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Abstract: In this study, we characterized all oropharyngeal and anorectal isolates of Neisseria spp. in a

cohort of men who have sex with men. This resulted in a panel of pathogenic Neisseria (N. gonorrhoeae

[n = 5] and N. meningitidis [n = 5]) and nonpathogenic Neisseria (N. subflava [n = 11], N. mucosa [n = 3]

and N. oralis [n = 2]). A high proportion of strains in this panel were resistant to azithromycin

(18/26) and ceftriaxone (3/26). Whole genome sequencing (WGS) of these strains identified numer-

ous mutations that are known to confer reduced susceptibility to azithromycin and ceftriaxone in

N. gonorrhoeae. The presence or absence of these known mutations did not explain the high level

resistance to azithromycin (>256 mg/L) in the nonpathogenic isolates (8/16). After screening for

antimicrobial resistance (AMR) genes, we found a ribosomal protection protein, Msr(D), in these

highly azithromycin resistant nonpathogenic strains. The complete integration site originated from

Streptococcus pneumoniae and is associated with high level resistance to azithromycin in many other

bacterial species. This novel AMR resistance mechanism to azithromycin in nonpathogenic Neisseria

could be a public health concern if it were to be transmitted to pathogenic Neisseria. This study

demonstrates the utility of WGS-based surveillance of nonpathogenic Neisseria.

Keywords: antimicrobial resistance; commensal Neisseria; horizontal gene transfer; msrD

1. Introduction

Neisseria gonorrhoeae has developed antimicrobial resistance (AMR) to every class of an-
timicrobials used to treat it [1]. Of particular concern are the rapid increases in azithromycin
resistance and the emergence of combined ceftriaxone and high-level azithromycin resis-
tance [1–4]. Much of these resistance mechanisms are acquired via horizontal gene transfer
(HGT) from commensal Neisseria [5–8]. The importance of this pathway for the emer-
gence of AMR has been well established for extended spectrum cephalosporins, such as
ceftriaxone. Phylogenetic analyses confirmed that the HGT of a section of the penA gene
from commensal Neisseria played a crucial role in the genesis of ceftriaxone resistance in
N. gonorrhoeae [7,9]. As a result, one of the crucial first steps in the emergence of ceftriaxone
resistance in N. gonorrhoeae was the selection of ceftriaxone resistance in commensal Neisse-
ria [7,9–11]. Similarly, HGT played an important role in the genesis of AMR to macrolides
such as azithromycin [8].

An important reason why AMR would be expected to emerge in commensal Neisseria
prior to N. gonorrhoeae is the considerably higher prevalence of commensals in human
populations. Whilst the prevalence of N. gonorrhoeae is typically a fraction of a percent
in general populations and only reaches 10% in core groups [1,12], the prevalence of
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commensal Neisseria is close to 100% in the oropharynx, where they form an important
part of a healthy microbiome [6,13]. This makes them more likely to develop AMR in
response to high antimicrobial consumption compared to N. gonorrhoeae [10,14]. Because
this AMR can be transferred to N. gonorrhoeae and monitoring AMR in commensals is not
complicated, it has been proposed that the surveillance of AMR in commensals could be
used as an early warning system to detect the risk of AMR in N. gonorrhoeae and other
bacteria [10,14,15].

AMR in N. gonorrhoeae, Mycoplasma genitalium and Treponema pallidum has frequently
emerged in core-groups with high rates of partner turnover and high antimicrobial con-
sumption [14,16–18]. This provides the rationale for monitoring the antimicrobial suscepti-
bility of commensal Neisseria in these core-groups. In our setting, men who have sex with
men (MSM) attending our STI clinic represent one such core-group [17,19]. In a pilot study,
we assessed ceftriaxone and azithromycin susceptibilities of all Neisseria spp. isolated
(n = 26) pre-and post-treatment from 10 MSM attending our STI clinic with a diagnosis of
anorectal gonorrhea. The minimum inhibitory concentrations (MICs) were found to be
alarmingly high [15]. The most prevalent commensal, N. subflava, for example, was found
to have a median azithromycin MIC of 176 mg/L (IQR 0.047–256) and a median ceftriaxone
MIC of 0.38 mg/L (IQR 0.023-2) [15]. These values were considerably higher compared to
Belgian historical samples and moreover, were the highest MIC values for N. subflava ever
published [5,14,15,20].

In this paper, we reported the antimicrobial resistance-associated mutations detected
in these Neisseria species with a focus on those implicated in macrolide and extended-
spectrum cephalosporin resistance.

2. Results

2.1. Characterization of Strain Collection

Twenty-six clinical Neisseria species were isolated and subjected to whole genome
sequencing. De novo assemblies resulted in genome sizes ranging from 2.09 Mbp to
2.82 Mbp with the number of putative coding DNA sequence (CDS) ranging from 1983 to
2535 (Table S1).

Prior species identification by matrix-assisted laser desorption/ionization—time of
flight mass spectrometry (MALDI-TOF–MS) was verified by analyzing the whole genome
assemblies using BIGSdb and the 50S ribosomal gene, rplF [15,21,22]. There was complete
agreement between these three methods except that MALDI-TOF misidentified N. mucosa as
N. macacae, and rplF gene annotation could not discriminate between N. mucosa and N. oralis.
In the present study, screening by BIGSdb was therefore used in species identification. This
resulted in a Neisseria panel with a composition of pathogenic Neisseria: N. gonorrhoeae
(n = 5) and N. meningitidis (n = 5) and nonpathogenic Neisseria: N. subflava (n = 11), N. mucosa
(n = 3) and N. oralis (n = 2).

The antimicrobial susceptibility testing (AST) of this panel showed higher azithromycin
MICs in commensal Neisseria isolates than in pathogenic Neisseria (commensal MIC me-
dian 140 mg/L (IQR 6-256), pathogens median 0.75 mg/L (IQR 0.31-1.00; p-value < 0.0001;
Table 1; Figure S1a). The same was true for ceftriaxone (commensal MIC median 0.082 mg/L
(IQR 0.043–0.125), pathogens median 0.016 mg/L (IQR 0.016–0.016; p -value < 0.0001;
Table 1; Figure S1b). For illustrative purposes, we applied The European Committee on
Antimicrobial Susceptibility Testing (EUCAST) definitions of gonococcal resistance to
azithromycin and ceftriaxone to define AMR for all the Neisseria spp. [23] (Figure 1). Of
note, all the commensal Neisseria were classified as resistant to azithromycin (MIC > 1 mg/L).
Resistance was particularly evident in the N. subflava strains, of which 8/11 had azithromycin
MICs greater than 256 mg/L. Three of these eight isolates were classified as resistant
to ceftriaxone.
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Table 1. Characterizations of all the strains in the panel.

