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Abstract

Antimicrobial resistance in Neisseria gonorrhoeae is a global health concern. Strains from two
internationally circulating sequence types, ST-7363 and ST-1901, have acquired resistance to
treatment with third-generation cephalosporins mainly due to the emergence of mosaic pend
alleles. These two STs were first detected in Japan; however, when and how the mosaic penA
alleles emerged and spread to other countries remains unknown. Here, we addressed the
evolution of penA alleles by obtaining complete genomes from three Japanese ST-1901 clinical
isolates harboring mosaic pend allele 34 (penAd-34) dating from 2005 and generating a
phylogenetic representation of 1,075 strains sampled from 37 countries. We also sequenced the
genomes of 103 Japanese ST-7363 N. gonorrhoeae isolates from 1996—-2005 and reconstructed
a phylogeny including 88 previously sequenced genomes. Based on an estimate of the time of
emergence of ST-1901 harboring mosaic penAd-34 and ST-7363 harboring mosaic penA-10,
and >300 additional genome sequences of Japanese strains representing multiple STs isolated
in 1996-2015, we suggest that pend-34 in ST-1901 was generated from penAd-10 via
recombination with another Neisseria species, followed by a second recombination event with
a gonococcal strain harboring wildtype penA-1. Following the acquisition of penA4-10 in ST-
7363, a dominant sub-lineage rapidly acquired fluoroquinolone resistance mutations at GyrA
95 and ParC 87-88, possibly due to independent mutations rather than horizontal gene transfer.
Literature data suggest the emergence of these resistance determinants may reflect selection
from the standard treatment regimens in Japan at that time. Our findings highlight how
recombination and antibiotic use across and within Neisseria species intersect in driving the

emergence and spread of drug-resistant gonorrhea.

Keywords: recombination, horizontal gene transfer, genomic epidemiology, antimicrobial

resistance, phylogeny, surveillance, evolution, Neisseria gonorrhoeae
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Author summary

Antimicrobial resistance is recognized as one of the greatest threats to human health, and
Neisseria gonorrhoeae resistance is classified as one of the most urgent. The two major
internationally spreading lineages resistant. to first line drugs likely originated in Japan, but
when and how their genetic resistance determinants emerged remain unknown. In this study,
we conducted an evolutionary analysis using clinical N. gonorrhoeae isolates from 37 countries,
including a historical collection of Japanese isolates, to investigate the emergence of resistance
in each of the two major lineages. We showed that the penAd allele responsible for resistance
to cephalosporins, the first-line treatment for gonorrhea, was possibly generated by two
recombination events, one from another Neisseria species and one from another N.
gonorrhoeae lineage. We also showed that mutations responsible for resistance to a previously
widely used antibiotic treatment occurred twice independently in one of the two major lineages.
The emergence of the genetic resistance determinants potentially reflects selection from the
standard treatment regimen at that time. Our findings highlight how recombination (horizontal
gene transfer) and antibiotic use across and within a bacterial species intersect in driving the

emergence and spread of antimicrobial resistance genes and mutations.
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Introduction

Antimicrobial resistance (AMR) is one of the greatest threats to human health, urgently
requiring effective global surveillance [1]. Gonorrhea is one of the most common sexually
transmitted bacterial infections worldwide causing substantial morbidity and economic loss [2-
4], with antimicrobial resistance an increasing concern. Among antimicrobial resistance
mechanisms, Neisseria gonorrhoeae resistance to third-generation cephalosporins (3GCs) and
fluoroquinolones has been defined as “high” priority by the World Health Organization (WHO).
Among 3GCs, cefixime is no longer recommended for single-dose treatment, leaving
ceftriaxone as the only remaining option for empirical first-line monotherapy in most countries
[5]. Reduced susceptibility to cefixime and ceftriaxone is mainly caused by mutations in pen4,
the gene encoding the 3GC target, penicillin-binding protein 2 (PBP2). Mosaic penA alleles are
deemed ‘mosaic,’ as the 3’ segments of their DNA sequences have been imported from other
Neisseria spp. via homologous recombination events [6]. Many mosaic alleles have been
documented, reflecting both distinct recombination events and additional mutations [7], and

many of these mosaic alleles increase resistance to 3GCs.

Two internationally-disseminated sequence types (STs), defined by Neisseria multilocus
sequence typing (MLST), ST-7363 and ST-1901, have acquired mosaic pend alleles and can
be resistant to 3GCs. ST-1901, harboring mosaic penAd-34, accounted for the majority of
isolates with reduced susceptibility to 3GCs in the USA and Europe from the 2000s to at least
the early 2010s [8, 9]. In Japan, ST-7363 accounted for the highest proportion (66%) among
149 isolates with reduced susceptibility to cefixime, isolated from 1998 to 2005 [10], and for
21% cases among 90 isolates obtained in 2015 [11]. These two STs harbor the mosaic penA
alleles 34 and 10, which have identical nucleotide and amino acid sequences, except for those
at the C-terminus (encoding 33 amino acids, approximately 6% of the entire sequence) [7, 11].
Both STs likely originated in Japan [12]. Recently, we analyzed whole genome sequence data

combined with antimicrobial susceptibility testing results from 204 isolates from genomic
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95 surveillance in 2015 of a region where the first extensively drug resistant (XDR) N.

