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Abstract
Introduction. Azithromycin (AZM) is a therapeutic drug for sexually transmitted infections and is
used for Neisseria gonorrhoeae when first- and second-line drugs are not available. Recently, the
susceptibility of N. gonorrhoeae against AZM has been decreasing worldwide.
Hypothesis/Gap Statement. Azithromycin-resistance (AZM-R) rates among N. gonorrhoeae in
Japan are increasing, and the gene mutations and epidemiological characteristics of AZM-R in N.
gonorrhoeae have not been fully investigated.
Aim. We determined the susceptibility to AZM and its correlation with genetic characteristics of N.
gonorrhoeae.
Methodology. We investigated the susceptibility to AZM and genetic characteristics of N.
gonorrhoeae. Mutations in domain V of the 23S rRNA gene and m#rR were examined in 93 isolates,
including 13 AZM-R isolates. Spread and clonality were examined using sequence types (STs) of
multi-antigen sequence typing for N. gonorrhoeae (NG-MAST), and whole genome analysis (WGA)
to identify single nucleotide polymorphisms.
Results. The number of AZM-R isolates increased gradually from 2015 to 2019 in Hyogo
(P=0.008). C2599T mutations in 23S rRNA significantly increased in AZM-R isolates (P<0.001).
NG-MAST ST4207 and ST6762 were frequently detected in AZM-R
isolates, and they had higher MICs to AZM from 6 to 24 pg/ml. The phylogenic tree-based
WGA showed that all isolates with ST4207 were contained in the same clade, and isolates with
ST6762 were divided into two clades, AZM-S isolates and AZM-R isolates, which were different
from the cluster containing ST1407.
Conclusion. Our study showed yearly increases in AZM-R rates in N. gonorrhoeae. NG-MAST
ST4207 and ST6762 were not detected in our previous study in 2015 and were frequently identified
in isolates with higher MICs to AZM. WGA confirmed that isolates with these STs are closely
related to each other. Continued surveillance is needed to detect the emergence and confirm

the spread of NG-MAST ST4207 and ST6762.

INTRODUCTION
Neisseria gonorrhoeae is a major cause of sexually transmitted infections (STIs) such as male
urethritis and female cervicitis [1]. In the Japanese Society of STI guidelines for the diagnosis and

treatment of sexually transmitted diseases, the first-line drug is ceftriaxone (CTRX) and the second-



line drug is spectinomycin (SPCM) for gonococcal infection [2]. If these are not available,
administration of azithromycin (AZM) is considered. However, N. gonorrhoeae with decreased
susceptibility to AZM has been reported worldwide [3, 4] including emergence of strains with high-
level resistance against AZM [5-7].

The molecular mechanisms for AZM resistance in N. gonorrhoeae include mutations in the 23S
rRNA and MtrCDE efflux pump [8]. Macrolides such as AZM and erythromycin bind to the four
alleles of the peptidyl transferase loop of domain V of 23S rRNA of the 50S ribosome to inhibit
protein synthesis. Mutations of A2143G with high-level AZM resistance (AZM-R) (MIC >256
pg/ml) and C2599T with low to moderate levels of resistance corresponding to the A2059G and
C2611T mutations in the Escherichia coli genome, respectively, were reported previously [5, 9]. In
addition to the two main A2059G and C2611T mutations, another mutation in 23S rRNA at A2058
was also associated with high-level AZM-R in N. gonorrhoeae [10]. Overexpression of the MtrCDE
efflux pump is based on either the lack of repressor MtrR protein, which occurs by a single
nucleotide (A) deletion in the 13 bp inverted-repeat sequence of the m#rR promoter region (which
overlaps the mtrCDE promoter at the —35 region), or missense mutations in the m#rR coding region
[9, 11]. A recent in vitro evolution study indicated that high-level AZM-R in N. gonorrhoeae
developed with transitory mutations in ribosomal protein coding genes rpID, rplV and rpmH first,
then mutations in the MtrCDE efflux pump, and finally within the 23S rRNA gene [8]. Another
macrolide efflux pump, encoded by the mef gene,has been detected in N. gonorrhoeae [12].
Modification of the ribosomal target by methylase or mutations decreases the affinity of the
macrolide antibiotics for ribosomes [13].