Species Strain nr Visit 1 Sampling
site 2 MIC AZM 3 AZM S/R 4 MIC CRO 3 CRO S/R 4

N. gonorrhoeae MO00014/1 1 Anal 2 R <0.016 S
N. gonorrhoeae MO00020/1 1 Anal 0.75 S <0.016 S
N. gonorrhoeae MO00023/1 1 Anal 0.19 S 0.016 S
N. gonorrhoeae MO00038/1 1 Anal 0.25 S 0.016 S
N. gonorrhoeae MO00044/1.3 1 Anal 0.25 S 0.016 S
N. meningitidis MO0003/1 1 Oral 1 S <0.016 S
N. meningitidis MO00012/1 1 Oral 0.5 S <0.016 S
N. meningitidis MO00015/1 1 Oral 1 S <0.016 S
N. meningitidis MO00015/2 1 Oral 0.75 S <0.016 S
N. meningitidis MO00021/1 1 Oral 1.5 R <0.016 S

N. oralis MO00018/1 1 Oral 4 R 0.094 S
N. oralis MO00032/1 2 Oral 4 R 0.094 S

N. mucosa MO00012/2 1 Oral 24 R 0.064 S
N. mucosa MO00029/2 2 Oral 16 R 0.047 S
N. mucosa MO00018/2 1 Oral 6 R 0.125 S
N. subflava MO0003/2 1 Oral >256 R 0.75 R
N. subflava MO0009/1 1 Oral 3 R 0.023 S
N. subflava MO0009/2 1 Oral >256 R 0.032 S
N. subflava MO00027/1 2 Oral 24 R 0.023 S
N. subflava MO00027/2 2 Oral >256 R 0.75 R
N. subflava MO00029/1 2 Oral >256 R 0.064 S
N. subflava MO00036/1 2 Oral >256 R 0.125 S
N. subflava MO00036/2 2 Oral >256 R 0.125 S
N. subflava MO00041/1 2 Oral >256 R 0.75 R
N. subflava MO00045/1 1 Oral 6 R 0.047 S
N. subflava MO00049/1 2 Oral >256 R 0.032 S

1 Visit of patient; 1 = day 0, before treatment; 2 = day 14, after treatment. 2 Sampling site: oropharyngeal (oral) and anorectal (anal)
swabs. 3 Minimum inhibitory concentrations of azithromycin (AZM) and ceftriaxone (CRO). 4 Breakpoint according to The European
Committee on Antimicrobial Susceptibility Testing (EUCAST); azithromycin (AZM) resistant (R) > 1 mg/L; ceftriaxone (CRO) resistant
(R) ≥ 0.125 mg/L. ≥

 

Figure 1. Distribution of the MICs (mg/L) of azithromycin (A) and ceftriaxone (B) by species in the complete panel of

26 isolates. Dotted line indicates EUCAST breakpoint for N. gonorrhoeae (epidemiological cut-off values (ECOFF) for

azithromycin) and species are coded by color.
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The combined MICs of all post-treatment isolates (visit 2) where higher than those
of the pre-treatment isolates (visit 1): the azithromycin MIC increased from a median of
1.5 mg/L (IQR 0.016–0.047) to 256 mg/L (IQR 24–256; p-value 0.0012) and ceftriaxone MIC
from 0.016 mg/L (IQR 0.016-0.047) to 0.094 mg/L (IQR 0.047–0.125; p-value 0.0059). This
effect was mainly driven by the elimination of the more susceptible pathogenic Neisseria
between visits 1 (n = 8) and 2 (n = 0; Figure 2). There was no statistically significant increase
in azithromycin or ceftriaxone MIC obtained from visit 2 compared to visit 1 in the N.
subflava isolates alone. The sample sizes were too small to evaluate MIC changes within
other species.

Δ

Figure 2. Visit 1 (1) and visit 2 (2) distribution of MICs (mg/L) of azithromycin and ceftriaxone in the panel: Azithromycin

MIC distribution from visit 1 and visit 2 (A). Ceftriaxone MIC distribution from visit 1 and visit 2 (B). Dotted line indicates a

breakpoint for N. gonorrhoeae (ECOFF for azithromycin) and species are coded by color.

2.2. SNP Determination

We align genes that are known to mediate macrolide and cephalosporin resistance in
N. gonorrhoeae (mtrD, mtrR, penA, ponA, rplD, pilQ and 23S rRNA). In so doing, we found 14
single nucleotide polymorphism (SNPs) in commensal Neisseria, which are well established
resistance-associated mutations (RAMs) to macrolides/cephalosporins (Figure 3) [24,25].
Five of these were present in at least half the isolates: penA I312M (16/16), penA V316T
(16/16), penA A517G (10/16) and mtrD K823E/S (16/16). Less prevalent SNPs detected
were: penA A311V (3/16), penA T484S (1/16), penA A501V (1/16), penA N513Y (1/16),
penA G543S (2/16), penA G546S (2/16), penA P552L (1/16), rplD G70S (1/16) and rplD
G70A (1/16).

In the pathogenic Neisseria, the following 10 RAMs were found: mtrD K823E/S
(3/10), mtrR A39T (3/10), mtr promoter (3/10), penA I312M (1/10), penA V316T (1/10),
penA A51V (1/10), penA N513Y (1/10), penA A517G (5/10), porB G120K/A121N (1/10)
and porB ∆121 (5/10; Figure 3).
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Figure 3. Presence (green) of resistance-associated mutations (RAMs) for macrolide and cephalosporin in this panel. Strains

resistant to azithromycin and ceftriaxone are indicated with a red background, grey background indicates hypervariable

region at the RAM position compared to pathogenic strains.

No RAMs in PilQ or 23S rRNA were found in either the commensal or pathogenic Neisseria.
The identification of RAMs in regions which are more divergent among species, like

porB loop III and mtr promoter regions, are challenging to interpret.
porB: In the commensals, up to four copies of full length porB were detected per isolate.

In N. subflava, four paralogs were detected. These varied in size between 997 to 1198 bp. In
N. mucosa, three paralogs were found (length of 984 bp, 1074 bp and 1122 bp), whereas in
N. oralis, two paralogs of 1098 bp and 1125 bp were present. Mutations in the loop III region
in porB, known as penB, are associated with reduced susceptibility to antimicrobials such
as ceftriaxone [24,25]. Whilst the transmembrane domains of porB genes in commensals
are relatively conserved, the loop III structure is hypervariable among Neisseria species and
therefore, penB mutations are difficult to interpret in commensals (Figure S2).

mtrCDE: Alignment of the mtr promoter showed variable and conserved regions
between the Neisseria species (Figure 4). More specifically, no differences were found in
the -10 mtrCDE and -10 mtrR promoter sites, but there were variations in the mtrR binding
site and in the inverted repeat. An A to C conversion in the inverted repeat of the -35
mtrCDE promoter was detected in N. gonorrhoeae (1/5). This A to C conversion was also
present in N. meningiditis (5/5), N.oralis (2/2) and N. mucosa (3/3). All strains of N. subflava
(10/10) contained a G at this position. One strain of N. meningitidis (MO00021/1) contained
a single T insertion in the inverted repeat region, which has previously been described in a
clinical N. gonorrhoeae strain [26]. One N. gonorrhoeae strain (MO00014/1, MIC of 2 mg/L
for azithromycin) contained the A to C conversion in the inverted repeat region as well as a
G to A conversion in the -35 mtrR promoter site. This G to A conversion was also detected
in 2 N. subflava strains (MO00036/1 and MO00036/2). A commonly described disruption
of the -35 mtrCDE promoter, deletion of one A in the inverted repeat was not found in this
panel [27].
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Figure 4. Fragment of alignment of the mtr promoter region with mtrR and mtrCDE promoter sites (black box), mtrR binding

site (blue bar) and inverted repeat (yellow bar). SNPs in the promoter and binding site compared to the N. gonorrhoeae wild

type are colored in red. (Strain number with species; N. gonorrhoeae (Ng), N. meningitidis (Nm), N. oralis (No), N. mucosa

(Nmu) and N. subflava (Ns)).