96  gonorrhoeae resistant to ceftriaxone was isolated. This analysis was complemented with data

97  from 67 further genomes from other time frames (from 1996 to 2015) and locations within

98  Japan [11]. We first clustered STs that were closely related at the core-genome level to ST-

99 1901 and ST-7363, resulting in ST-1901-associated and ST-7363-associated core genome
100  groups. We found distinct evolutionary pathways of mosaic pend acquisition for these two
101 core-genome groups: the ST-7363-associated core-genome group acquired penA-10 once,
102  whereas the ST-1901-associated core-genome group had multiple independent acquisitions of
103 penAd-10 and penA-34. The previous study analyzed only Japanese N. gonorrhoeae isolates;
104  thus, when and how the mosaic pend alleles—particularly penA4-34, which is now dominant in
105  USA and Europe—spread to other countries remained unknown. In addition, the majority of
106  previously analyzed isolates were from 2015, and inclusion of additional genomes from other
107  time-frames did not provide sufficient resolution to identify the time of emergence of the
108  mosaic pend alleles with a narrow credibility interval [11]. Although the generation of penA-
109 10 was explained by a single horizontal gene transfer (HGT) or recombination event, which
110  imported the 3’ pend segment from a commensal Neisseria spp., whether generation of penA-
111 34 is similarly explained by a single HGT event or by multiple successive events remained
112  unknown. Furthermore, the distribution of fluoroquinolone-resistance determinants, i.e.,
113 mutations in gyr4 and parC [9], was examined only in strains isolated in 2015; however, when

114  and how those mutations emerged and spread was also unclear.

115 In the present study, we addressed these issues by (i) obtaining complete, closed, genome
116  sequences of three Japanese ST-1901 N. gonorrhoeae isolates harboring penA-34 from 2005,
117  and (ii) reconstructing a dated phylogeny based on core-genome alignment of 1,075 genome
118  sequences from isolates sampled from 37 countries. We also sequenced the genomes of 103
119  Japanese ST-7363 N. gonorrhoeae isolates from 1996-2005 and reconstructed a dated

120  phylogeny of these genomes and 88 previously-sequenced Japanese ST-7363 genomes dating

-5-
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121 from 1996 to 2015. We further examined how these estimated dates corresponded to
122  contemporary antibiotic use and treatment regimens. This generated a detailed narrative of the
123 emergence and evolution of the cephalosporin-resistance genes and fluoroquinolone-resistance
124  mutations, based on the dated phylogenies of these two global prevalent STs. These
125  observations improve our understanding of how resistance determinants evolve via interactions

126  among lineages and species under the selective pressure of antibiotic use.

127

128 Results

129  ST-1901-associated core-genome group and resistance to the 3GCs

130 A clonal dated phylogeny of ST-1901-associated core-genome group gonococci with branch
131  lengths corrected to account for homologous recombination was inferred using
132 ClonalFrameML, followed by BactDating (Fig 1) for 1,075 isolates sampled from 37 countries
133 dating from 1992 to 2016 (S1 Table). Identified core-genome groups corresponded to the
134  recently designated “core-genome group cluster 3”, which had been identified using a locus
135  threshold of 400 or fewer locus differences [13] (S1 Table), except for 2 isolates, which
136  belonged to cgc 400 groups 18 and 221. Parameter estimates from ClonalFrameML were
137  consistent with those observed previously [11] (Supplementary text). In general, isolates
138  harboring the mosaic penA alleles (colored cyan in Fig 1) and others were separated into two
139  clusters, hereafter named ‘sub-lineage 34’ and ‘susceptible sub-lineage’, respectively. The sub-
140  lineage 34 accounts for the majority of isolates encoding mosaic pend alleles, and harbors
141 penA-34 and its variants (highlighted in the 15t column titled “sub-lineage 34” of Fig 1 in
142  yellow). This lineage was estimated to have emerged (red circle in the tree) between May 1990
143 and July 1999 (95% credibility interval). The sub-lineage 34 is shown as an enlargement in
144  addition to its phylogenetic neighbor located at the bottom in S1 Fig. As shown in the 2"
145  column headed “continent” in Fig 1, most strains were isolated from North America (light pink,

146 50.6%) and Europe (pink, 42.6%) mainly through the Gonococcal Isolate Surveillance Project

-6-
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147  (GISP) [8] (accounting for 80.1% of the strains isolated from North America) and the European
148  Gonococcal Antimicrobial Surveillance Programme (Euro-GASP) [14] (accounting for 64.3%
149  of the strains isolated from Europe), respectively, while very few strains were isolated from
150  Asia (blue, 3.7%), Oceania (brown, 2.3%), and South America (light blue, 0.9%)In the sub-
151  lineage 34, strains with the oldest isolation date were from 2005, among which 3 were from
152  Japan and 2 from the USA. Complete genome sequences of the three Japanese strains were
153 phylogenetically located at the base of the sub-lineage 34 tree (highlighted in the 3™ column
154  “complete genome” of Fig 1 in blue). The three Japanese isolates (GU029, GUO05S8, and
155  GU092) were collected in the Japanese prefectures of Aichi and Gifu in February—March 2005,
156  indicating that none of them was likely closely related to an ancestor of the strains that spread
157  to other countries.

158 To provide an outgroup for sub-lineage 34, we obtained the complete genome sequence of
159  an isolate, DRR129099 (12-032 in our previous study [11]), from the Japanese prefecture of
160  Kanagawa in July 2000. This isolate harbors a non-mosaic penA allele and is phylogenetically
161  close to the sub-lineage 34 (highlighted in green in the 3" column headed “complete genome”
162  of Fig 1). Alignment of the complete genomes of the four isolates and the reference isolate
163  WHO Y (F89) included in the sub-lineage 34 (highlighted in pink in the 3" column headed
164  “complete genome” of Fig 1), revealed conserved genomic synteny among the reference isolate
165 in the sub-lineage 34, DRR129099 harboring a non-mosaic penAd-5 allele, and one of the
166  isolates (GU092) encoding penAd-34 (1%, 4t and 5™ genome in S2 Fig). This indicated that the
167  overall genomic structure was maintained during evolution from the ancestor of the isolates in
168  the sub-lineage 34 that spread to other countries.

169 In the whole ST-1901-associated core-genome group, ST-1901 and its single locus variants,
170 ST7360 and ST1579, are colored in the “ST” column in Fig 1. The 91 (8.5%) other strains
171 comprised 21 STs. The top five STs (ST-9365, ST-10312, ST-8153, ST-10241, and ST-13840)
172 accounted for 62.6% of the samples (S3 Fig) and belonged to the ST-1901-associated core-

173  genome group, although the nucleotide sequences of the seven loci differed from those of ST-
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174 1901. Similarly, in the sub-lineage 34, 51.7% of the strains were NG-MAST1407 (colored in
175  the “NG-MAST1407” column in Fig 1), while the other strains were classified into 274 types
176  or as undetermined according to the database of nucleotide sequences of the two highly variable
177  NG-MAST loci (porB and thpB).

