addition, we
ound that the composite prevalence of fluoroquinolone-resistant
enogroups was positively associated with quinolone consump-
ion, although this association was not statistically significant.

These findings could be explained in a number of different
ays. Changes in recommended gonorrhoea treatment together
ith population consumption of cephalosporins and quinolones
rovides one relatively parsimonious explanation (Fig. 1).
For a number of reasons, cefixime is less potent and more likely

o induce cephalosporin resistance than ceftriaxone [8,12]. The
witch to ceftriaxone (plus azithromycin) from 2010/11 onwards is
herefore a plausible explanation for the decline in cefixime
esistance and its associated NG-MAST genogroups (G1407)
etween the two surveys. This effect has been most clearly
stablished in the UK where the therapy change from cefixime to
eftriaxone plus azithromycin in 2010/11 was followed by a decline
n the proportion of isolates with decreased susceptibility to
efixime from 17% in 2010 to 11% in 2011 [21].
This does not, however, completely explain why G1407 first

irculated predominantly in MSM and then in heterosexuals.
lthough speculative, one explanation is that in countries with
ore intensive gonorrhoea screening/treatment programmes for
SM, the widespread use of a resistance-prone gonorrhoea

herapy such as cefixime could place a greater selection pressure
or the emergence and/or maintenance of resistant gonococcal
trains such as G1407 in MSM, especially in the pharynx that is
ore effectively targeted by ceftriaxone plus azithromycin

herapy, than in heterosexuals. Several guidelines advocate
creening MSM up to every third month [29,30] and given N.
onorrhoeae equilibrium prevalences of �10% this plus treatment
f symptomatic gonorrhoea/chlamydia can result in very high
xposure to macrolides and cephalosporins [31]. This would in
urn be predicted to place a selection pressure on the emergence
nd/or maintenance of gonococcal strains resistant to these agents
13]. Weak evidence to this effect is available from countries such
s the UK where a high proportion of MSM (70% in 2010) report
egular sexually transmitted infection (STI) screening and where
oth fluoroquinolone/cefixime resistance first emerged explosive-
y in MSM, and where this resistance was associated with G1407
20,21,32]. By 2009/2010, the MIC distribution of cefixime and
eftriaxone in MSM in the UK was considerably right-shifted
ompared with women in 2010 [21]. By 2013, following the switch
o ceftriaxone plus azithromycin in 2010, overall rates of cefixime
esistance were reduced and the right shifting of the MIC
istributions of cefixime and ceftriaxone in MSM was almost no
onger present [32]. In countries such as Belgium, where STI

treatment with a suboptimal treatment regimen could thus have
created a selection pressure for the spread of a decreased
cephalosporin susceptibility genogroup such as G1407 in MSM.
Conversely, the switch to a highly effective therapy (ceftriaxone
plus azithromycin) could plausibly have reversed this selection
pressure in MSM and resulted in the relative decline of G1407 in
MSM, i.e. by effectively targeting also a reservoir of G1407, e.g. in
the pharynx. Our finding that the association between the national
proportion of N. gonorrhoeae G1407 isolates and the proportion of
the isolates originating from men switched from non-significant in
2009–2010 (cefixime period) to negative in 2013 (ceftriaxone plus
azithromycin period) may be construed as supportive evidence.
Data from the Gonococcal Isolate Surveillance Project (GISP) in the
USA is also broadly supportive. The switch from cefixime to
ceftriaxone plus azithromycin occurred at roughly the same time
as in Europe and was associated with a decline in cefixime
resistance overall (1.4% in 2010 to 0.4% in 2013) [34]. Likewise, in
the USA, the relative prevalence of cefixime resistance in MSM
versus men who have sex with women declined from 10.5-fold
higher in 2010 to 2.7-fold higher in 2013 [34].

This theory might thus at least partly explain the observed
decline in cefixime resistance overall and particularly in MSM in
several countries. It would also explain the relative decline of
G1407 in MSM. Population-level consumption of antimicrobials
could then have affected the subsequent increase of G1407 in
certain heterosexual populations but not others. Populations with
high consumption of cephalosporins/quinolones would generate a
fitness advantage for gonococci with decreased susceptibility to
these antimicrobials. This would be expected to be mainly via
indirect and direct bystander selection. This consideration could
then explain both how G1407 strains became more prevalent in
heterosexuals than MSM and how this occurred predominantly in
countries with higher levels of antimicrobial consumption.

