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Genetic Resistance Determinants for Cefixime
and Molecular Analysis of Gonococci Isolated in Italy

Anna Carannante, Paola Vacca! Valeria Ghisetti®* Maria Agnese Latino®" Marco Cusini?”
Alberto Matteelli®” Caterina Vocale®” Grazia Prignano/”" Christian Leli®” Patrizia Ober®”

Raffaele Antonetti!®” Federica Poletti!"* and Paola Stefanelli’

A strictly defined subset of gonococci (n=65) isolated in Italy from 2011 to 2014 was characterized by
antimicrobial susceptibility for cefixime (CFM) and ceftriaxone (CRO) and by sequencing of resistance de-
terminant genes ( penA, mtrR, porB1b, ponA) for extended-spectrum cephalosporins and Neisseria gonorrhoeae
multiantigen sequence typing (NG-MAST). The penA mosaic alleles XXXIV and XXXV were found in all
resistant (R) and decreased susceptibility (DS) gonococci to CFM, except for one. They were associated with an
adenine deletion in the mtrR promoter plus amino acid substitutions, H105Y or G45D, in the coding region and
ponA L421P. The penA mosaic allele XXXIV, and one variant, was found exclusively among genogroup (G)
1407 and its closely related sequence types (STs), as in CFM-DS as well as in CFM-R isolates. Single or
combined mutation patterns in penA, mtrR, porBlb, and ponA genes were associated with different CFM
susceptibility patterns and NG-MAST STs. Genotyping and antimicrobial resistance (AMR) determinant an-

alyses can be valuable to enhance the gonococcal AMR surveillance.

Introduction

THE PREVALENCE OF antimicrobial resistance (AMR)
in Neisseria gonorrhoeae continues to increase and
multidrug-resistant isolates have been reported worldwide.'~
Among the extended-spectrum cephalosporins (ESCs), ce-
fixime (CFM) and more rarely ceftriaxone (CRO) resistance is
spreading in N. gonorrhoeae isolates.'™ Furthermore, treat-
ment failures to ESCs contribute to consider gonorrhea as a
potentially untreatable disease.*® In the literature, ESCs re-
sistance determinants in N. gonorrhoeae is mostly attributable
to polymorphism in penA gene, encoding for penicillin-
binding protein 2 (PBP2).” Three important mosaic PBP2
residues (I312M, V316T, G545S) and epistasis in mosaic
structure variant in penA gene are mentioned as causes of
decreased susceptibility (DS) and resistant (R) to CFM and

CRQ.710-13 Furthermore, the penA mosaic allele XXXIV, for
the first time described in San Francisco in 2008,14 1S now
considered associated to CFM-R gonococci.'*™'® Moreover,
overexpression of the MtrCDE efflux pump, due to mutations
in the promoter and in the coding region of the mtrR gene,
and the decreased membrane permeability, caused by porBIb
gene mutations, may contribute to DS and resistance to
ESCs.” Finally, the role of ponA gene (encoding penicillin-
binding protein 1 [PBP1]) remains undefined. Molecular ep-
idemiology typing by N. gonorrhoeae multiantigen sequence
typing (NG-MAST) identified sequence type (ST) 1407, and
its genogroup (G), G1407, as the main clonal group asso-
ciated with DS or R gonococci to ESCs.'>!'7'® The com-
bination of genetic resistant determinants with NG-MAST
provides valuable data concerning the emergence and spread
of resistant strain.
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In Italy, the annual proportion of CFM-R gonococci ranged
around 2% in the period, with a peak of 3.3% in 2012."” We
previously reported the results of an in-depth analysis of
susceptibility to CFM and CRO in gonococci circulating in
Italy up to 2010, together with genetic resistance determi-
nants and NG-MAST analyses.”’ Herein, we investigated
the antimicrobial susceptibility and the molecular charac-
teristics of a subsample of N. gonorrhoeae isolates collected
in Italy from 2011 to 2014, which were classified as sus-
ceptible (S), DS, and R to CFM.