178 Most isolates harboring the ‘non-mosaic’ penAd-5 were located in the susceptible sub-
179  lineage, whereas other isolates harboring penA-5 were present immediately outside the sub-
180  lineage 34, suggesting that penA-5 was ancestral and that penA4-34 evolved from it (Fig 1).
181 The sub-lineage harboring penA4-34 and its variants appeared to be monophyletic, whereas
182  the entire phylogeny of ST-1901-associated core-genome group included three separate mosaic
183  penA-10 allele acquisitions, one of which was observed in the present study to be
184  phylogenetically close to sub-lineage 34. This included the oldest isolates harboring penA4-10
185  from 2000-2001 in Japan [15] (S1 Fig), which were not included in the previous study [11].
186  This suggests that pen4-34 was generated via pend-10 from the ancestral penA-5 allele.

187 A small cluster of isolates encoding mosaic pend-35 was found in the sub-lineage 34, which
188  consisted of 27 isolates that were isolated in India, Canada, UK, and USA from 2008 to 2011,
189  and were not resistant to cefixime and ceftriaxone. A comparison of the amino acid sequences
190  of penAd-34 and 35 indicated that the differences in the amino acid residues across the sequence
191  were likely consequences of HGT events spanning the entire pend locus from an unknown
192  source outside the sub-lineage 34 (S4 Fig).

193  Dated phylogeny of ST-7363-associated core-genome group, susceptibility to the 3GCs,
194  and penA alleles

195 A clonal dated phylogeny of ST-7363-associated core-genome group, corresponding to
196  recently designated “core-genome group cluster 8” [13] (Fig 2), showed that the isolates
197  broadly separated into two clusters, corresponding to the presence or absence of a mosaic penA
198 allele. In contrast to the ST-1901-associated core-genome group, we observed that the majority
199  of the ancestral non-mosaic pend allele was penA-2, the nucleotide sequence of which is

200  identical to that of penA-5 except for the region from nucleotides 1598—1752, the 3' terminus
-8-
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201  of'the coding sequence (penA-2 was also referred to as “pend-5 variant” [11]). Consistent with
202  the results of our previous report, the majority of the mosaic pend was penA-10, with the
203  exception of isolate H041 which was resistant to ceftriaxone [7], and one isolate encoding
204  penA-34 (ERS311596, isolated in 2001) [15]. The phylogeny showed that penA4-10 in ST-7363
205 was generated from the ancestral penAd-2 (Fig 2) (95% credibility interval September
206  1991-May 1995). In agreement with a prior observation [11], we noted that penAd-150
207  (designated in the NG-STAR database, Fig 2), susceptible to 3GCs, appeared to be a product

208  of the recombination between the mosaic pend-10 or 37 (H041-type) alleles and penA4-5.

209  Proposed origin of mosaic pen4-34 and 10 alleles

210  To further analyze the origins of mosaic penA-34 and penAd-10, we compared their nucleotide
211 sequences to those of the susceptible alleles in the ST-1901 and ST-7363-associated core-
212 genome groups. Nucleotide sequence alignment of pend-5, 10, and 34 and their downstream
218  sequences in ST-1901 is shown schematically in Fig 3, and at the nucleotide level in S5 Fig.
214  The 1% to 293" nucleotides (region (1) in Fig 3A) were identical, followed by the recombined
215  mosaic region from 294% nucleotide (region (2), indicated by the red line in penA-10 in Fig
216 3A, and between red arrows in S5 Fig), in which sequence identity between penA-5 and penA-
217 10 with their downstream sequences was 89.0%, whereas sequence identity between penAd-10
218  and penA-34 with their downstream sequences was 98.2%. The coding sequences (CDS) of
219  penA-10 and 34 were identical, with the exception of 105 bp at the 3’ end, indicated by the left
220  part of the orange line at the end of pend-34 in Fig 3A. In the following region (3), the
221  downstream sequences of penAd-5 and penA-10 were identical, whereas those of penA4-10 and
222 34 harbored four individual polymorphisms and 99.6% sequence identity. In the following
223  region (4), the nucleotide sequences of penAd-5, 10, and 34 exhibited > 99.9% sequence identity.
224  Based on the results of nucleotide sequence comparison, the origin of pend-10 was most
225  parsimoniously explained by an approximately 2.4 kb recombination event from the start of

226  mosaic region (2) in a penAd-5 background. The source is unknown, as BLASTn search against

9.
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227  the NCBI nr database did not yield any hit in other Neisseria species with high (> 95%)

228  sequence identity.

229 PenA 34 and 10 differed in the C-terminus, and the difference continued in their
230  downstream nucleotide sequences in the regions (2) and (3). To investigate the possibility that
231  penA-34 emerged via HGT in the background of pen4-10, we aligned the nucleotide sequence
232 corresponding to the orange line in regions (2) and (3) (approximately 2.5 kb, between orange
233  arrows in S5 Fig) to the genome sequences of 140 strains isolated in 1996—1997 in the Japanese
234  prefecture of Kanagawa (S3 Table, most of them newly sequenced in the present study) and
235  the 204 Japanese strains isolated in 2015 [11], representing multiple STs. A maximum
236  likelihood tree constructed from this alignment (S7 Fig) revealed that ST-1901 isolates
237  encoding penA-34 and its variant were clustered with ST-1594 strains encoding penA-1. In
238  particular, the nucleotide sequence was identical between penAd-34 and penA-1, with the
239  exception of a single polymorphism whereas the pend-34 variant harbored a polymorphism at
240  the C-terminus. The next most similar sequence was found in a strain (09-021) harboring penA4-
241 2 (located next to the ST-1594 strains encoding pend-1 in S7 Fig) and containing five
242 polymorphisms compared to the sequence of pend-1. These results suggested that the origin of
243  penA-34 can be explained by two recombination events: first, a recombination event from a
244  commensal Neisseria into a penA-5 background, resulting in penAd-10 (red line in penA-10 in
245  Fig 3A); second, a recombination event from penA-1 into the penA-10 background resulting in

246  penA-34 (orange line in penAd-34 in Fig 3A and orange rectangle in Fig 4).