2.3. AMR Gene Screening

In 13 commensals and in one pathogenic Neisseria isolate, gene acquisition was de-
tected (Figure 5). In total, six different genes related to resistance to five different classes of
antimicrobials were found. Only one of these is implicated in resistance to macrolides -msr(D).

Msr(D): The msr(D) gene has been shown to confer macrolide resistance in numerous
species by acting as a ribosomal protection protein and displacing the macrolides from the
ribosome [28–30]. It has not been reported in Neisseria before. However, it was present in 9
out of 11 isolates of N.subflava in our panel. Its genomic location and organization were
highly conserved in all nine N. subflava isolates (Figure S3). A 1944 bp sequence was present
at 30 bp downstream of a DNA uptake sequence (DUS) and continued 457 bp downstream
and 23 bp upstream of msr(D) (Figure 6). This entire 1944 bp sequence was 100% identical
to a portion (position 2006 to 3950) of the macrolide efflux genetic assembly (MEGA)
element in Streptococcus pneumoniae [31–33]. This element encodes five open reading frames
(ORFs); mef(A), msr(D), ORF6, ORF7 and umuC-mucB. The integrated portion in N. subflava
includes the complete msr(D) gene and a 338 bp section from the C terminus of mef(A). The
msr(D) gene is part of the antibiotic resistance ATP Binding Cassette (ARE ABC-F) protein
family, which all have a similar basic structure. A unique domain in this family is the P site
tRNA Interaction Motif (PtlM) which is thought to play a crucial role in displacing bound
macrolides from the 50S ribosome [34]. This motif as well as two other ABC-F unique
motifs were found in the msr(D) gene (Figure S4). To assess whether msrD may be playing
a role in azithromycin resistance, genotypic azithromycin MIC prediction models with and
without msrD were compared. These models revealed that the known azithromycin RAMs
were only able to explain 21% of the variation in azithromycin MICs in nonpathogenic
Neisseria (adjusted R-squared: 0.21, p-value: 0.18), compared to 96% in pathogenic Neisseria
(adjusted R-squared 0.96, p-value: 0.001). The inclusion of a binary variable indicating the
presence or absence of the msr(D) gene improved the predictive ability of the model from
21 to 84% in nonpathogenic Neisseria (adjusted R-squared: 0.84, p-value: <0.001).
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Figure 5. Acquired antimicrobial resistance (AMR) genes (green) in panel. Strains resistant to azithromycin and ceftriaxone

are indicated with a red background.

 

Figure 6. Schematic representation of genomic organization around the integration site. Integration site 30 bp downstream

from DNA uptake sequence (DUS) was conserved in all N. subflava strains which acquired a portion of the macrolide efflux

genetic assembly (MEGA) element. Whilst the msr(D) (yellow arrow) gene is full length, only a truncated 338 bp version of

the mef(A) (red arrow) gene is present.
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tetM: The tetM gene was detected in one N. gonorrhoeae and four N.subflava strains
(Figure 5). Whilst the tetM gene was carried on a plasmid in N. gonorrhoeae, in N. subflava
it was integrated into the chromosome (Figure S5).

2.4. Core Genome (cg) MLST

A gene-by-gene approach was used to assess the cgMLST/wgMLST allelic loci dif-
ferences. In total, 3799 allelic loci were identified using the study strains (n = 26) and the
reference strains (n = 7). For constructing the cgMLST tree, 1038 allelic loci were used
(Figure 7). Distinct clusters were observed and the strains clustered closely according to
their respective species. Maximum allelic differences between N. gonorrhoeae reference
strains and the N. subflava core genome were >3000. The maximum allelic difference of the
two strains which lacked the msr(D) had allelic loci differences of >4000. Interestingly, both
strains originated from different clones.

Figure 7. cgMLST hierarchical gene-by-gene analysis of all strains in the panel (n = 26) with reference strains (N. mucosa:

NZ_CP020452.2/CP020452.2 and CP028150.1. N. meningitidis: MC58 and NC_003112.2. N. gonorrhoeae: FA1090 and MS11.

N. subflava: NZ_CP039887.1 and NZ_CP031251.1) based on core genomes. Species are coded by color and asterisks indicate

N. subflava isolates with msr(D).

3. Discussion

In this small study, we explored the genetic determinants of the high azithromycin
and ceftriaxone MICs identified in Neisseria isolates from an exploratory study among
Belgian MSM. The ceftriaxone MICs could be fairly accurately predicted by known RAMs
in penA. The high prevalence of these RAMs in N. subflava is a cause of concern as the
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HGT of these RAMs from commensal Neisseria has been shown to be responsible for the
emergence of cephalosporin resistance in the past [9]. Although known macrolide RAMs
were identified in commensals, these did not fully explain the high azithromycin MICs
values in these commensals. In particular, none of the rRNA 23S RAMs known to cause
high level azithromycin resistance in N. gonorrhoeae were found [26]. The addition of msr(D)
to the regression models improved the model prediction from 21 to 84%.

An important limitation of this study is that we did not experimentally validate the
effect of the msr(D) gene on macrolide MICs. Furthermore, we did not evaluate whether
this gene could be transformed into N. gonorrhoeae or N. meningitidis. The ability of the ABC-
F proteins, including msr(D), to induce macrolide resistance in a range of Gram-positive
and -negative bacterial species is however well established [34–38]. We demonstrated that
the complete msr(D) gene has been incorporated into the chromosomal DNA of nine of
11 circulating N. subflava strains. These nine isolates exhibit 100% sequence identity in
this gene and the surrounding DNA to the MEGA element in S. pneumoniae [31]. These
findings suggest that the msr(D) gene may have been acquired from S. pneumoniae (or other
bacterial species [35,36]) via transformation or less likely a plasmid. The presence of a DUS
just upstream from the integration site increases the probability that transformation was
responsible [39]. Core genome MLST analysis suggests that these acquisitions in N. subflava
either took place on more than one occasion or that the msr(D) has been taken up and lost
in sub-lineages.

In S. pneumoniae, the MEGA element includes the full length mef(A) efflux pump,
which is thought to act synergistically with msr(D). Msr(D) displaces macrolides from
ribosomes and the mef(A) then expels the macrolides before they can reattach [28,36]. The
truncated version of mef(A) in N. subflava is unlikely to be able to perform this efflux
function. It is possible that other efflux pumps perform this function. Of note, all 11
of the N. subflava’s in this study contained the K823E mutation in mtrD which has been
shown to enhance the ability of the mtrCDE efflux pump to export macrolides [8]. The
retained portion of the MEGA element contains the putative upstream regulatory MYLIFM
sequence [34]. Various lines of evidence suggest that this sequence could enable the msr(D)
gene to be induced by macrolides [29,35]. Direct experimental evidence for this effect is
however only available for msr(A) and vmlA in the ABC-F gene family [28,34].