Materials and Methods
N. gonorrhoeae isolates and microbiological methods

From 2011 to 2014, laboratories from local hospitals
confirmed 900 gonorrhea cases by culture. Isolates were
sent to the Istituto Superiore di Sanita (ISS) for antimi-
crobial susceptibilities and molecular epidemiology in-
vestigation. After growth on Thayer Martin medium
(Oxoid Ltd.) with 1% IsoVitaleX (Oxoid Ltd.) at 37°C in a
5% CO, atmosphere, the antimicrobial susceptibility tests
were performed following the European Gonococcal An-
timicrobial Surveillance Program (EURO-GASP) guide-
lines.?' In particular, antimicrobial susceptibility to CFM
and CRO was assessed by Etest (bioMérieux) and MIC
TEST STRIP method (Liofilchem Diagnostici), carried out
in agreement with the manufacturer’s instructions. MIC
values were interpreted referring to the EUCAST clinical
breakpoint criteria (version 6.0, 2016).%2 The World
Health Organization (WHO) N. gonorrhoeae G, K, M, O,
and P control strains were used in each assay.”® Ethical
approval was not required as clinical isolates were col-
lected, processed, and stored as part of routine clinical
care by the hospitals participating in the study. Anon-
ymous data were analyzed at ISS using Epilnfo software,
version 3.3.2.

Molecular analyses of penA, mtrR, porB1b,
and ponA genes, and NG-MAST analysis

For molecular investigation purposes a total of 65 N.
gonorrhoeae isolates were selected on the basis of suscep-
tibility patterns to CFM, which included all viable CFM-R
in our collection (n=25, MIC value >0.125 mg/L), 25 DS
(MIC range >0.064-0.125mg/L), and 15 S (MIC range
0.016-0.064 mg/L) isolates. Chromosomal DNA was ex-
tracted using the QIAamp DNA Mini Kit (Qiagen) accord-
ing to the manufacturer’s instructions.

Sequencing of penA, mtrR, porB1b, ponA, and porB, and
tbpB genes for NG-MAST analysis, was achieved using
primers and amplification parameters, as described else-
where.?>*?5 The porB and thpB alleles were assigned
according to the NG-MAST website (www.ng-mast.net),
following the interpretative procedures.”> Closely related
STs were clustered using published definitions.'”'® In par-
ticular, all STs, which shared one allele and showed >99%
similarity in the other allele (<5 bp difference for porB and
<4bp for tbpB), were included in the same genogroup.'’
Multiple sequence and amino acid alignments were obtained
using ChromasPro version 1.15 and Clustal Omega website
(www.ebi.ac.uk/Tools/msa/clustalo/).
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Results
Clinical data of patients

Out of the 65 selected gonococci, 59 were collected from
men (90.8%) and 52 (80%) from patients aged =25 years.
Fifty-three of the patients were Italians (81.5%) and 33 were
men who have sex with men (56%). A total of 57 patients
reported urethral discharge (87.7%) and 8 anorectal infec-
tion (12.3%). Seven patients (10.8%) were HIV infected and
5 (8%) had coinfections with other sexually transmitted
pathogens.

Antimicrobial susceptibility

Of the 65 isolates, 25 were R (MIC >0.125 mg/L), 25
were DS (MIC range >0.064-0.125mg/L) and 15 were S
(MIC range 0.016-0.064 mg/L) to CFM.

All the 65 gonococci were fully susceptible to CRO. In
particular, for 25 CFM-R gonococci, the ceftriaxone MIC
range was 0.016-0.094 mg/L, for the 25 CFM-DS isolates
the range was 0.016-0.064 mg/L, and for the 15 CFM-S
gonococci it was 0.002-0.032 mg/L. Only one CFM-R iso-
late (MIC=0.25mg/L), collected in 2014, showed a DS to
CRO with a MIC value of 0.094 mg/L.

penA, mtrR, porB1b, and ponA mutation patterns

The penA sequences were compared with those of M.
gonorrhoeae strain LM306 (GenBank Accession No.
M3209) and NG-3 (GenBank Accession No. AB071984).
The penA mosaic allele was identified in 80% (52/65) of the
total analyzed. As shown in Table 1, out of 25 CFM-R
gonococci, 21 (84%) showed the penA profiles belonging to
XXXIV family (XXXIV and XXXIV plus the A5S01V amino
acid substitution).16 Moreover, 4 (16%) isolates showed the
penA mosaic allele XXXV (Table 1). The penA mosaic al-
lele XXXIV was also found in all CFM-DS gonococci.