247 Although no study has reported the prevalence of the pend-1 allele in Japan, analysis of
248  genome sequence data of the 140 isolates in 1996—-1997 and those of 204 isolates in 2015
249  collected via surveillance of symptomatic cases, showed that the penAd-1 allele was encoded
250  only in ST-1594 that accounted for 3.6% and 7.8% cases (the 7% and 5" most frequent ST)

251  among the collected strains in 1996—1997 and 2015, respectively.

252 Similar to ST-1901, penA-2 and 10 of ST-7363 exhibited identical nucleotide sequence
-10-
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253  from nucleotide 1 to 293, followed by the mosaic region from nucleotide 294 to 390 bp
254  downstream of the end of penAd (region (2)’, indicated by the red line in Fig 3B and between
255 red arrows in S6 Fig). This is most parsimoniously explained by a recombination event,
256  although the source of this DNA segment is unknown (Fig 4). Comparison of the length of the
257  recombined regions between ST-1901 and ST-7363 indicated that pen4-10 in ST-7363 was
258  unlikely to be the origin of penA-10 in ST-1901, as the recombined fragment was shorter than

259  that of ST-1901 (Fig 4).

260  Analysis of susceptibility to fluoroquinolones and examination of mutations in gyr4 and
261  parC in the dated phylogenies

262  For fluoroquinolone resistance, the dated phylogenies also revealed distinct evolutionary

263  paths for the ST-1901- and ST-7363-associated core-genome groups. Almost all isolates in
264  both core-genome groups were resistant to fluoroquinolones (minimal inhibitory

265  concentration (MIC) > 0.06 ng/mL, using the EUCAST breakpoint) and harbored the GyrA
266  91F substitution. In the ST-1901-associated core-genome group, the substitutions at GyrA
267  D95G and ParC S87R were shared among most isolates, including the clade encoding the
268  non-mosaic penAd (Fig 1). The substitution at ParC S88P was found only in a small cluster of
269 11 strains (bottom of Fig 1). In contrast, in the ST-7363-associated core-genome group, a
270  dominant sub-lineage contained amino acid substitutions at GyrA D95GN, ParC S87R, and
271 ParC S88P, which arose within a short time (highlighted as a green horizontal line in Fig 2;
272 95% credibility interval August 1996—March 1998). These substitutions arose after the

273  acquisition of pen4-10, which is inferred to have occurred on a more ancestral node: the 95%
274  credibility interval for the dates of these two events do not overlap. The output of

275  ClonalFrameML used for constructing the clonal phylogeny did not include a signature of the
276  recombination importing the GyrA and ParC substitutions, suggesting that they arose via

277  independent mutations.

278

-11-
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279  Discussion

280

281  An extensive analysis of N. gonorrhoeae ST-1901 and ST-7363-associated core-genome
282  groups, including the 1,075 isolates sampled from 37 countries for ST-1901 and 191 Japanese
283  isolates sampled for ST-7363, has improved the resolution of the time-resolved phylogenies of
284  these important gonococci. Newly sequenced, historical, Japanese isolates included three ST-
285 1901 gonococci harboring the mosaic pend-34 (NG-MAST1407), which accounted for the
286  majority of isolates with reduced susceptibility to 3GC in the USA and Europe. In the ST-1901-
287  associated core-genome group, the three earliest isolates were obtained in Japan from
288  February—March, 2005, while two originated in the USA (GCGS0944, GCGS0920) in 2005
289  (S1 Fig). The time-resolved tree suggested that the three Japanese isolates were
290  phylogenetically closest to the unsampled ancestor, consistent with the hypothesis that this sub-
291  lineage likely originated in Japan [12].

292 The time-resolved trees of ST-1901 and ST-7363-associated core-genome groups enabled
293  us to estimate the timing of the emergence of three genetic determinants of antimicrobial
294  resistance: (i) mosaic penAd-34 in ST-1901 (May 1990—July 1999); (ii) mosaic penAd-10 in ST-
295 1901 (April 1986—August 1995) and in ST-7363 (September 1991-May 1995); and (iii) GyrA
296  D95GN and ParC S87R-S88P in ST-7363 (August 1996—March 1998).

297 How do these estimated dates correlate to antibiotic use? Although there were no national
298  data on antibiotic usage at that time in Japan, a 1999 survey on the use of antimicrobial drugs
299  in 14 hospitals and 4 clinics mostly in a prefecture in Japan showed that 50% cases (9 out of
300  18) exclusively used fluoroquinolones for the treatment of urethritis (Dr. Mitsuru Yasuda,
301  unpublished data). Similarly, another survey of clinics in Fukuoka in Japan in the late 1990s
302  reported that “Fluoroquinolones were most frequently used (46%) as first-line treatment for
303  gonorrhea, followed by penicillin with or without a B-lactamase inhibitor (28%), cephems
304  (16%), and others (10%). Of the various fluoroquinolones available in Japan, a 7-day course
305  of levofloxacin (200 mg twice a day or 100 mg three times a day) was most frequently used in

306 the treatment of gonococcal infections (M. Tanaka, unpublished data)” [16]. The regimen used
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307  in Japan in the late 1990s exceeded the single ciprofloxacin dose recommended in the USA,
308 and may have contributed to selection of the gyr4 and parC mutations, resulting in increased
309  fluoroquinolone resistance.