We also found evidence that another gene that confers antimicrobial resistance via
interactions with the ribosome, tetM, has been taken up by a commensal Neisseria and
integrated into its chromosome. This uptake and integration was originally described in
1987, where once again a Streptococcal species was thought to be the donor [40–42]. More
recently, Fiore et al. have found tetM to be present in N. subflava. They did not, however,
specify whether it was carried on a plasmid or integrated into the chromosome [5].

In addition to the acquisition of the msr(D) and tetM genes, several SNPs in commen-
sals were identified which could be a source of RAMs in N. gonorrhoeae and N. meningitidis.
In keeping with previous studies, we found that the mtr promoter region, penA, mtrD
in commensals are a potential rich source of RAMs [7–9]. Whilst the G70S and G70A
mutations in rplD have been shown to lead to reduced susceptibility to macrolides in N.
gonorrhoeae, their presence in commensal Neisseria has not, to the best of our knowledge,
been established before [43].

The high ceftriaxone and azithromycin MICs in our circulating Neisseria are a cause
of concern. They are in all likelihood a result of the high antimicrobial consumption of
the surveyed population [10,15]. The consumption of macrolides and cephalosporins is
high in the general Belgian population compared to other European countries [44,45]. This
has been linked to a combination of cultural factors (such as a high uncertainty avoidance
index), and various structural factors that retard antibiotic stewardship campaigns [46–49].
Consumption is considerably higher in MSM attending our STI clinics than the general
population [50]. One of the drivers of this is intensive screening and treatment of asymp-
tomatic MSM for N. gonorrhoeae and C. trachomatis which results in macrolide exposures of
around 12 defined daily doses per 1000 inhabitants [50]. Considering that this exposure is
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around 6-fold higher than resistance inducing thresholds in a range of bacteria, it is perhaps
not too surprising that commensal Neisseria in our study population have acquired a range
of mechanisms that enable them to withstand the macrolide selection pressure [51]. Taken
in conjunction with the lack of evidence of a benefit of screening for N. gonorrhoeae and
C. trachomatis in MSM, our results provide further evidence to support the reconsideration
of this practice [12]. Our results also provide further motivation for the surveillance of AMR
in commensal Neisseria (and other species) in populations at high risk for the emergence of
AMR in N. gonorrhoeae and other bacteria [10,15].

4. Materials and Methods

4.1. Strain Collection and MIC Determination

Between January and May 2019, 10 MSM attending the Institute of Tropical Medicine
(ITM) STI clinic with a diagnosis of anogenital gonorrhea were enrolled into this study [15].
After informed consent was obtained, oropharyngeal and anorectal swabs were taken.
They were then treated with 500 mg ceftriaxone intramuscularly and 2 g azithromycin
orally. The same swabs were taken 14 days later. All swabs were inoculated onto blood
and modified Thayer–Martin agar and incubated in 5% carbon dioxide at 36.5 ◦C for 24 h.

All colonies with a morphology compatible with Neisseria were subcultured. Gram
staining and oxidase test were performed, and Neisseria species were identified by matrix-
assisted laser desorption/ionization—time of flight mass spectrometry (MALDI-TOF–MS).
Minimum inhibitory concentrations (MICs) of ceftriaxone and azithromycin were deter-
mined by E-test. EUCAST breakpoints for N. gonorrhoeae were used to define the reduced
susceptibilities of all the Neisseria species in the panel (azithromycin (AZM) resistant (R)
>1 mg/L (ECOFF); ceftriaxone (CRO) resistant (R) ≥0.125 mg/L) [23].

To evaluate the difference in MIC distribution in (i) pathogenic and commensal Neisse-
ria and (ii) pre- and post-treatment isolates, a Wilcoxon signed-rank test was performed in
R (version 3.6.3) (R Foundation for Statistical Computing, Vienna, Austria).

4.2. Whole Genome Sequencing

Genomic DNA was isolated from a single colony of Neisseria sps. using MasterPure
complete DNA and RNA purification kit (Lucigen Corporation, Middleton, WI, USA)
according to the manufacturer’s instructions. Indexed paired-end libraries were prepared
using the Nextera XT DNA Library Prep Kit (Illumina, San Diego, CA, USA) and sequenced
on an Illumina MiSeq instrument (Illumina, San Diego, CA, USA). Data are available in
Genbank: https://www.ncbi.nlm.nih.gov/sra/PRJNA703317 (23 March 2021). Processed
Illumina reads were de novo assembled with Shovill (v1.0.4) which uses SPAdes (v3.14.0)
using the following: parameters–trim–depth 150–opts–isolate [52,53]. The quality of
the contigs were verified with Quast (v5.0.2) [54] followed by annotation using Prokka
(v1.14.6) [55].

Additionally, nanopore sequencing was carried for MO0009/1. Genomic DNA was
extracted using the MasterPure Complete DNA and RNA Purification Kit (Lucigen Cor-
poration, Middleton, WI, USA), suspended in nuclease-free water and natively barcoded
followed by library-preparation (EXP-NBD104, SQK-LSK109). Sequencing was performed
on a MinION device with R9.4 flowcell (biosample accession: SAMN18012342). Basecalling
was carried out on the fast5 output files using Guppy (Guppy basecalling suite, (C) Oxford
Nanopore Technologies, Limited. v3.6.1) to obtain the fastq files. The fastq files were
demultiplexed with the guppy barcoder (v3.6.1) followed by Qcat (1.1.0). Porechop (v0.2.4)
and filtlong (v0.2.0) were used to trim and filter small reads, respectively [56]. A hybrid
assembly was carried out using the trimmed Oxford Nanopore technologies (ONT) and
Illumina reads (Trimmomatic v0.39) using Unicycler (v0.4.8), and the assemblies were
visually inspected using Bandage (v0.8.1) [57–59].

Gene-by-gene analysis was carried out wherein, the core allelic profiles (scheme) of
the study strains (n = 26) along with seven reference genome sequences (N. subflava (n = 2),
N. gonorrhoeae (n = 2), N. meningitidis (n = 2), N. mucosa (n = 1) from National Center for

https://www.ncbi.nlm.nih.gov/sra/PRJNA703317
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Biotechnology Information (NCBI), were analyzed using (ChewBBACA) [60]. Minimum
spanning tree algorithm (MSTree V2) implemented in Grapetree was used to visualize the
core genome MLST (cgMLST) allelic loci differences [61].

4.3. RAM Analysis and AMR Gene Screening

To extract specific gene sequences (mtrD, mtrR, penA, porB, ponA, rplD, pilQ), seqtk
(v1.3-r106) was used [62]. The Mtr promoter site was obtained after remapping raw reads
on assemblies of the same strain with BWA-MEM (v 0.7.17-r1188) and manually extracted
using IGV (v2.8.0) [63,64].

Genes were aligned by using MEGA with the MUltiple Sequence Comparison by Log-
Expectation (MUSCLE) algorithm (v10.1.7) [65], except for the hyper variable sequences
(porB and mtr promoter) which were aligned with MAFFT-einsi (v7.471) [66]. SNPs were
manually checked based on known RAM positions in N. gonorrhoeae.