However, trends of drug resistance in gonococci probably differ geographically because the
antimicrobial agents used for gonococcal infections vary from country to country [1]. Therefore,
epidemiological investigations should be done in each country or region. Multi-antigen sequence typing
for N. gonorrhoeae (NG-MAST) is a known method of epidemiological study for specific genotyping of
N. gonorrhoeae [14, 15]. We previously investigated the susceptibility to AZM and genetic
characteristics of 59 N. gonorrhoeae strains, showing sequence type (ST)1407 as being characteristic of
isolates with MIC >0.5 pg/ml with C2599T mutation and a single nucleotide (A) deletion in the m#rR
promoter region [16]. Two high-level AZM-R isolates (MIC >256 pg/ml) recently found in Japan, FC488
and GU20180115-5, had ST1866 and ST16497, respectively [7]. ST1866 isolates with high-level AZM-R
have spread in eastern Asia and may have originated from regions in eastern Asia other than Japan [6, 17,

18]. Inaddition, whole genome analysis (WGA) provides higher resolution for epidemiological



investigations such as the spread and the relationships between gonococcal isolates than that achievable
by traditional typing methods [19, 20].

N. gonorrhoeae retains the genetic determinants involved in antimicrobial resistance even after
removing the selective pressure of antibiotics. Surveillance and characterization of the mechanisms of
AZM-R are essential. In this study, we investigated a larger number of N. gonorrhoeae strains and
performed WGA to identify single nucleotide polymorphisms (SNPs) that were not used in our previous

study, in Hyogo, Japan.

METHODS
Strains
A total of 765 N. gonorrhoeae strains were isolated from patients with male urethritis or female
cervicitis and sent to Hyogo Clinical Laboratory Corporation, Himeji, Japan, from 2015 to 2019.
Gonococcal isolates were cultured at 35 °C in 5 % CO: for 48 h on chocolate agar, then suspended in

skimmed milk and stored at —80 °C. The resulting colonies were then subcultured.

MIC measurement

The MIC to AZM was determined using an Etest (bioM.rieux) and interpreted as resistant (R, >1
pg/ml) or susceptible (S, <1 pg/ml) according to the current clinical breakpoint of the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) (http://www.eucast.org). A single

gonococcal isolate was separated on chocolate agar. Inoculated plates were incubated at 35 °C.

DNA extraction
N. gonorrhoeae colonies were resuspended in 500 pl oTris-EDTA buffer for 10 min and then boiled for
15 min and centrifuged at 15 000 r.p.m. for 10 min. The final supernatant was retained for storage at

—20 °C for further use.

Antimicrobial resistance determinants

Analyses for the resistance determinants were performed for the AZM-R isolates. Eighty AZM-
susceptible (AZM-S) isolates were selected to include various MIC values. To detect the mutations in the
peptidyl-transferase loop of domain V of the 23S rRNA gene containing four copies, an allele-specific
PCR was performed using TaKaRa Ex Taq (TaKaRa Bio) and individual allele-amplicons were

sequenced using the PCR primers previously described [5]. The coding region and promoter region of the



mtrR gene were amplified by PCR and sequenced as previously described [5]. All PCR amplicons were
purified by using a QIAquick PCR Purification Kit (Qiagen), and sequencing was performed at Eurofins
Genomics. Mutations in the AZM-R isolates were compared to the correspondent sequences of AZM-S
strain FA19. The presence of the ermA/B genes and mef A genes were investigated as previously

described [12, 13].

NG-MAST
NG-MAST was performed by using PCR and sequencing of the more variable segments of porB and
tbpB [14]. The porB and tbpB allele numbers as well as NG-MAST ST were assigned using the NG-

MAST website [14].

Whole genome analysis

DNA libraries were constructed using a QIAseq FX DNA Library kit (Qiagen), and paired-end
sequences (2 “C ~150 bp) were generated using the MiSeq system (Illumina) with a MiSeq reagent kit
v2 (Illumina). Mapping and single nucleotide variant (SNV) calling were performed by using BactSNP
[21], and recombination regions were removed by using Gubbins [22]. The genomic sequence of N.
gonorrhoeae strain FA_1090 (Accession no. NC_002946) was obtained from the NCBI database and

used as a reference.