310 A survey in Fukuoka, Japan, also showed that in the 1990s, fluoroquinolones were most
311  frequently used (46%) as the first-line of treatment for gonorrhea, followed by penicillin with
312  or without a B-lactamase inhibitor (28%), and cephems (16%) [16]. In 1999, the reported MICy,
313  for cefixime for clinical isolates of N. gonorrhoeae was 0.06 to 0.125 pg/mL, which indicated
314  the presence of isolates with cefixime MIC = 0.125 pg/mL. This prompted the conclusion that
315  a single dose of 400 mg cefixime used in the USA would not eradicate < 95% of the clinical
316  strains of N. gonorrhoeae [17]. The first Japanese STI treatment guidelines in 1999 described
317  a regimen of six 100 mg doses of cefixime at a 12-h interval. Between 1999 and 2001, a
318  regimen of 200 mg cefixime at 6 h interval was proposed, although it eradicated only 88.2%
319  and 54.5% N. gonorrhoeae isolates with MICgyy and MIC values of 0.125 ug/mL, respectively
320  [17]. These regimens and the observed circulating resistance might have contributed to the
321  selection and dissemination of gonococcal strains with reduced susceptibility to cephalosporins.
322 Although information regarding the alleles responsible for the cefixime MIC of 0.125 pg/mL
323  atthat time is lacking, the rising MICs and shifting patterns of antibiotic use reflect the dynamic
324  interplay between the evolution of cefixime resistance and shifting treatment strategies.

325 Regarding the GyrA D95GN and ParC S88P amino acid substitutions in ST-7363,
326  responsible for fluoroquinolone resistance, it is interesting to note that a sub-lineage (Fig 2)
327  harboring two substitutions (GyrA D95GN and ParC S87R), but not at ParC 88, has not been
328  sampled since 2005 (except for the GU294 strain isolated in 2015 as indicated by the long
329  branch at the bottom of Fig 2). The apparent loss of this sub-lineage suggests the importance
330  of the substitution at ParC 88 or another mutation that became dominant in ST-7363.
331  Alternatively, the stochasticity of transmission or some other factor (perhaps susceptibility to
332  local treatments) might have led to the loss of this sub-lineage.

333 We propose two potential recombination events for the generation of penA4-34 in ST-1901:
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334  recombination with another Neisseria species that generated penA-10, followed by another
335  recombination event with a strain harboring penAd-1 that converted pend-10 to penA-34. The
336 lengths of the recombined sequence were approximately 2.3 kb and 2.5 kb, respectively, which
337 is consistent with a recent estimate (2.5 kb) of the mean of the geometrically distributed DNA
338  tract lengths transferred between donors and recipients in N. gonorrhoeae [18]. Similarly,
339  recombination with a donor susceptible to 3GC was recently reported in N. gonorrhoeae in
340 Japan [11] and the USA [8, 19], although it led to loss of the resistance phenotype. It should be
341  noted that the inference of recombination is based on sampling, and we cannot rule out the
342  possibility that recombination with a currently unsampled strain might have generated penA-
343  34. Nevertheless, we can speculate that a strain harboring penA-1 is currently the most likely
344  donor of the recombination that generated penA4-34 from penA-10.

345 The reason behind the dominance of ST-1901 harboring penAd-34, but not ST-7363
346  harboring the same allele, remains unsolved. In the ST-7363 group, pend-10 was dominant,
347  and there was only one isolate with pen4-34, identified in 2001. Data indicating significant
348  difference in fitness between pend-10 and 34 in vitro are lacking. Possibly, the differences in
349  fitness, selection, and dissemination between pend-10 and 34 depended on the genetic
350  background of those sequence types and environmental factors at the time they were selected.
351 Unfortunately, data regarding the potential environmental factors such as national or
352  regional information of antimicrobial use at the time of their emergence and dissemination are
353  not accessible. Further studies are therefore warranted to prospectively collect such data and
354  isolates, and conduct integrative analyses of genome sequences, antimicrobial susceptibility,
355 and the environmental factors in order to monitor, understand, and control emergence and
356  dissemination of new resistance determinants of public health importance. A recent study that
357  analyzed the genome and antimicrobial susceptibility data of N. gonorrhoeae isolates from
358 1928 to 2013 in Denmark [20], reported that no isolate was interpreted to be ciprofloxacin-
359  resistant (MIC > 0.06 pg/mL) until the 1980s. The percentage of isolates resistant to

360 ciprofloxacin increased from 0 to 14.3% in 1990s. Five isolates from the 1950s—-1970s
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361  contained a GyrA S91T amino acid substitution, although all of them were susceptible to
362  ciprofloxacin. Compared to the recent study, the isolates analyzed in our study were all
363  collected after 1990: the oldest strain of the ST-1901-associated core-genome group was
364  collected in 1992, and that of ST-7363 in 1996. Further studies are warranted to conduct
365  genome sequencing of historical Japanese strains collected before 1990s to identify isolates
366  phenotypically susceptible to fluoroquinolones and explore when and how the individual amino
367  acid substitutions of GyrA S91F, D95G, and ParC S87R in ST-1901 and that of GyrA S91F in
368  ST-7363 may have occurred.