The protocol from David Eyre et al. was used to determine the number of RAMs of
the 23S rRNA alleles [67]. In brief: a bwa index was made of 23S gene sequence (FA1090) to
map reads with BWA-MEM followed by sorting and indexing with SAMTOOLS (v1.0) [68].
The ratio of base counts at both RAM positions (A2045 and C2611) were determined with
a Python script available at https://github.com/davideyre/gc_mic_prediction_chapter
(accessed on 4 March 2020). Abricate (v1.0.1) was used to screen for AMR genes on contigs
with default settings (database used: NCBI AMRFinderPlus) [52,69].

4.4. Multiple Linear Regression Models of Azithromycin MIC Prediction in Neisseria

Multiple linear regression in R (version 3.6.3) (R Foundation for Statistical Computing,
Vienna, Austria) was used to predict the MIC values of azithromycin by using the lm
function. Log2 transformed values of azithromycin MIC were used as the outcome variable.
Known RAMs for azithromycin in N. gonorrhoeae/N. meningitidis in mtrD, mtrRP, ponA rplD
were used as predictors in the models. Two models were constructed—one excluding and
one including a binary variable representing the absence or presence of msrD in the isolate,
respectively. The adjusted R squared of both models were compared.

Model 0: MIC_AZMlog2 ~ mtrD_K823E + mtrD_K823S + mtrR_A39T + mtrRP_N.m_like
+ mtrRP_WHO_P_like + ponA_L421P + rplD_G70S + rplD_G70A

Model 1: MIC_AZMlog2 ~ mtrD_K823E + mtrD_K823S + mtrR_A39T + mtrRP_N.m_like
+ mtrRP_WHO_P_like + ponA_L421P + rplD_G70S + rplD_G70A + msrD

Supplementary Materials: The following are available online at https://www.mdpi.com/2076

-0817/10/3/384/s1, Figure S1a: boxplot azithromycin MIC value of commensal and pathogen
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in N. gonorrhoeae and N. subflava. Table S1: Quality details of assembly.

Author Contributions: Conceptualization, T.d.B., J.G.E.L., C.V.D., S.S.M.-B. and C.K.; data curation,

T.d.B., J.G.E.L. and S.A.; methodology, T.d.B., S.S.M.-B., and C.K.; formal analysis, T.d.B. and S.S.M.-B.;

project administration, D.V.d.B.; writing—original draft preparation, T.d.B.; writing—review and

editing, T.d.B., C.V.D., J.G.E.L., S.S.M.-B., I.D.B., D.V.d.B. and C.K.; visualization, C.K. All authors

have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the

Declaration of Helsinki, and approved by the Ethics Committee of Antwerp University Hospital and

University of Antwerp (protocol code 18/40/426, 22 October 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are openly available in Genbank at

https://www.ncbi.nlm.nih.gov/sra/PRJNA703317, BioProject accession number PRJNA703317.

Conflicts of Interest: The authors declare no conflict of interest.

https://github.com/davideyre/gc_mic_prediction_chapter
https://www.mdpi.com/2076-0817/10/3/384/s1
https://www.mdpi.com/2076-0817/10/3/384/s1
https://www.ncbi.nlm.nih.gov/sra/PRJNA703317
https://www.ncbi.nlm.nih.gov/sra/PRJNA703317


Pathogens 2021, 10, 384 12 of 14

References

1. Unemo, M.; Bradshaw, C.S.; Hocking, J.S.; de Vries, H.J.C.; Francis, S.C.; Mabey, D.; Marrazzo, J.M.; Sonder, G.J.B.; Schwebke, J.R.;

Hoornenborg, E.; et al. Sexually transmitted infections: Challenges ahead. Lancet Infect. Dis. 2017, 17, e235–e279. [CrossRef]

2. Eyre, D.W.; Sanderson, N.D.; Lord, E.; Regisford-Reimmer, N.; Chau, K.; Barker, L.; Morgan, M.; Newnham, R.; Golparian, D.;

Unemo, M.; et al. Gonorrhoea treatment failure caused by a Neisseria gonorrhoeae strain with combined ceftriaxone and high-level

azithromycin resistance, England, February 2018. Eurosurveillance 2018, 23, 1800323. [CrossRef] [PubMed]

3. Martin, I.; Sawatzky, P.; Liu, G.; Allen, V.; Lefebvre, B.; Hoang, L.; Drews, S.; Horsman, G.; Wylie, J.; Haldane, D.; et al. Decline in

Decreased Cephalosporin Susceptibility and Increase in Azithromycin Resistance in Neisseria gonorrhoeae, Canada. Emerg. Infect.

Dis. 2016, 22, 65–67. [CrossRef] [PubMed]

4. Yan, J.; Xue, J.; Chen, Y.; Chen, S.; Wang, Q.; Zhang, C.; Wu, S.; Lv, H.; Yu, Y.; van der Veen, S. Increasing prevalence of

Neisseria gonorrhoeae with decreased susceptibility to ceftriaxone and resistance to azithromycin in Hangzhou, China (2015–17). J.

Antimicrob. Chemother. 2018, 74, 29–37. [CrossRef] [PubMed]

5. Fiore, M.A.; Raisman, J.C.; Wong, N.H.; Hudson, A.O.; Wadsworth, C.B. Exploration of the Neisseria Resistome Reveals Resistance

Mechanisms in Commensals That May Be Acquired by N. gonorrhoeae through Horizontal Gene Transfer. Antibiotics 2020, 9, 656.

[CrossRef] [PubMed]

6. Kim, W.J.; Higashi, D.; Goytia, M.; Rendón, M.A.; Pilligua-Lucas, M.; Bronnimann, M.; McLean, J.A.; Duncan, J.; Trees, D.; Jerse,

A.E.; et al. Commensal Neisseria Kill Neisseria gonorrhoeae through a DNA-Dependent Mechanism. Cell Host Microbe 2019, 26,

228–239.e8. [CrossRef]

7. Ito, M.; Deguchi, T.; Mizutani, K.-S.; Yasuda, M.; Yokoi, S.; Ito, S.-I.; Takahashi, Y.; Ishihara, S.; Kawamura, Y.; Ezaki, T. Emergence

and Spread of Neisseria gonorrhoeae Clinical Isolates Harboring Mosaic-Like Structure of Penicillin-Binding Protein 2 in Central

Japan. Antimicrob. Agents Chemother. 2005, 49, 137–143. [CrossRef]

8. Wadsworth, C.B.; Arnold, B.J.; Sater, M.R.A.; Grad, Y.H. Azithromycin Resistance through Interspecific Acquisition of an

Epistasis-Dependent Efflux Pump Component and Transcriptional Regulator in Neisseria gonorrhoeae. mBio 2018, 9. [CrossRef]

[PubMed]

9. Igawa, G.; Yamagishi, Y.; Lee, K.-I.; Dorin, M.; Shimuta, K.; Suematsu, H.; Nakayama, S.-I.; Mikamo, H.; Unemo, M.; Ohnishi, M.