Statistical analyses

The Cochran—Armitage trend test with EZR (Saitama Medical Center, Jichi Medical University,
Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing),
was used for analysing the annual trend of AZM-R isolates [23]. Fisher’s exact test was performed using
Statcel 4 software (OMS Publishing) for the differences in resistance determinants and NG-MAST STs

between AZM-S and AZM-R isolates. Statistical significance was set to a P-value of 0.05.

RESULTS
AZM MICs
Of the 765 N. gonorrhoeae isolates, 13 (1.7 %) were resistant to AZM (Table 1). The annual rates of
AZM resistance were 1.0 % (2/207) in 2015, 0.8 % (1/123) in 2016, 0 % (0/184) in 2017, 3.5 % (7/201)
in 2018 and 6.0 % (3/50) in 2019. The AZM-R isolates exhibited an increasing tendency over the 5 years

from 2015 to 2019 by the Cochran—Armitage trend test (P=0.008) (Fig. 1). However, there was no



significant trend for MIC50 and MIC90 during the 5-year period. The MICs of AZM in the 13 isolates
ranged from 1.5 to 24 pg/ml. Strains with high-level resistance to AZM (MIC>256 pg/ml) were not

detected.

Antimicrobial resistant genes

All the AZM-R isolates harboured C2599T mutations in the peptidyl transferase loop in domain V of
23S rRNA. The presence of the C2599T mutation was significantly different between AZM-R (13/13;
100 %) and AZM-S isolates (1/80; 1.3 %, only one mutated AZM-S isolate showed an MIC=1 pg/ml)
(P<0.001) (Table 2). Of the 13 AZM-R isolates, 12 (92.3 %) contained C2599T mutations in all four
alleles. One isolate (7.7 %) had C2599T mutations in two of the four alleles. Missense mutations of
A39T/R44H in the mtrR coding region were detected in the AZM-R isolates (5/13; 38.5 %) statistically
more frequently than in the AZM-S isolates (7/80; 8.8 %) (P=0.003) (Table 2). There were no notable
differences in AZM resistance-related mutations between the five AZM-R isolates and the seven AZM-S
isolates, except for C2599T mutations in domain V of 23S rRNA (5/5 vs. 0/7; P=0.001). Missense
mutation of A40D was detected in only five AZM-S isolates (6.3 %), with no significant difference
(P=0.792). A single nucleotide (A) deletion in the 13 bp inverted repeat sequence in the mtrR promoter
region was detected in seven of the 13 AZM-R isolates (53.8 %) and also detected in 37 out of 80 AZM-S
isolates (46.3 %). There was no statistical difference between AZM-R and AZM-S isolates (P=0.611).
The mefA, ermA and ermB genes were not identified by PCR in the 93 N. gonorrhoeae isolates (data not

shown).

Table 1. Distribution of AZM-R? isolates in Neisseria gonorrhoeae between 2015 and 2019

Year Total 2015 2016 2017 2018 2019 p-value

AZM-R/total (n) 13/765 2/207 1/123 0/184 7/201 3/50 0.008"
(%) 1.7 1 0.8 0 3.5

MIC50 (pg/mL) 0.125 0.094 0.125 0.19 019 .

MIC90 (pg/mL) 0.5 0.125 0.38 0.25 0.25

@ AZM-R: azithromycin-resistant; ® Cochran-Armitage trend test; °N.S.: not significant; *Statistical significant
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Figurel. Change of AZM-R isolates in V. gonorrhoeae between 2015 and 2019.

