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Purpose: To investigate the carrying situation of N. gonorrhoeae genetic island (GGI), and to understand the existence of GGI of
different multilocus sequence types (MLST), so as to provide evidence for epidemiology.

Methods: From January 2018 to December 2020, a total of 37 clinical isolates of N. gonorrhoeae were collected. Resistance to
tetracycline, B-lactam, and azithromycin were measured. Genes in GGI (a#/4, traG, and traH) were amplified via polymerase chain
reaction (PCR). All clinical isolates were subjected to N. gonorrhoeae MLST.

Results: The GGI of N. gonorrhoeae were widespread, and the positive detection rates of atl4, traG and traH were all 81.08% (30/37). In this
study, atld, traG and traH were always detected positive together. No significant difference in the positive rate of the GGI between the
azithromycin-sensitive and the resistance groups or between the B-lactam positive and negative groups (P > 0.05) was found; however, there was
asignificant difference between the high-level tetracycline-resistant group and the non-high-level resistant group (P < 0.05), with the carrier rates
being 60.00% and 94.45%, respectively. Among the 37 isolates studied, 12 distinct MLST were determined, while MLST ST8123 occurred most
frequently, accounting for 18.91% (7/37), followed by ST1928, ST7367 and ST7822, all 13.51% (5/37).

Conclusion: N. gonorrhoeae typed as ST1928, ST1901, ST1588 and ST7822, the GGI were all positive. These four types are more
likely to become highly virulent strains.
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Introduction

Neisseria gonorrhoeae is the only member of the Neisseria genus that parasitizes the human reproductive tract and
annually causes an estimated 108 million cases globally. Its pathogenic factors are varied.! Although N. gonorrhoeae
does not produce exotoxins, it can damage host cells by releasing toxin molecules, such as lipo-oligosaccharides and
peptidoglycan fragments. Understanding the persistence of gonococci and the evolution of antimicrobial resistance
(AMR) is critical for the successful control of gonorrhea.” Harrison et al, earlier in 2016, noted an association between
the presence of gonococcal genetic island (GGI) and predicted resistance to multiple antibiotics.** In 2001, Dillard et al
first proposed the theory of PAls of N. gonorrhoeae in which these authors suggested that the gonococcal genetic island
(GGI) are closely related to the virulence of N. gonorrhoeae virulence.’

GGI are virulence gene clusters with large molecular weight (usually >30Kb), G+Cmol%, and code usage on bacterial
chromosomes that are significantly different from those of the host bacterial chromosome.®” GGI encode various virulence factors
that are normally absent in non-pathogenic strains of closely related or the same species. GGI are considered a subclass of genomic
islands that are acquired through horizontal gene transfer through transduction, coupling, and transformation, and provide
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a “quantum leap” in microbial evolution.* ' Data based on extensive bacterial genome sequencing indicate that GGI are
ubiquitous in both Gram-positive and -negative bacterial pathogens of humans, animals, and plants.'*12

Since the discovery and naming of the first GGI in uropathogenic Escherichia coli, UPEC,"® GGI have been successfully
found in Staphylococcus,14 Helicobacter pylori,15 Yersinia,'® Salmonella,'” Pseudomonas,'® Vibrio cholerae,'® and others. The
existence of more than a dozen GGI has been reported. However, only a few studies addressing the GGI of N. gonorrhoeae are
available. The GGI genes currently identified in N. gonorrhoeae mainly include atlA, traH, traG, cspA, expl, exp2, orf7, and
orf8.> The length of atlA is 543 bp, and its product, AtlA, is a peptidoglycan hydrolase, which strongly resembles the phage
glycosyltransferase. Expression of AtlA leads to an increase in levels of toxic peptidoglycan fragments, modulates immune
responses, promotes N. gonorrhoeae infection, exacerbates disseminated gonorrhea arthritis, and may cause meningitis. The
lengths of traG and traH are 2916 bp and 1503 bp, respectively. These genes are located upstream of at/4 and are very similar to
the E. coli (ECO) F factor conjugation genes, traG and fraH. In the ECO F plasmid, t7aH and traG are involved in the assembly of
F-pili. TraG is required for the stability of conjugation recipient bacteria and is presumed to be part of the conjugation channel.
N. gonorrhoeae can secrete DNA through the type IV secretion system encoded by the GGI, which is crucial to the virulence of
bacteria, is closely related to its natural transformation, promotes the spread of antigenic variation and drug resistance, and may
also be associated with others.***!