Neisseria cinerea with High Ceftriaxone MIC Is a Source of Ceftriaxone and Cefixime Resistance-Mediating penA Sequences in

Neisseria gonorrhoeae. Antimicrob. Agents Chemother. 2018, 62, e02069-17. [CrossRef]

10. Dong, H.V.; Pham, L.Q.; Nguyen, H.T.; Nguyen, M.X.B.; Nguyen, T.V.; May, F.; Le, G.M.; Klausner, J.D. Decreased Cephalosporin

Susceptibility of Oropharyngeal Neisseria Species in Antibiotic-using Men Who Have Sex with Men in Hanoi, Vietnam. Clin.

Infect. Dis. 2020, 70, 1169–1175. [CrossRef]

11. Kenyon, C.; Buyze, J.; Wi, T. Antimicrobial Consumption and Susceptibility of Neisseria gonorrhoeae: A Global Ecological Analysis.

Front. Med. 2018, 5, 329. [CrossRef]

12. Tsoumanis, A.; Hens, N.; Kenyon, C.R. Is Screening for Chlamydia and Gonorrhea in Men Who Have Sex with Men Associated

with Reduction of the Prevalence of these Infections? A Systematic Review of Observational Studies. Sex. Transm. Dis. 2018, 45,

615–622. [CrossRef]

13. Dorey, R.B.; Theodosiou, A.A.; Read, R.C.; Jones, C.E. The nonpathogenic commensal Neisseria. Curr. Opin. Infect. Dis. 2019, 32,

490–496. [CrossRef]

14. Kenyon, C.R.; Schwartz, I.S. Effects of Sexual Network Connectivity and Antimicrobial Drug Use on Antimicrobial Resistance in

Neisseria gonorrhoeae. Emerg. Infect. Dis. 2018, 24, 1195–1203. [CrossRef]

15. Laumen, J.G.E.; van Dijck, C.; Abdellati, S.; Manoharan-Basil, S.S.; de Baetselier, I.; Martiny, D.; Crucitti, T.; Kenyon, C. Markedly

Reduced Azithromycin and Ceftriaxone Susceptibility in Commensal Neisseria Species in Clinical Samples from Belgian Men

Who Have Sex with Men. Clin. Infect. Dis. 2021, 72, 363–364. [CrossRef]

16. Lewis, D.A. The role of core groups in the emergence and dissemination of antimicrobial-resistant N. gonorrhoeae. Sex. Transm.

Infect. 2013, 89, iv47–iv51. [CrossRef]

17. De Baetselier, I.; Kenyon, C.; Berghe, W.V.; Smet, H.; Wouters, K.; Bossche, D.V.D.; Vuylsteke, B.; Crucitti, T. An alarming high

prevalence of resistance-associated mutations to macrolides and fluoroquinolones in Mycoplasma genitalium in Belgium: Results

from samples collected between 2015 and 2018. Sex. Transm. Infect. 2020, 1–7. [CrossRef]

18. Kenyon, C. Prevalence of macrolide resistance in Treponema pallidum is associated with macrolide consumption. J. Med Microbiol.

2019, 68, 119–123. [CrossRef]

19. Vuylsteke, B.; Reyniers, T.; de Baetselier, I.; Nöstlinger, C.; Crucitti, T.; Buyze, J.; Kenyon, C.; Wouters, K.; Laga, M. Daily and

event-driven pre-exposure prophylaxis for men who have sex with men in Belgium: Results of a prospective cohort measuring

adherence, sexual behaviour and STI incidence. J. Int. AIDS Soc. 2019, 22, e25407. [CrossRef] [PubMed]

20. Furuya, R.; Tanaka, M.; Onoye, Y.; Kanayama, A.; Saika, T.; Iyoda, T.; Tatewaki, M.; Matsuzaki, K.; Kobayashi, I. Antimicrobial

resistance in clinical isolates of Neisseria subflava from the oral cavities of a Japanese population. J. Infect. Chemother. 2007, 13,

302–304. [CrossRef]

21. Bennett, J.S.; Watkins, E.R.; Jolley, K.A.; Harrison, O.B.; Maiden, M.C.J. Identifying Neisseria Species by Use of the 50S Ribosomal

Protein L6 (rplF) Gene. J. Clin. Microbiol. 2014, 52, 1375–1381. [CrossRef]

22. Jolley, K.A.; Bray, J.E.; Maiden, M.C.J. Open-access bacterial population genomics: BIGSdb software, the PubMLST.org website

and their applications. Wellcome Open Res. 2018, 3, 124. [CrossRef]

http://doi.org/10.1016/S1473-3099(17)30310-9
http://doi.org/10.2807/1560-7917.ES.2018.23.27.1800323
http://www.ncbi.nlm.nih.gov/pubmed/29991383
http://doi.org/10.3201/eid2201.151247
http://www.ncbi.nlm.nih.gov/pubmed/26689114
http://doi.org/10.1093/jac/dky412
http://www.ncbi.nlm.nih.gov/pubmed/30329062
http://doi.org/10.3390/antibiotics9100656
http://www.ncbi.nlm.nih.gov/pubmed/33007823
http://doi.org/10.1016/j.chom.2019.07.003
http://doi.org/10.1128/AAC.49.1.137-143.2005
http://doi.org/10.1128/mBio.01419-18
http://www.ncbi.nlm.nih.gov/pubmed/30087172
http://doi.org/10.1128/AAC.02069-17
http://doi.org/10.1093/cid/ciz365
http://doi.org/10.3389/fmed.2018.00329
http://doi.org/10.1097/OLQ.0000000000000824
http://doi.org/10.1097/QCO.0000000000000585
http://doi.org/10.3201/eid2407.172104
http://doi.org/10.1093/cid/ciaa565
http://doi.org/10.1136/sextrans-2013-051020
http://doi.org/10.1136/sextrans-2020-054511
http://doi.org/10.1099/jmm.0.000885
http://doi.org/10.1002/jia2.25407
http://www.ncbi.nlm.nih.gov/pubmed/31663257
http://doi.org/10.1007/s10156-007-0541-8
http://doi.org/10.1128/JCM.03529-13
http://doi.org/10.12688/wellcomeopenres.14826.1


Pathogens 2021, 10, 384 13 of 14

23. European Committee on Antimicrobial Susceptibility Testing Breakpoint tables for Interpretation of MICs and Zone Diameters.

Version 11.0. 2021. Available online: https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/

v_11.0_Breakpoint_Tables.pdf (accessed on 11 January 2021).

24. Olesky, M.; Hobbs, M.; Nicholas, R.A. Identification and Analysis of Amino Acid Mutations in Porin IB That Mediate Intermediate-

Level Resistance to Penicillin and Tetracycline in Neisseria gonorrhoeae. Antimicrob. Agents Chemother. 2002, 46, 2811–2820.

[CrossRef] [PubMed]

25. Eyre, D.W.; de Silva, D.; Cole, K.; Peters, J.; Cole, M.J.; Grad, Y.H.; Demczuk, W.; Martin, I.; Mulvey, M.R.; Crook, D.W.; et al. WGS

to predict antibiotic MICs for Neisseria gonorrhoeae. J. Antimicrob. Chemother. 2017, 72, 1937–1947. [CrossRef] [PubMed]

26. Ng, L.-K.; Martin, I.; Liu, G.; Bryden, L. Mutation in 23S rRNA Associated with Macrolide Resistance in Neisseria gonorrhoeae.