The 15 CFM-S gonococci, except for 2 with penA allele
XXXIV and XXXVI, displayed the penA nonmosaic alleles,
containing an aspartic acid insertion after position 345 (termed
as D345a); 11 showed the penA allele IV or its variants
(73.3%). As shown in Table 1, penA allele IV with two
additional amino acid substitutions A501T and P551L, de-
tected in this study (Accession No. KP677512), was found in
six CFM-S gonococci (MIC range 0.016-0.023 mg/L); penA
allele IV with an amino acid substitution G542S was found in
one isolate; penA allele IV in four isolates and penA allele
XIX in two isolates with MIC values of 0.023 and 0.064 mg/
L, respectively. Finally, penA mosaic allele XXXIV>® and
XXXVI? were detected in two CFM-S isolates.

As shown in Table 1, all CFM-R and DS isolates harbored
the single deletion of adenine (A) in the mtrR promoter
region, wherever 10/15 (66.7%) of the CFM-S isolates
showed the same deletion. A total of five mutation patterns
were observed in mtrR gene. In particular, the amino acid
substitution H105Y was predominant among CFM-R isolates
(21725, 84%). The amino acid substitution G45D in the DNA-
binding motif of MtrR was found in four CFM-R gonococci
(16%), whereas among CFM-DS was present exclusively the
amino acid substitution H105Y (25/25, 100%). Among CFM-
S isolates, 6 (40%) harbored the mutation pattern D79N/
T86A/H105Y, 3 (20%) the amino acid substitution A39T, 3
(20%) the mutation pattern A39T/R44H, 2 (13.3%) the amino
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TABLE 1. MUTATION PATTERNS OF PENA, MTRR, PONA, AND PORBIB GENES, ANTIMICROBIAL SUSCEPTIBILITY CATEGORIES
TO CEFIXIME AND NEISSERIA GONORRHOEAE MULTIANTIGEN SEQUENCE TYPING RESULTS IN 65 GONOCOCCI

CFM
mtrR Sequence type

penA promoter mtrR ponA porBlb S DS R (tbpB; porB) Total
XXXIV A del HI105Y L421P GI20K/A12IN — 13 13 1407 (110; 908) 26
XXXIV A del HI105Y L421P GI20K/AI2IN 1 — 1 2212 (110; 1388) 2
XXXIV A del HI105Y L421P GI20K/A12IN — — 1 5622 (110; 3411) 1
XXXIV A del H105Y L421P GI120K/A12IN — — 1 3149 (110; 1903) 1
XXXIV A del HI105Y L421P GI20K/A12IN — — 1 4843 (1021; 908) 1
XXXIV A del HI05Y L421P GI20K/AI2IN — 1 — 8095 (110; 4826) 1
XXXIV A del HI105Y L421P GI20K/AI2IN — 2 — 4706 (110; 2851) 2
XXXIV A del HI105Y L421P GI20K/AI2IN — 1  — 4936 (110; 2992) 1
XXXIV A del HIO05Y L421P GI20K/A12IN — 1 — 8826 (110; 5213) 1
XXXIV A501V A del H105Y L421P GI120K/A12IN — — 1 9829 (110; 5796) 1
XXXIV A del HI05Y L421P GI20K/A12IN — — 1 3499 (110; 2115) 1
XXXIV A del HI105Y L421P GI120K/A121N 1 1 8096 (110; 4827) 2
XXXIV A del HI105Y L421P wt — — 1 8343 (110; 266) 1
XXXIV A del HI105Y L421P GI20K/AI2IN — 1 — 10566 (1021; 6174) 1
XXXIV A del HI105Y L421P GI20K/A12IN — 2 — 5339 (1128; 1388) 2
XXXIV A del HI105Y L421P GI20K/A12IN — 1 — 6210 (1262;1914) 1
XXXIV A del HI05Y L421P GI20K/A12IN — 1 — 5843 (4; 1388) 1
XXXIV A del HI05Y L421P GI20K/A12IN — 1 — 11665 (6; 2078) 1
XXXV A del G45D L421P GI120K/A12ID — — 3 312 (113; 206) 3
XXXV A del G45D L421P wt — — 1 11712* (113; 6815) 1
IV ASOIT/PSSIL A del  D79N/T86A/H105Y L421P GI20K/A121D 2 — — | 6360 (563; 3957) 2
IV ASOIT/PSSIL A del ~ D79N/T86A/H105Y L421P GI20K/A121D 3 — — 10128 (563; 5942) 3
IV ASOIT/PS51L A del  D79N/T86A/H105Y LA21P GI20K/A121D 1 — — [11713% (563; 6876) |
IV G542S8 Adel A39T L421P GI20K/A121D 1 — — 10564 (6; 6172) 1
v wt A39T/R44H wt wt 1 — — 7576 (29; 1388) 1
v wt A39T/R44H wt wt I — — 5194 (29; 3149) 1
v wt A39T/R44H wt A121S 1 — — 7445 (24; 28) 1
v A del G45D wt GI20K/A12ID 1 — — 2997 (21; 866) 1
XIX wt A39T L421P GI20K/A121G 1 — — 10194 (1809; 997) 1
XIX wt A39T L421P GI20K/A121G 1 — — 6961 (137; 4157) 1
XXXVI A del HI05Y L421P GI120K/A121ID 1 — — 4980 (4; 3019) 1
Total 15 25 25 65