Table 2. Comparison of gene mutations between AZM-R? and AZM-SP isolates in N. gonorrhoeae

Resistance Determinant No. of Isolates p-value®
AZM-R AZM-S
(n=13) (%) (n=80) (%)
23S rRNA C2599T (4 alleles) 12 (92.3) 0 (0.0) <0.001*
C2599T (3 alleles) 0 (0.0) 1 (1.3)
C2599T (2 alleles) 1 (7.7) 0 (0.0)
No C2599T 0 (0.0) 79 (98.8)
mtrR coding A39T/R44H 5 (38.5) 7 (8.8) 0.003*
region* No A39T/R44H 8 (61.5) 73 (91.3)
A40D 0 (0.0) 5 (6.3) 0.792
No A40D 13 (100.0) 75 (93.8)
G45D 1 (7.7) 12 (15.0) 0.622
No G45D 12 (92.3) 68 (85.0)
mtrR promoter A deletion? 7 (53.8) 37 (46.3) 0.611
region No deletion 6 (46.2) 43 (53.8)

2 AZM-R: azithromycin-resistant; ®* AZM-S: azithromycin-susceptible; © A39T: codon39 (Ala—Thr), R44H: codon44
(Arg—His), G45D:codon 45 (Gly—Asp), A40D: codon40 (Ala—Asp); ¢ A deletion: a single nucleotide (A)-deletion

in the 13-bp inverted-repeat sequence of the m#R promoter region; ¢ Fisher’s exact test; *Statistical significant



Table 3. Comparison of NG-MAST between AZM-R?® and AZM-S? isolates in the 93 strains of N. gonorrhoeae
No. of Isolates (%)

NG-MAST® STs¢ AZM-R AZM-S p-value®
4207 5(38.5) 4(5.0) 0.002%
6762 3(23.1) 3(3.7) 0.034*
6800 1(7.7) 0(0) 0.140
3704 1(7.7) 0 (0) 0.140
14261 1(7.7) 0(0) 0.140
16736 1(7.7) 0(0) 0.140
19443 1(7.7) 0 (0) 0.140
1407 0(0) 6(7.5) 0.394
6880 0(0) 4(5.0) 0.541
6771 0(0) 3(3.7) 0.633
Others - 60 (75.0) -

@ AZM-R: azithromycin-resistant; ® AZM-S: azithromycin-susceptible; ¢ NG-MAST: multi-antigen sequence typing

for N. gonorrhoeae, ¢ STs: sequence types; © Fisher’s exact test; *Statistical significant

Table 4. The characteristics of 13 AZM-R* N. gonorrhoeae isolates

AZM MIC mirR C2599T NG-MAST®
Isolate number

(ug/ml)  Coding Region®  Promoter Region in 23S rRNA STsf
KGI18111 24 A39T, R44H WT¢ 4 alleles 4207
KGI18136 6 A39T, R44H WT 4 alleles 4207
KG18140 6 A39T, R44H WT 4 alleles 4207
KG18193 6 A39T, R44H WT 4 alleles 4207
KG19001 6 A39T, R44H WT 4 alleles 4207
KG18192 6 A deletion 4 alleles 6762
KG18148 4 A deletion 4 alleles 6762
KG19030 4 A deletion 4 alleles 6762
KG15086 4 A deletion® 4 alleles 6800
KG16155 3 A deletion 4 alleles 14261
KGI18153 3 G45D WT 4 alleles 16736
KG15175 1.5 A deletion 2 alleles 3704
KG19029 1.5 A deletion 4 alleles 19443

@ AZM-R: azithromycin-resistant; ® A39T: codon39 (Ala—Thr), R44H: codon44 (Arg—His), G45D: codon 45
(Gly—Asp); © A deletion: A single nucleotide deletion in the 13-bp inverted-repeat sequence of the mtrR promoter

region; ¢ WT: wild type; *NG-MAST: multi-antigen sequence typing for N. gonorrhoeae,  STs: sequence types;



AZMMIC NG-MAST  year
(ng/mL) ST

Tres scale: 100 [ KG18004 [ | 0.064 6762 2018

NG-MAST KG18153 3 16736 2018

B st1407 L[[ KG17042 0.064 6762 2017

Wl st4207 KG18006 0.125 6762 2018

W st-6762 KG17033 0.25 4207 2017

f KG17029 0.25 4207 2017

KG19001 6 4207 2019

KG18025 0.064 4207 2018

KG19004 <0.016 4207 2019

KG18140 6 4207 2018

KG18136 6 4207 2018

KG18111 24 4207 2018

KG18193 6 4207 2018
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KG18192 6 6762 2018