Multi-locus sequence typing (MLST) is used to characterize isolates by amplifying sequences with seven house-
keeping loci and is usually used to track the spread of N. gonorrhoeae strains in which genetic variation is indexed over
an extended period of time accumulation.*

GGI have been transferred horizontally (laterally) from other microorganisms and are important in the evolution of
pathogenesis.>* Such events, which may occur over long periods of time, lead to the evolution of new pathogenic capabilities
and/or the emergence of new microbial species.'? The purpose of this study was to investigate the GGI status and genetic
characteristics of N. gonorrhoeae from samples obtained from a teaching hospital in Wenzhou, eastern China.

Materials and Methods

Bacterial Strains

From January 2018 to December 2020, a total of 104 N. gonorrhoeae were isolated, out of which 37 non-repetitive
isolates were selected by simple random sampling in the First Affiliated Hospital of Wenzhou Medical University, of
which 19/104 were from 2018, 14/104 from 2019, 5/104 from 2020; If multiple samples were obtained from the same
patient, only the first isolate was retained. All experimental strains were identified by oxidase reaction, sugar fermenta-
tion tests, and Gram-staining, and further confirmed as N. gonorrhoeae by the fully automatic rapid microbial mass
spectrometry detection system (VITEK MS from bioMérieux, SA, France).

Antimicrobial Susceptibility Testing

The susceptibility of N. gonorrhoeae to B-lactam antibiotics was determined by the disc method (Chongqing Ponton Medical
Equipment Co., Ltd.) for qualitative results, the K-B method for tetracycline, and the E-test method for azithromycin (Wenzhou
Kangtai Biological Technology Co., Ltd.). All test results were interpreted according to the Clinical and Laboratory Standards
Institute (CLSI 2020) guideline standards for all antibiotics.** An individual N. gonorrhoeae isolate was streaked on Thayer-
Martin (T-M) selective medium for isolation and purification. This plate was incubated at 36°C in 5% CO, for 48 h after which
time, the bacteria that reached 0.5 M turbidity were smeared three times in a dense and uniform manner onto 9-cm diameter GC
plates. Plates were then incubated for 24 h at 35°C in a 5% CO2 incubator with drug-sensitive paper and E-test strips to determine
zone diameter or minimum inhibitory concentrations (MICs). The quality control strain for the antibiotic susceptibility test was
N. gonorrhoeae ATCC 49226, which was provided by the Clinical Laboratory of the Ministry of Health of the People’s Republic
of China. All strains were kept in glycerol broth and stored at —80°C until use.

Extraction of Bacterial Genomic DNA
The plasmid DNA of N. gonorrhoeae was extracted using a spin column-type plasmid mini-extraction kit DP103-03
(Tiangen Biochemical Technology Co., Ltd.) after which the supernatant was removed and stored at —20°C for further use.
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Amplification of the Pathogenicity Islands Gene
Primers for atl4, traG, and traH genes were synthesized by Beijing Qingke New Industry Biotechnology Co., Ltd.
Hangzhou Branch as previously described (Table 1).> Polymerase chain reaction (PCR) conditions for atl4 and traH
followed several steps: (1) 10 min at 94°C for pre-denaturation, (2) 30 cycles of 30 s at 94°C for denaturation, (3) 30 s at
56°C for annealing, and (4) extension at 72°C for 1 min. Conditions for amplification of #aG included several steps: (1)
10 min at 94°C, (2) 30 cycles of 30 s each at 94°C, (3) 30 s at 56°C, and (4) 2 min at 72°C.

DNA samples amplified by PCR were electrophoresed at 110 V for 30 min. All amplified products were then
photographed by a gel imager, confirmed as a single band, and the positive strains were recorded.