Antimicrob. Agents Chemother. 2002, 46, 3020–3025. [CrossRef]

27. Allen, V.G.; Farrell, D.J.; Rebbapragada, A.; Tan, J.; Tijet, N.; Perusini, S.J.; Towns, L.; Lo, S.; Low, D.E.; Melano, R.G. Molecular

Analysis of Antimicrobial Resistance Mechanisms in Neisseria gonorrhoeae Isolates from Ontario, Canada. Antimicrob. Agents

Chemother. 2010, 55, 703–712. [CrossRef] [PubMed]

28. Sharkey, L.K.R.; Edwards, T.A.; O’Neill, A.J. ABC-F Proteins Mediate Antibiotic Resistance through Ribosomal Protection. mBio

2016, 7, e01975-15. [CrossRef]

29. Wilson, D.N. The ABC of Ribosome-Related Antibiotic Resistance. mBio 2016, 7. [CrossRef]

30. Dinos, G.P. The macrolide antibiotic renaissance. Br. J. Pharmacol. 2017, 174, 2967–2983. [CrossRef]

31. Banks, D.J.; Porcella, S.F.; Barbian, K.D.; Martin, J.M.; Musser, J.M. Structure and Distribution of an Unusual Chimeric Genetic

Element Encoding Macrolide Resistance in Phylogenetically Diverse Clones of Group A. Streptococcus. J. Infect. Dis. 2003, 188,

1898–1908. [CrossRef]

32. Del Grosso, M.; Camilli, R.; Iannelli, F.; Pozzi, G.; Pantosti, A. The mef(E)-Carrying Genetic Element (mega) of Streptococcus

pneumoniae: Insertion Sites and Association with Other Genetic Elements. Antimicrob. Agents Chemother. 2006, 50, 3361–3366.

[CrossRef]

33. Gay, K.; Stephens, D.S. Structure and Dissemination of a Chromosomal Insertion Element Encoding Macrolide Efflux in

Streptococcus pneumoniae. J. Infect. Dis. 2001, 184, 56–65. [CrossRef]

34. Fostier, C.R.; Monlezun, L.; Ousalem, F.; Singh, S.; Hunt, J.F.; Boël, G. ABC-F translation factors: From antibiotic resistance to

immune response. FEBS Lett. 2020, 595, 675–706. [CrossRef]

35. Daly, M.M.; Doktor, S.; Flamm, R.; Shortridge, D. Characterization and Prevalence of MefA, MefE, and the Associated msr (D)

Gene in Streptococcus pneumoniae Clinical Isolates. J. Clin. Microbiol. 2004, 42, 3570–3574. [CrossRef]

36. Iannelli, F.; Santoro, F.; Santagati, M.; Docquier, J.-D.; Lazzeri, E.; Pastore, G.; Cassone, M.; Oggioni, M.R.; Rossolini, G.M.; Stefani,

S.; et al. Type M Resistance to Macrolides Is Due to a Two-Gene Efflux Transport System of the ATP-Binding Cassette (ABC)

Superfamily. Front. Microbiol. 2018, 9, 1670. [CrossRef]

37. Zhang, Y.; Tatsuno, I.; Okada, R.; Hata, N.; Matsumoto, M.; Isaka, M.; Isobe, K.-I.; Hasegawa, T. Predominant role of msr(D) over

mef(A) in macrolide resistance in Streptococcus pyogenes. Microbiology 2016, 162, 46–52. [CrossRef]

38. Nunez-Samudio, V.; Chesneau, O. Functional interplay between the ATP binding cassette Msr(D) protein and the membrane

facilitator superfamily Mef(E) transporter for macrolide resistance in Escherichia coli. Res. Microbiol. 2013, 164, 226–235. [CrossRef]

[PubMed]

39. Rotman, E.; Seifert, H.S. The Genetics of Neisseria Species. Annu. Rev. Genet. 2014, 48, 405–431. [CrossRef]

40. Knapp, J.S.; Johnson, S.R.; Zenilman, J.M.; Roberts, M.C.; Morse, S.A. High-level tetracycline resistance resulting from TetM in

strains of Neisseria spp., Kingella denitrificans, and Eikenella corrodens. Antimicrob. Agents Chemother. 1988, 32, 765–767. [CrossRef]

41. Morse, S.A.; Johnson, S.R.; Biddle, J.W.; Roberts, M.C. High-level tetracycline resistance in Neisseria gonorrhoeae is result of

acquisition of streptococcal tetM determinant. Antimicrob. Agents Chemother. 1986, 30, 664–670. [CrossRef]

42. Roberts, M.C.; Knapp, J.S. Host range of the conjugative 25.2-megadalton tetracycline resistance plasmid from Neisseria gonorrhoeae

and related species. Antimicrob. Agents Chemother. 1988, 32, 488–491. [CrossRef]

43. Ma, K.C.; Mortimer, T.D.; Duckett, M.A.; Hicks, A.L.; Wheeler, N.E.; Sánchez-Busó, L.; Grad, Y.H. Increased power from

conditional bacterial genome-wide association identifies macrolide resistance mutations in Neisseria gonorrhoeae. Nat. Commun.

2020, 11, 1–8. [CrossRef]

44. Adriaenssens, N.; Coenen, S.; Versporten, A.; Muller, A.; Minalu, G.; Faes, C.; Vankerckhoven, V.; Aerts, M.; Hens, N.; Molen-

berghs, G.; et al. European Surveillance of Antimicrobial Consumption (ESAC): Outpatient antibiotic use in Europe (1997–2009).

J. Antimicrob. Chemother. 2011, 66, vi3–vi12. [CrossRef]

45. Kenyon, C.; Buyze, J.; Spiteri, G.; Cole, M.J.; Unemo, M. Population-Level Antimicrobial Consumption Is Associated with

Decreased Antimicrobial Susceptibility in Neisseria gonorrhoeae in 24 European Countries: An Ecological Analysis. J. Infect. Dis.

2019, 221, 1107–1116. [CrossRef]

46. Deschepper, R.; Stichele, R.H.V.; Haaijer-Ruskamp, F.M. Cross-cultural differences in lay attitudes and utilisation of antibiotics in

a Belgian and a Dutch city. Patient Educ. Couns. 2002, 48, 161–169. [CrossRef]

47. Kenyon, C.; Manoharan-Basil, S.S. Cultural Drivers of Antibiotic Consumption in High-Income Countries: A Global Ecological

Analysis. Microb. Drug Resist. 2020, 26, 1063–1070. [CrossRef] [PubMed]

https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_11.0_Breakpoint_Tables.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_11.0_Breakpoint_Tables.pdf
http://doi.org/10.1128/AAC.46.9.2811-2820.2002
http://www.ncbi.nlm.nih.gov/pubmed/12183233
http://doi.org/10.1093/jac/dkx067
http://www.ncbi.nlm.nih.gov/pubmed/28333355
http://doi.org/10.1128/AAC.46.9.3020-3025.2002
http://doi.org/10.1128/AAC.00788-10
http://www.ncbi.nlm.nih.gov/pubmed/21098249
http://doi.org/10.1128/mBio.01975-15
http://doi.org/10.1128/mBio.00598-16
http://doi.org/10.1111/bph.13936
http://doi.org/10.1086/379897
http://doi.org/10.1128/AAC.00277-06
http://doi.org/10.1086/321001
http://doi.org/10.1002/1873-3468.13984
http://doi.org/10.1128/JCM.42.8.3570-3574.2004
http://doi.org/10.3389/fmicb.2018.01670
http://doi.org/10.1099/mic.0.000206
http://doi.org/10.1016/j.resmic.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23261969
http://doi.org/10.1146/annurev-genet-120213-092007
http://doi.org/10.1128/AAC.32.5.765
http://doi.org/10.1128/AAC.30.5.664
http://doi.org/10.1128/AAC.32.4.488
http://doi.org/10.1038/s41467-020-19250-6
http://doi.org/10.1093/jac/dkr190
http://doi.org/10.1093/infdis/jiz153
http://doi.org/10.1016/S0738-3991(02)00017-4
http://doi.org/10.1089/mdr.2019.0497
http://www.ncbi.nlm.nih.gov/pubmed/32182187