Figure2. Phylogenetic tree based on whole genome analysis among 13 AZM-R?and 11 AZM-S® N. gonorrhoeae

isolates

NG-MAST

NG-MAST analysis identified seven STs in the 13 AZM-R isolates, and 39 STs in 80 AZM-S isolates
(Table 3). Table 3 shows all STs in AZM-R isolates and major STs in AZM-S isolates. The frequent STs
in AZM-R isolates were ST4207 (5/13; 38.5 %) and ST6762 (3/13; 23.1 %). ST4207 and ST6762 were
statistically more commonly detected in AZM-R isolates compared with AZM-Sisolates (4/80; 5.0 %;
P=0.002, 2/80; 3.7 %; P=0.034, respectively). Only C2599T mutations in domain V of 23S rRNA
exhibited notable differences between the five AZM-R isolates with ST4207 and the four AZM-S isolates
with ST4207 (5/5 vs. 0/4; P=0.008). The predominant STs in AZM-S isolates were ST1407 (6/80; 7.5 %),
ST6880 (4/80; 5.0 %) and ST6771 (3/89; 3.8 %), which were detected only in AZM-S isolates but not in
AZM-R isolates. Four of six isolates with ST1407 had an AZM MIC of 1 pg/ml as the lower
susceptibility MIC. Gene mutations and NG-MAST in AZM-R isolates Table 4 shows the
characteristics of 13 AZM-R isolates. Twelve isolates had the C2599T mutation in all four alleles in 23S
rRNA. Five of 12 isolates had missense mutations of A39T and R44H in the m#rR coding region in
addition to C2599T mutations in 23S rRNA. They were all NG-MAST ST4207 and had MICs to AZM
from 6 to 24 pg/ml. Six isolates including ST6762 had a single nucleotide (A) deletion in the m#R
promoter region in addition to C2599T mutations in 23S rRNA and had MICs from 1.5 to 6 pg/ml. The

Clade I

Clade II

Clade III

Clade IV



ST16736 isolate with an MIC of 3 pg/ml had G45D mutations in addition to C2599T mutations in 23S
rRNA. The ST3704 isolate with an MIC of 1.5 ng/ml had C2599T mutations in two of four alleles in 23S
rRNA.

Phylogenic analysis

Twenty-four N. gonorrhoeae isolates including 13 AZM-R isolates and 11 of AZM-S isolates with
NG-MAST ST4207, ST6762 and ST1407 were analysed. The phylogenic tree based on WGA was
determined (Fig. 2) based on coreSNP distances. The examined accessions were divided into four clades.
Clade I included AZM-S isolates with ST6762 and AZM-R isolates with ST16736. Clade II included all
isolates with ST4207 regardless of AZM susceptibility. Clade III included isolates with ST1407 and ST
3704. Clade 1V included AZM-R isolates with ST6762, ST6800, ST14261 and ST19443.

DISCUSSION

AZM is an oral antibiotic covered by medical insurance for use against chlamydia infections. There are
many reports that AZM is effective and provides a de facto dual therapy for gonococcal infections [24].
The use of macrolide drugs including AZM gradually decreased during 2015-2019 in Japan [25]. By
contrast, our data showed that rates of AZM-R isolates in N. gonorrhoeae may be regional differences in
Japan, given that 7.4 % (50/677) of N. gonorrhoeae isolated in Fukuoka were AZM-R [26], while this
value was 6.6 % (8/122) in Tokyo [27]. Contemporary reports indicate 32.3 % (124/384) AZM-R N.
gonorrhoeae isolates in China [17], 7.1 % (152/2134) in Europe [28] and 2.5 % (127/5,093) in the USA
[3]. The rate of AZM-R isolates in Japan was lower than that in China.