N. gonorrhoeae Multi-Locus Sequence Typing (MLST)

All N. gonorrhoeae isolates were subject to molecular epidemiologic analysis using MLST in which seven housekeeping
genes (adk, abcZ, aroE, fumC, pgm, gdh, and pdhC) were analyzed and the sequencing results submitted to the database
system (http://pubmlst.org/neisseria/) to obtain the number of alleles. Strain sequences were then obtained based on the

number of alleles (ST). MEGA 7.0 software used the maximum-likelihood method to create a N. gonorrhoeae phylo-
genetic tree by linking alleles.”

Statistical Analysis

The hospital bacterial resistance monitoring software (WHONET 5.4) provided by WHO and medical statistical software
SPSS20.0 were used for data analysis and statistical processing, and P values less than 0.05 were considered statistically
significant.

Results
Antimicrobial Susceptibility

Among the 37 N. gonorrhoeae strains that were tested, the positive rate of B-lactam was 62.16%, and the resistance rates
of tetracycline and azithromycin were 45.94% and 56.75%, respectively. Among the 21 azithromycin-resistance isolates,
two with MIC values of >256 pug/mL exhibited high-level resistance. We published an article in 2019 and found that all
nineteen highly tetracycline-resistant N. gonorrhoeae were positive for the Tet-M gene, which is consistent with Allen’s
finding that the tetracycline resistance of N. gonorrhoeae is closely related to the Tet-M gene.?*” Therefore, gonococci
with 30ug tetracycline disk zone diameters of =<19mm usually indicate a plasmid-mediated high-level tetracycline-
resistant N. gonorrhoeae (TRNG) isolate.* Of the 17 tetracycline-resistant strains, 15 were TRNGs (Table 2).

Detection Results of Pathogenicity Islands Genes and Correlations with Drug

Resistance

Using the DNA of 37 strains of N. gonorrhoeae as a template for PCR amplification, it was found that the GGI were widely
present, and the positive detection rates of atl4, traG and traH were all 81.08% (30/37). In this study, at/A, traG and traH were
always detected positive together. The sequencing diagram is shown in Figure 1. According to whether the MIC value of
azithromycin was >1 pg/mL,?® 37 strains of N. gonorrhoeae could be divided into azithromycin-sensitive and azithromycin-

Table | Primer Sequence and Product Length of Target Genes

Target Genes Sequence (5'—>3') Product Length (bp)

atlA F-TTCAACTGCTCATAATCAAGC 450
R:AAATCCTCTCTGCCTAAAGA

traG F:CTGCAGACCGAGCAGAAACATC 350
R:ACGTCTTTCATTGCATTATCG

traH F.-GGCGGTATTCGTGATTTGGTC 1100
R:CTGTGTATTTGTCCTTATCCC
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Table 2 PAls and Molecular Typing Results of Clinical Isolates of Neisseria

gonorrhoeae
Strain B-lactamase AZM? TCYP PAIs® MLST
NoO. MIC (pg/mL) Inhibition ST
Zone (mm)
| - 0.25 35 + 7822
2 + | 6 + 9899
3 + 8 37 + 8123
5 + 2 9 - 7363
6 - 4 35 + 1901
8 + 0.5 I + 8123
9 + | + 1928
12 - 0.5 6 + 7822
13 + 16 36 + 7367
16 + 16 37 + 7367
17 - 0.125 31 + 1928
18 - 0.5 31 - 7363
19 + 0.5 10 + 1928
20 - 0.5 32 + 1901
21 + | 10 - 7367
22 + 0.125 18 + 1588
23 + 0.032 36 - 1600
25 - >256 45 + 1901
26 + 0.5 30 + 8123
27 + | 34 + 7367
28 + 0.5 9 + 1928
29 - | 38 + 14,421
30 - 0.125 39 + 8123
31 + 1.25 18 + 7822
32 + | 36 + 7822
33 - 0.25 35 + 7367
34 - | 32 + 1901
36 - 0.25 Il - 1600
37 + >256 23 + 1588
38 + | 21 + 1928
39 - | 44 + 14,283
40 + 0.5 13 - 8123
41 + | 14 + 15,251
42 + | I - 8123
43 + | 40 + 7822
44 + 8 38 + 8123

Abbreviations: AZM, azithromycin. °TCY, tetracycline. “PAls, pathogenicity islands.

resistant groups, and if the diameter of tetracycline disk zone was < 19mm, the strains could be divided into highly resistant
and non-highly resistant groups. A correlation between GGI and antibiotic resistance is shown in Table 3. As can be seen, no
significant difference in the positive rate of the GGI between the azithromycin-sensitive and azithromycin-resistance groups
was observed (P > 0.05). Similarly, no significant difference between the f-lactam positive and negative group (P > 0.05) was
noted; however, a significant difference between the TRNG group and the non-TRNG group (P < 0.05) was observed. Another
important finding is that the GGI of the two high-level azithromycin-resistant strains were positive.