369 Our previous study revealed that the different evolutionary pathways of the two major core-
370  genome groups regarding the mosaic penA alleles responsible for resistance to 3GC [11]. The
371  present study increased our understanding by elucidating the following three major points: 1)
372  penA-34 in ST-1901 was likely generated from penAd-10 via two recombination events; 2) the
373  penA-10 allele in the ST-1901-associated core-genome group emerged in at least three distinct
374  Japanese sub-lineages independently, one of which was phylogenetically adjacent to the sub-
375  lineage harboring penAd-34; and, 3) the penA-10 allele in ST-7363, possibly generated via
376  recombination with another Neisseria species, was unlikely to be a source of HGT that
377  generated pend-10 in ST-1901-associated core-genome group, as the recombined fragment was
378  shorter than that of ST-1901-associated core-genome group. The single acquisition of pen4-10
379  in ST-7363 was revealed in both the previous and present studies, although our understanding
380  regarding its relationship with pend-10 and penA-34 in the ST-1901-associated core-genome
381  group in terms of order of their generation and possibility of recombination between the two
382  core-genome groups were improved in the present study. Furthermore, the present study
383  demonstrated another interesting difference in fluoroquinolone resistance between the two
384  core-genome groups since 1990s; ST-7363 was originally susceptible to 3GC and harbored
385 amino acid substitution only in GyrA 91 in the 1990s; the simultaneous amino acid
386  substitutions at GyrA 95 and ParC 87 occurred in the sub-lineage in the short time after it

387  acquired the mosaic pend-10, whereas in the ST-1901-associated core-genome group, all the
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388  substitutions in GyrA 91, 95, and ParC 87 were already observed in 1990s in most strains
389  (99.2%, 1066/1075), including the sub-lineage mostly susceptible to 3GC (at the bottom in Fig
390 1)

391 In summary, after combining the previously published dataset from 37 countries with the
392  new genome sequence data and the antimicrobial susceptibility data of historical gonococcal
393 isolates from Japan, we described the possible pathways of emergence of cephalosporin-
394  resistant genes and fluoroquinolone-resistant mutations of two globally circulating M.
395  gonorrhoeae core-genome groups. We further discussed the dynamic interplay between the
396  evolution of antibiotic resistance and treatment regimens during time period of the emergence
397  of genetic determinants of antimicrobial resistance. Such elucidation of evolutionary pathways
398  will be useful for understanding and controlling the current and future evolution and spread of
399  the pathogen, and resistance determinants driven by recombination and selective pressure of
400  antibiotic use.

401

402  Methods

403  Isolates and DNA sequencing

404 In total, 1,075 genome sequences from N. gonorrhoeae isolates belonging to a ST-1901-
405  associated core-genome group were included (S1 Table). This also comprised three mosaic
406  penA-34-harboring ST-1901 isolates from Japan (2 isolates from Aichi and 1 isolate from Gifu
407  prefectures) isolated in February—March 2005 and newly sequenced in this study using
408  MinION and MiniSeq. These three strains were isolated via surveillance by Gifu University
409  that obtained 51 ST-1901 strains (95 strains across various STs) in 2005. In addition, a ST-
410 1901 strain (12-032) isolated in 2000 in Kanagawa, Japan [11] harboring penAd-5 and
411  susceptible to cephalosporins was re-sequenced using the MinlON platform to examine
412  genomic synteny between it and the strains harboring penA4-34. Five other ST-1901 isolates
413  dating from 2001 to 2004 in Kanagawa, Japan, were sequenced using the Illumina MiSeq

414  platform. These newly sequenced genomes were combined with those of 1,066 publicly
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415 available genomes from 14 studies covering 37 countries [8, 11, 14, 15, 19, 21-28]. The
416  publicly available genomes were selected based on a tree constructed in our previous study
417  [29] such that they formed a group at the core-genome level.

418 For MinlON sequencing, a MagAttract HMW DNA Kit (Qiagen, Hilden, Germany) was
419  used for isolation of high molecular weight genomic DNA of each isolate, and the Rapid
420  Sequencing Kit (SQK-RADO004) and R9.4 flowcells were used. For MiSeq sequencing, the
421  genomic DNA of each isolate was extracted using a MagNA Pure LC DNA isolation kit on a
422 MagNA pure LC instrument (Roche Diagnostics GmbH, Mannheim, Germany), which was
423  used for Nextera XT library construction and genome sequencing (300 bp paired-end) using an
424  Ilumina MiSeq Reagent Kit v3 (600-cycle).

425 For ST-7363, 103 strains that were isolated from 1996 and 2005 in Kanagawa were
426  sequenced using the Illumina MiSeq platform. These data were combined with 88 publicly
427  available genomes [11, 15] (S2 Table).

428  Antimicrobial susceptibility testing

429  The MICs of 3GCs (ceftriaxone and cefixime) and fluoroquinolones (ciprofloxacin and
430  levofloxacin) of the newly sequenced historical strains isolated in Kanagawa were determined
431  using agar dilution method [30] at the Kanagawa Prefectural Institute of Public Health and Gifu
432 University (S1 and S2 Tables). MICs measurements were repeated for the following strains for
433  which the genotypes and phenotypes were initially discordant, and MICs that better matched
434  the genotypes were subsequently used: GCGS0938 (ceftriaxone) and GCGS0627 (ceftriaxone)
435 in ST-1901 using the Etest method (bioMérieux), and GU250 (cefixime, ceftriaxone), GU431
436  (cefixime, ceftriaxone), and GU478 (cefixime, ceftriaxone) in ST-7363 using the agar dilution
437  method. To define susceptible/resistant phenotypes, the following MIC cut-offs were used
438 according to the European Union Committee on Antimicrobial Susceptibility Testing

439  (EUCAST; www.eucast.org/clinical_breakpoints): susceptibility <0.125 pg/mL and resistance

440  >0.125 pg/mL for ceftriaxone and cefixime; susceptibility < 0.03 pg/mL and resistance > 0.06

441  pg/mL for ciprofloxacin. For strains on which MICs of fluoroquinolones were measured only
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442  for levofloxacin by the Gifu University (with names starting by “GU_"), the MIC cut-off of
443  ciprofloxacin was used, as that of levofloxacin is not defined in EUCAST and a previous study
444  has shown that MICs,, MICyy, and MIC range of ciprofloxacin and levofloxacin were similar
445  for a set of 87 isolates [31].