Pathogens 2021, 10, 384 14 of 14

48. Deschepper, R.; Grigoryan, L.; Lundborg, C.S.; Hofstede, G.; Cohen, J.; van der Kelen, G.; Deliens, L.; Haaijer-Ruskamp, F.M. Are

cultural dimensions relevant for explaining cross-national differences in antibiotic use in Europe? BMC Heal. Serv. Res. 2008,

8, 123. [CrossRef] [PubMed]

49. Kenyon, C.; Fatti, G. Thank Martin Luther that ciprofloxacin could cure your gonorrhoea? Ecological association between

Protestantism and antimicrobial consumption in 30 European countries. F1000Research 2020, 9, 1200. [CrossRef]

50. Kenyon, C.; de Baetselier, I.; Wouters, K. Screening for STIs in PrEP cohorts results in high levels of antimicrobial consumption.

Int. J. STD AIDS 2020, 31, 1215–1218. [CrossRef]

51. Kenyon, C.; Manoharan-Basil, S.S.; van Dijck, C. Is there a resistance-threshold for macrolide consumption? Positive evidence

from an ecological analysis of resistance data from Streptococcus pneumoniae, Treponema pallidum, and Mycoplasma genitalium.

Microb. Drug Resist. 2021. [CrossRef]

52. Seemann, T. Abricate. Available online: https://github.com/tseemann/abricate (accessed on 21 March 2021).

53. Prjibelski, A.; Antipov, D.; Meleshko, D.; Lapidus, A.; Korobeynikov, A. Using SPAdes De Novo Assembler. Curr. Protoc. Bioinform.

2020, 70, e102. [CrossRef]

54. Gurevich, A.; Saveliev, V.; Vyahhi, N.; Tesler, G. QUAST: Quality assessment tool for genome assemblies. Bioinformatics 2013, 29,

1072–1075. [CrossRef] [PubMed]

55. Seemann, T. Prokka: Rapid Prokaryotic Genome Annotation. Bioinformatics 2014, 30, 2068–2069. [CrossRef]

56. Wick, R.R. Filtlong. Available online: https://github.com/rrwick (accessed on 21 March 2021).

57. Wick, R.R.; Judd, L.M.; Gorrie, C.L.; Holt, K.E. Unicycler: Resolving bacterial genome assemblies from short and long sequencing

reads. PLoS Comput. Biol. 2017, 13, e1005595. [CrossRef]

58. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.

[CrossRef]

59. Wick, R.R.; Schultz, M.B.; Zobel, J.; Holt, K.E. Bandage: Interactive visualization of de novo genome assemblies. Bioinformatics

2015, 31, 3350–3352. [CrossRef] [PubMed]

60. Silva, M.; Machado, M.P.; Silva, D.N.; Rossi, M.; Moran-Gilad, J.; Santos, S.; Ramirez, M.; Carriço, J.A. chewBBACA: A complete

suite for gene-by-gene schema creation and strain identification. Microb. Genom. 2018, 4, e000166. [CrossRef]

61. Zhou, Z.; Alikhan, N.-F.; Sergeant, M.J.; Luhmann, N.; Vaz, C.; Francisco, A.P.; Carriço, J.A.; Achtman, M. GrapeTree: Visualization

of core genomic relationships among 100,000 bacterial pathogens. Genome Res. 2018, 28, 1395–1404. [CrossRef]

62. Li, H. Seqtk. Available online: https://github.com/lh3 (accessed on 21 March 2021).

63. Robinson, J.T.; Thorvaldsdóttir, H.; Winckler, W.; Guttman, M.; Lander, E.S.; Getz, G.; Mesirov, J.P. Integrative Genome Viewer.

Nat. Biotechnol. 2011, 29, 24–26. [CrossRef]

64. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754–1760.

[CrossRef] [PubMed]

65. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing

platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

66. Katoh, K.; Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability.

Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef] [PubMed]

67. Eyre, D.E.; Golparian, D.; Unemo, M. Prediction of Minimum Inhibitory Concentrations of Antimicrobials for Neisseria gonorrhoeae

Using Whole-Genome Sequencing. In Neisseria Gonorrhoeae: Methods and Protocols; Christodoulides, M., Ed.; Springer: New York,

NY, USA, 2019; ISBN 978-1-4939-9495-3.

68. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; 1000 Genome Project

Data Processing Subgroup. The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]

[PubMed]

69. Feldgarden, M.; Brover, V.; Haft, D.H.; Prasad, A.B.; Slotta, D.J.; Tolstoy, I.; Tyson, G.H.; Zhao, S.; Hsu, C.-H.; McDermott,

P.F.; et al. Validating the AMRFinder Tool and Resistance Gene Database by Using Antimicrobial Resistance Genotype-Phenotype

Correlations in a Collection of Isolates. Antimicrob. Agents Chemother. 2019, 63, 1–19. [CrossRef] [PubMed]

http://doi.org/10.1186/1472-6963-8-123
http://www.ncbi.nlm.nih.gov/pubmed/18538009
http://doi.org/10.12688/f1000research.26709.1
http://doi.org/10.1177/0956462420957519
http://doi.org/10.1089/mdr.2020.0490
https://github.com/tseemann/abricate
http://doi.org/10.1002/cpbi.102
http://doi.org/10.1093/bioinformatics/btt086
http://www.ncbi.nlm.nih.gov/pubmed/23422339
http://doi.org/10.1093/bioinformatics/btu153
https://github.com/rrwick
http://doi.org/10.1371/journal.pcbi.1005595
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1093/bioinformatics/btv383
http://www.ncbi.nlm.nih.gov/pubmed/26099265
http://doi.org/10.1099/mgen.0.000166
http://doi.org/10.1101/gr.232397.117
https://github.com/lh3
http://doi.org/10.1038/nbt.1754
http://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
http://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
http://doi.org/10.1128/AAC.00483-19
http://www.ncbi.nlm.nih.gov/pubmed/31427293

	Introduction 
	Results 
	Characterization of Strain Collection 
	SNP Determination 
	AMR Gene Screening 
	Core Genome (cg) MLST 

	Discussion 
	Materials and Methods 
	Strain Collection and MIC Determination 
	Whole Genome Sequencing 
	RAM Analysis and AMR Gene Screening 
	Multiple Linear Regression Models of Azithromycin MIC Prediction in Neisseria 

	References