Light gray signifies Genogroup (G) 1407 and dark gray signifies Genogroup (G) 2400.

“New sequence types.

A del, adenine deletion in the m#rR promoter; CFM, cefixime; DS, decreased susceptibility; R, resistant; S, susceptible; wt, wild-type.

acid substitution HI05Y and, finally, 1 isolate (6.7%) showed
the G45D amino acid substitution in the DNA-binding motif
of MtrR (Table 1).

The L421P substitution in the PBP1, encoded by the ponA
gene, was detected in all isolates belonging to CFM-R and
DS categories (25/25, 100%) and in 11/15 (73.3%) isolates
belonging to CFM-S (Table 1).

PorB1b showed four mutation patterns: the G120K/
AI12IN predominant in the CFM-R gonococci (20/25,
80%) and in one CFM-S isolate (1/15, 6.7%); three CFM-
R and nine CFM-S isolates showed the G120K/A121D
(12% and 60%, respectively) (Table 1). All the CFM-DS
gonococci showed the G120K/A121N (25/25, 100%). The
G120K/A121G pattern was found in two CFM-S gono-
cocci (13.3%) and the A121S in one CFM-S isolate (6.7%)
(Table 1). Moreover, the G101K and A102G amino acid
substitutions were identified in all examined gonococci (data
not shown). The combination of mutation patterns penA
mosaic allele XXXIV, mtrR promoter A deletion, H105Y
in the MtrR, the L421P in PBP1, and G120K/A12IN in

PorB1b, was mainly associated with CFM-R as well as DS
isolates. Moreover, the combination of penA mosaic allele
XXXV together with A deletion in mtrR promoter, G45D in
the DNA-binding motif of MtrR, the L421P in PBPI and
G120K/A121D in PorB1b, was associated exclusively with
CFM-R isolates.

N. gonorrhoeae multiantigen sequence typing

To examine whether there was a clonal expansion of a
specific isolate among those analyzed, all selected gono-
cocci were typed by NG-MAST. As shown in Table 1,
among the 65 examined gonococci, 2 main genogroups have
been identified: G1407 and G2400. Out of 37 belonging to
G1407, 13 CFM-R and 13 CFM-DS had the ST1407 (tbpB
110, porB 908).

All gonococci belonging to G1407 showed the penA
mosaic allele XXXIV, and its variant,27 together with the A
deletion in mtrR promoter, the substitution H105Y in MtrR,
the G120K/A121N in PorB1b, and the L421P in PBP1. A
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total of 10 gonococci (3 CFM-R and 7 CFM-DS) with dif-
ferent STs, not included in G1407, but with penA, mtrR,
porBIb, and ponA genes identical to those found among iso-
lates associated with G1407, have been identified. In partic-
ular, four isolates were associated with ST3499, ST8096, and
ST8343, showing the thpB 110. Moreover, one CFM-DS
isolate was associated with ST10566, a new ST with tbpB
1021, 1 bp variant of thpB 110, and porB 6174, 1 bp variant of
porB 908. Two isolates with ST5339, characterized by tbpB
1128, 1 bp variant of tbpB 110, and by porB 1388, 1 bp variant
of porB 908, were also detected (Table 1). Three CFM-DS
isolates associated with ST6210, ST5843, and ST11665, with
1 or 2bp of difference with porB 908, were recovered.