446  Genome assembly

447  The Illumina read data (300 bp paired-end reads) of each isolate sequenced using MiSeq were
448  used for de novo assembly using SPAdes [32], or Shovill [33]; SPAdes was used at its core,
449  but speed was improved. The assembled contigs were checked to ensure that the coverage was
450  more than 10x and that total genome size was approximately equal to that of the type strain N.
451  gonorrhoeae FA1090 (2.0-2.3M bp). The MinION read data of each of the four isolates of ST-
452 1901 were used for de novo assembly using Canu version 1.7 [34]. Errors were corrected using
453  three runs of Pilon for each contig assembled from the MinlON reads [35] based on mapping
454  of Illumina reads to the contigs using bowtie2 [36] with “very-sensitive” option, followed by
455  automated circularization of the contigs using Circlator [37] and adjustment of the 15 position
456  of the genome sequence to the start of dnad using an in-house script. The number of contigs
457  and N50 of each isolate are summarized in S1 and S2 Tables. All isolates used in this study
458  can be found on the pubMLST.org/neisseria database where MLST, NG MAST and NG STAR
459  STs were determined along with isolate core genome groups as described previously [13].
460  MLST typing of 158 out of the 1,075 strains did not result in ST-1901, but were included in
461  our dataset, as they formed a large cluster with other ST-1901 strains as a core-genome group.
462  Each genome was annotated using Prokka [38].

463  Construction of the clonal time-resolved phylogeny of ST-1901-associated and ST-7363-
464  associated core-genome groups

465  Asin previous studies [11, 39], pairwise genome alignment between the reference genome and
466  one of the other strains was performed using progressiveMauve [40] for SNP calling and
467  evolutionary analyses in ST-1901 and ST-7363, which enabled the construction of positional

468  homology alignments even for genomes with variable gene content and rearrangement. The
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469  complete genome sequences of the “WHO_Y” (F89) and “WHO_X” (H041) strains [41] were
470  used as ST-1901 and ST-7363 references, respectively. The alignments were then combined
471  into a multiple whole genome alignment, in which each position corresponded to that of the
472  reference genome. This approach was validated [11] by comparing with another whole genome
473  alignment using a pipeline [42] that similarly conducts pairwise genome alignment between a
474  reference genome and one of the other genomes using MUMmer [43]. A maximum likelihood
475  tree was constructed using PhyML [44] from the genome alignment containing the 10,844 core
476 SNPs in ST-7363. A maximum likelihood tree was generated from the genome alignment
477  containing the 28,306 core SNPs in ST-1901 using RAXML [45], as PhyML failed to complete
478  the tree generating process. The default setting was used for RAXML, whereas for PhyML, we
479  used the -m GTR -c 4 -a e parameters that indicate the GTR + G4 model of DNA substitution
480  with estimation of the shape parameter of the gamma distribution by maximizing the likelihood.
481  Using this as a starting tree, a clonal phylogeny was constructed with corrected branch lengths
482  to account for homologous recombination using the standard model of ClonalFrameML [46].
483  The alignment sites that were present in at least 70% isolates were used to focus on core and
484  fairly conserved sites with missing frequency < 30%, as validated in our previous study [11].
485  TempEst [47] was used to root the phylogeny by minimizing the sum of the squared residuals
486  from the regression of root-to-tips on sampling year. BactDating [48] was used, in which the
487  significance of the temporal signal in both ST-7363 and ST-1901-associated core-genome
488  groups was confirmed (the date randomization test, P < 10-4). BactDating was then run for 10
489  million Markov chain Monte Caro (MCMC) iterations. After completion, the effective sample
490  size (ESS) of all parameters were confirmed as exceeding 400 and trace plots were confirmed
491  as demonstrating well-mixed chains. A time-resolved phylogeny and 95% confidence interval
492  for each branch in the tree was exported.

493  Analysis of genetic AMR determinants

494  For 3GC resistance determinants, the pend alleles were extracted based on a BLASTn search

495  of the nucleotide sequence of mosaic pend alleles-10 and-34 and that of non-mosaic penA4-5
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496  (https://figshare.com/articles/penA_nucleotide sequence alignment penA 5 X XXXIV an
497 d_1 /12203858) against each of the other genomes. When the mosaic pend alleles extracted
498  based on the BLASTn search were truncated, sequence reads were mapped to the nucleotide
499  sequence of pend alleles-10 and-34. The nucleotide sequence identity between the alleles was

500 checked, and the allele numbering defined in NG-STAR database (https://ngstar.canada.ca)

501  [49] was assigned to each penA allele [“penA_allele (NG-STAR)” column in S1 and S2 Tables].
502  Fig 1 shows the grouping of “penAd-34 variants” for alleles that were 100% aligned to penA4-34
503  and showed sequence identity of < 100% and > 99.5%, which was higher than that observed
504  with penA-10. The “penA-10 variants” were grouped similarly.

505 For fluoroquinolone resistance determinants, the nonsynonymous substitutions in gyr4
506  and parC described in a recent review [9] and also examined in our previous study [11] were
507  analyzed. In N. gonorrhoeae, quinolone resistance has been attributed to nonsynonymous

508  substitutions in specific regions of gyr4 and parC, namely, amino acid positions 91 and 95 in
509  GyrA, position 87 in ParC, and less frequently positions 86 and 88 in ParC. The presence or
510  absence of the substitutions was detected using PointFinder [50]. The presence or absence of
511  these genetic AMR determinants, as well as the MICs of the antimicrobial drugs for each

512  strain, were illustrated as heat maps using Phandango [51].