We investigated the molecular epidemiology and gene mutations of 13 AZM-R N. gonorrhoeae
isolates and 80 AZM-S isolates in Hyogo. Twelve of 13 AZM-R isolates (92.3 %) carried C2599T
mutations in all four alleles of 23S rRNA. An increase in the number of 23S rRNA alleles with the
C2599T mutations seemed to confer AZM-R, as previously described [2, 8, 29, 30]. A39T/R44H
mutations in the m#rR coding region were detected more frequently in AZM-R isolates than AZM-S
isolates. These mutations were previously identified in two AZM-intermediate isolates [31]. Similarly,
our study identified the A39T/R44H double mutation in five AZM-R isolates with high MICs. In
particluar, ST4207 isolates with A39T/R44H mutations in m# R in addition to mutations in all four alleles
in 23S rRNA had higher MICs from 6 to 24 ug/ml. Recent reports have indicated that the A39T mutation
was associated with resistance to azithromycin, penicillin and tetracycline [32]. In addition, R44 is

important for DNA recognition of mtrCDE. Transformation experiments in which plasmids with mtrR



point mutations in R44A, G45A and Y48F were introduced into the antibiotic-sensitive strain FA19
reported increased resistance to macrolides [33]. In this study as well, it was considered that these
mutations may be involved in resistance to AZM in N. gonorrhoeae.

Previously, we reported that a single nucleotide deletion (A) mutation in the m#rR promoter region was
a significant indicator for higher MIC (>0.5 pug/ml) and possible correlation of a missense mutation of
A40D in the mtrR coding region with lower MIC (<0.5 pg/ml) to AZM [16]. Similarly, the A deletion
was more frequently detected in isolates with MIC >0.5 pg/ml (P<0.05, data not shown), but not in AZM-
R isolates with MIC >1 ug/ml. A40D was also seen only in AZM-S isolates in this study.

Other resistance determinants of AZM such as the ermA/B gene encoding rRNA methylases and the
mefA gene encoding the MacAB efflux pump were not detected in this study.

NG-MAST has been used worldwide to monitor the spread of gonococcal strains and to identify
transmission patterns [34]. Several reports have indicated a high prevalence of NG-MAST ST1407, which
is a multidrug-resistant gonococcal clone accounting for a high proportion of the decreased susceptibility
and resistance to extended-spectrum cephalosporins seen worldwide [35-38]. This study only detected
ST1407 in six AZM-S isolates. However, four of six isolates with ST1407 had an AZM MIC of | pg/ml
as the lower susceptible MIC, which was the epidemiological cut-off value suggested by EUCAST. In
contrast, ST4207 and ST6762 were frequently detected in AZM-R isolates. ST4207 and ST6762 were
previously reported in AZM-R isolates in Japan, but no statistical significance was observed [26]. To
trace phylogenic relationships, WGA identified SNPs for 13 AZM-R isolates and 11 for AZM-S isolates.
These 11 AZM-S isolates were selected because ST4207 and ST6762 were frequently detected in AZM-R
isolates in this study and ST1407 was frequently detected in AZM-R isolates in previous reports. All
isolates with ST4207 were contained in the same clade (clade II) regardless of susceptibility to AZM.
ST6762 was divided into two clades, AZM-S isolates and AZM-R isolates (clades I and IV). Both were
different from the clade containing ST1407 (clade III). We confirmed that AZM-R isolates different from
ST1407 existed throughout the study period in Hyogo, Japan. ST1866 and ST16497 found in isolates
with high-level resistance in a recent report were not found in this study, but need to be monitored by
continuous surveillance [7].

There were some limitations to our study. First, the number of AZM-R isolates was small without
analysis of other mechanisms [mutations in ribosomal proteins L4 (rplD) and L22 (rplV) yield macrolide
resistance] [8, 39], and therefore may not be sufficient for full evaluation of AZM resistance trends.
Second, not all AZM-S isolates were subject to WGA.

AZM is indicated for pelvic inflammation and considered in Japan for use in patients with other



gonococcal infections who are allergic to CTRX or SPCM. Understanding the genetic characteristics and
epidemiological trends in AZM-R N. gonorrhoeae may lead to early and appropriate treatment and

prevent the emergence of new resistant strains.

CONCLUSION
Our study showed yearly increases in AZM-R rates in N. gonorrhoeae. NG-MAST ST4207 and
ST6762 were not previously detected in our study and were frequently identified in isolates with higher
MICs to AZM. WGA confirmed that isolates with these STs are closely related to each other. Continued
surveillance is needed to detect the emergence and confirm the spread of NG-MAST ST4207 and
ST6762.
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