The present analysis has several limitations. It is purely
ecological and is thus susceptible to the ecological inference
fallacy. Whilst the antimicrobial consumption estimates have been
validated in a number of studies, this is less true of the N.
gonorrhoeae prevalence estimates. For both the 2009–2010 [18]
and 2013 [23,24] surveys, the national prevalence estimates are
typically based on a small number of isolates, which might make
them non-representative. An evaluation of Euro-GASP did,
however, find that Euro-GASP provided relatively accurate national
prevalence estimates of AMR in participating countries [35]. A high
proportion of isolates had missing data for key variables such as
sexual orientation. Of particular relevance, G1407 isolates in 2013
were associated with missing data on sexual orientation, which
may confound the present analyses [24]. ESAC does not provide
data for cephalosporins alone but only as a combined category of
cephalosporins, monobactams and carbapenems. This may have
led to a misclassification bias, but this would be expected to reduce
not increase the strength of the statistical association. Further-
more, more accurate data on the consumption levels of particular
types of cephalosporins would have allowed us to test the
hypothesis that it is particularly less potent extended-spectrum
cephalosporins such as cefixime that exert the effect on AMR.

We did not have access to the individual-level data for the
2009–2010 survey [18], and WGS was not performed in this survey.
Our analysis was limited to cephalosporins and quinolones and we
did not consider other classes of antimicrobials that may be
responsible for cross-class selection of AMR. We advance one
creening was less intense (9% of MSM reported STI screening in
010) and where cefixime was never recommended as therapy, the
efixime and ceftriaxone MIC distributions were not right-shifted
n MSM compared with women [32]. An ecological association has
lso been found between STI screening intensity in MSM and
onococcal AMR in the USA [33]. Intense gonorrhoea screening/
38
possible theory to at least contribute to the changes in the
epidemiology of N. gonorrhoeae between the two surveys but
acknowledge the speculative nature of this theory. Additional
explanations for the changes in gonococcal genogroups and
resistance in Euro-GASP include changes in sampling strategy
and screening practices. Whilst there were no major changes in
2
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sampling strategy between the 2009–2010 [18] and 2013 [23,24]
Euro-GASP surveys, as already noted a higher proportion had
missing data for sexual orientation in 2013 [23,24]. There was also
a small increase in the proportion of samples that came from the
oropharynx over this time period [18,23,24]. More intensive
screening of the oropharynx, particularly among MSM, for N.
gonorrhoeae and subsequent more effective treatment using
ceftriaxone plus azithromycin from 2010 onwards may also have
had an effect as the pharynx may be particularly important for the
acquisition and maintenance of antimicrobial-resistant gonococcal
strains [11,36].

In our previous analysis of the Euro-GASP surveys, we found
that countries with high consumption of cephalosporins and
quinolones not only had a higher proportion of resistant gonococci
but that the susceptibility of the non-resistant isolates was also
right-shifted relative to low-consumption countries [3]. These
findings are suggestive of bystander selection operating at multiple
levels. High cephalosporin consumption would, for example, be
expected to select for cephalosporin-resistant genogroups and also
for AMR determinants in non-resistant genogroups.

5. Conclusion

Our analysis suggests two strategies to prevent the further
emergence, maintenance and spread of gonococcal AMR. First,
suboptimal non-recommended treatments for gonorrhoea should
be avoided and particularly so in key populations for the
emergence and spread of AMR such as MSM and sex workers
[14]. If suboptimal treatments are used, additional efforts are
essential to ensure close follow-up, including the performance of a
test of cure. Ideally, treatment used and compliance with
recommended treatment for all gonorrhoea patients should also
be monitored in all national and international gonococcal
antimicrobial surveillance programmes. Optimising gonococcal
treatment guidelines can even result in a decline of AMR in such
populations. Second, the evidence of bystander selection pre-
sented here emphasises the case for significantly strengthened
antimicrobial stewardship programmes in high-consumption
populations.

Data availability

The 2009–2010 and 2013 gonococcal prevalence data used are
available from the publications listed in the methods section. The
antimicrobial consumption data are freely available from the
European Surveillance of Antimicrobial Consumption (ESAC) [25].
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