Finally, four CFM-R isolates were associated with ST312
and ST11712, both of them harboring the same thpB 113 al-
lele. The ST11712, with a new porB and tbpB allele combi-
nation, was associated with penA mosaic allele XXXV, the A
deletion in m#rR promoter, G45D in the DNA-binding motif of
MtrR, and the L421P in ponA gene.

Concerning the 15 CFM-S gonococci, 6 belonged to G2400
comprising ST6360, ST10128, and ST1173 (a new ST due to
a new porB 6876 allele); all of them shared the same thpB
allele 563. These CFM-S isolates showed the penA nonmosaic
allele IV variant with two additional amino acid substitutions
AS50IT and P551L (Accession No. KP677512), the substitu-
tions D79N/T86A/H105Y in the MtrR, the L421P in ponA
gene, and the substitutions G120K/A121D in PorB1b. Finally,
the remaining CFM-S isolates were associated with ST10564,
ST7576, ST5194, ST7445, ST2997, ST10194, ST6961, and
ST4980 as singletones and with penA nonmosaic alleles, ex-
cept for one, and the amino acid substitutions A39T and R44H
in the MtrR.

Discussion

Increased resistance to ESCs has been described among
gonococci in recent years and associated with cases of treat-
ment failure.”®*® DS or resistance to ESCs is more likely
related to penA gene mosaicism.'>'> In fact, several studies
have reported that the presence of penA mosaic allele XXXIV
is associated to cefixime-resistant or decreased susceptible
gonococci (MIC ranging from 0.032 to 0.25 mg/L) indicating
that this mosaicism might play a role in the entire mechanism
of susceptibility to ECSs.'*!"-227

Our findings suggest that all CFM-R and DS gonococci,
except for one, harbored the penA mosaic alleles XXXIV and
XXXV. In particular, those belonging to the genogroup
G1407, and its closely related STs, contained penA mosaic
allele XXXIV combined with the A deletion in the mtrR
promoter and the HI05Y amino acid substitution in MtrR
protein, together with L421P amino acid substitution in PBP1,
as previously described.*'®* Furthermore, the international
epidemic clone G1407 emerged as the predominant among the
cefixime-resistant gonococci of recent isolation in the coun-
try'®? suggesting a high rate of successful transmission.

Specific mutation patterns were found exclusively among
CFM-S gonococci, as, for example, the penA nonmosaic allele
(i.e., IV and its variants), the A39T, R44H, D79N, T86A
amino acid substitutions in MtrR and the G120K/A121G and
AI121S substitutions in PorB1b. Isolates containing penA
nonmosaic allele, that is, IV, were most likely to be associated
to cefixime-susceptible isolates and assigned to G2400 clonal
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group. Although the limited number of isolates analyzed it is
possible to hypothesize that the synergistic mechanism of
multiple mutations might contribute to the cefixime-resistant
pattern. Taken together, our findings are in agreement to
Thakur et al.,*® Shimuta et al.,'* and Unemo er al.® In par-
ticular, penA mosaicism, the A deletion in the mzrR promoter,
and H105Y change in MtrR protein were associated with
isolates with higher MIC values for cefixime; moreover, penA
nonmosaic allele variants containing A501, G542, or P551
changes were found in isolates with low MIC values. How-
ever, as already reported, possibly unknown antimicrobial-
resistant determinants could not to be ruled out to play arole in
the development and in the spreading of a specific resistant
isolate. In the near future, strengthening the surveillance of
gonococcal antimicrobial susceptibility by Next Generation
Sequencing (NGS) may certainly detect the molecular rela-
tionships and AMR determinants among isolates; NGS to-
gether with epidemiologic contact-tracing data will permit to
monitor more efficiently the spread of AMR gonococci.
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