513  Inference of recombination events that generated mosaic penA4-10 and 34 alleles

514  To investigate the recombination events that generated the mosaic penA alleles, a nucleotide
515  sequence alignment of penA and a 5 kb region downstream of its 3’ end was prepared based on
516 a BLASTn search against the genome sequences of ST-1901- and ST-7363-associated core-
517  genome groups. The nucleotide sequences of penAd-34 and its downstream region were used as
518  query sequences in the BLASTn search. The nucleotide sequences obtained from the BLASTn
519  were aligned using MAFFT v7.245 [52] and manually examined using Jalview [53] to analyze
520  nucleotide sequence identity and detect recombined fragments for pen4-10 and 34 in ST-1901
521  and penA-10 in ST-7363. The BLASTn search was also performed against a custom database

522  of genome sequences of Japanese N. gonorrhoeae strains: 140 strains isolated in 1996—-1997
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523  in the Japanese prefecture of Kanagawa (S3 Table) and 204 strains isolated via genomic
524  surveillance in 2015 in the Japanese prefectures of Kyoto and Osaka [11], both of which were
525 not confined to ST-1901 or ST-7363, but included various STs. The nucleotide sequences
526  obtained using BLASTn were aligned using MAFFT v7.245 [52] and manually examined using
527  Jalview [53], using which an alignment of the potentially recombined fragment was extracted.
528 A maximum likelihood tree of the fragment was constructed using PhyML [44], which was
529  mid-point rooted and visualized using FigTree version 1.4.3. To investigate the potential
530  sources of the recombination, a BLASTn search was performed for each recombined fragment
531 in the NCBI nt database or the custom database of genome sequences of Japanese N.
532  gonorrhoeae strains.
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765
766  Figure captions

767

768  Fig 1. Whole genome sequence dated phylogeny, resistance patterns of the antimicrobials,

769  and genetic polymorphisms in the ST-1901-associated core-genome group.

770  Left: A clonal dated phylogeny with corrected branch lengths to account for homologous
771  recombination. In the heat map, the 1% column titled “sub-lineage 34”, the sub-lineage
772 harboring penAd-34 is colored. The 2™ column titled “continent” shows Asia (deep blue), South
773 America (light blue), Europe (pink), North America (light pink), or Oceania (brown). The 314
774  column titled “complete genome” shows the three Japanese strains harboring penA4-34 from
775 2005 in blue and the ancestral Japanese strain (at the bottom) harboring pend-5 in black,
776  whereas the WHO Y (F89) strain is in pink. In the 4" column titled “ST”, ST-1901 and its
777  single locus-variants are colored using different colors as shown in our previous study [11]. In
778  the 5™ column titled “NG-MAST1407”, strains of NG-MAST1407 are colored. In the 6™ and
779 7™ column, susceptible/resistant (S/R) categories according to the EUCAST minimal inhibitory
780  concentration (MIC) breakpoint (susceptibility < 0.125 pug/mL and resistance > 0.125 pg/mL)
781  of 3GCs (cefixime CFM and ceftriaxone CRO) are shown. The columns were colored grey
782  when the MIC values were missing. In the 8" column, the presence (light yellow-green) or
783  absence of any non-mosaic pend allele is shown. In the 9h—12% columns, the presence (light
784  yellow green) or absence of a specific non-mosaic penA allele is shown. The 13™ column shows
785  the presence (cyan) or absence any mosaic pend allele. The 14th—18% columns show presence
786  (cyan) or absence a specific mosaic penA allele (specifically, 34 and its variants [54], 10 and
787  its variants [54], and 35 [22]). The 19t column shows the susceptible/resistant (S/R) categories
788  of fluoroquinolones (mostly ciprofloxacin, and much less frequently, levofloxacin) according
789  to the EUCAST breakpoint. The 20215t columns show the presence (yellow-green) or
790  absence of nonsynonymous amino acid changes compared to the wild type in GyrA. The

791 22724t columns show the presence (green) or absence of nonsynonymous amino acid
-30-
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792  changes compared to the wild type in ParC. In the clonal dated phylogeny at the left, a red
793  circle indicates emergence of the sub-lineage 34, whereas two purple lines indicate 95%
794  confidence intervals examined in the main text (emergence time of the sub-lineage 34, and that

795  of one of the three sub-lineages harboring penA4-10).

796

797  Fig 2. Whole genome sequence dated phylogeny, resistance patterns of the antimicrobials,

798  and genetic polymorphisms in the ST-7363-associated core-genome group.

799  The columns in the heat map are almost the same as those in Fig 1, although the first five
800  columns in Fig 1 have been omitted here. The 15t and 2™ columns show the susceptible/resistant
801  (S/R) categories according to the EUCAST breakpoint of cefixime (CFM) and ceftriaxone
802  (CRO). The 3™ column shows the presence (light yellow-green) or absence of any non-mosaic
803  pend allele. The 4"—6™ columns show the presence (light yellow-green) or absence of a specific
804 non-mosaic pend allele. The 7™ column shows the presence (cyan) or absence of any mosaic
805  penA allele. The 8"—9™ columns show the presence (cyan) or absence a specific mosaic pend
806  allele (specifically, 10, and 34 or 37 (HO041-type)[7]). The 10" column shows the
807  susceptible/resistant (S/R) categories of fluoroquinolones (mostly ciprofloxacin, and much less
808 frequently, levofloxacin) according to the EUCAST breakpoint. The 11%—12% columns show
809 the presence (yellow green) or absence of nonsynonymous amino acid changes compared to
810 the wild type in GyrA. The 13"-14% columns show the presence (green) or absence of
811  nonsynonymous amino acid changes compared to the wild type in ParC. In the clonal dated
812  phylogeny at the left, the two branches of interest examined in the main text are colored cyan
813  and green, with 95% confidence interval of the two evolutionary events (acquisition of penA-

814 10 and simultaneous amino acid substitutions at GyrA 95 and ParC 87-88) colored purple.

815

816  Fig 3. Schematic depiction of nucleotide sequence alignment of penA4 and its downstream

817  sequence.
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818  (A) ST-1901-associated core-genome group. penA-5 (top), 10 (middle), and 34 (bottom). (B)
819  ST-7363-associated core-genome group. penA-2 (top) and 10 (bottom). The coding sequence
820  (CDS) of pend is shown as a rectangle. The recombined sequences in pend-10 and 34 are

821  indicated by the red and orange lines, respectively.

822

823  Fig 4. Schematic depiction summarizing the results regarding the origin of mosaic

824  penA-10 and 34.

825  Rectangles indicate genes, second of which is penA. In ST-7363 (top) and ST-1901 (bottom),
826  the upper part shows the ancestral sequences (penA-2 and 5, respectively) while the lower
827  part shows the recombined sequences.

828

829

830
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