Molecular Epidemiologic Typing
The 37 N. gonorrhoeae clinical isolates were typed by MLST analysis, and 12 different sequence types (STs) were
identified with ST8123 was the most prevalent ST, accounting for 18.91% (7/37), followed by ST1928, ST7367 and
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Table 3 Correlation Analysis Between Antimicrobial Resistance and
Pathogenicity Islands of N. gonorrhoeae

Antibiotic Resistance PAIs Positive | PAls Negative P*
B-Lactamases positive 18 5 0.459
B-Lactamases negative 12 2

Azithromycin resistance 18 3 0.342
Azithromycin sensitive 12 4

High-level tetracycline-resistant 9 6 0.011
Non-high-level tetracycline-resistant 21 |

Note: *The p value is the result of the chi-square test.

ST7822, all 13.51% (5/37). N. gonorrhoeae typed as ST1928, ST1901, ST1588 and ST7822 (STs with values of one
were not counted), the GGI genes were all positive.

Based on phylogenetic analysis, four large clusters were identified (Figure 2). Cluster A isolates included four
different STs, cluster C isolates included two, and cluster B isolates included only one type, named ST7363. Finally,
cluster D contained five different STs, including ST1928, ST1901, ST9899, ST1600 and ST7822, in which three STs GGI
genes were all positive.

Discussion

N. gonorrhoeae, the causative agent of the sexually transmitted disease gonorrhea, has an estimated annual incidence of
86.9 million adults globally.”® Untreated gonorrhea can lead to serious sequelae, including infertility, pelvic inflammatory
disease, neonatal conjunctivitis, and disseminated gonococcal infection. Gonorrhea may also contribute to an increase in

— ST8123
— ST7367
— ST14421
— ST14283
ST7363
ST1588
N — ST15251
— ST1901
— ST1928
—— ST1600
— ST9899
—— ST7822

ClusterA

ClusterB

ClusterC

ClusterD

Figure 2 Phylogenetic tree constructed using MEGA7.0 for MLST STs of 37 N. gonorrhoeae isolates. Clusters A-D: according to bootstrap, different STs are divided into
four clusters, A-D.
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HIV transmission.’® Bacterial pathogenicity and antibiotic resistance are two subjects about which people have been
generally concerned. Bacterial virulence may be due to acquisition of some different GGI or deletion of some
chromosomal DNA under host selection pressure for a long time. In contrast, antibiotic resistance is initiated under
the selective pressure of antimicrobial drugs. For N. gonorrhoeae, the study of drug resistance started very early, while
the study of GGI was relatively late.

Previous studies have demonstrated that GGI contribute to virulence of bacterial pathogens, and the loss of GGI will
lead to decreased virulence.*'*? In this study, atlA, traG, and traH always detected positive as a group with a very high
detection rate of 81.08%. It can be seen that GGI are indeed widespread, which is consistent with previous reports.'-'"*'?
According to Table 3, it can be easily seen that no significant difference between the B-lactam positive and negative
groups could be found (P > 0.05), and the same pattern was true for the azithromycin-sensitive and azithromycin-
resistance groups (P > 0.05). However, the only two highly resistant azithromycin strains were positive for GGI, which is
a finding that needs further study. Previous studies have reported that the mutant with high-resistance to azithromycin
(N. gonorrhoeae 23S TRNA A2059G mutant) exhibits enhanced biocompatibility and enhanced epithelial cell invasion

1.3 Therefore, it is

during colonization with a selective advantage during colonization in a mouse vaginal infection mode
believed that the GGI of the two highly azithromycin-resistant strains found in this study is meaningful since it appears
that as azithromycin resistance increases, so does virulence.

The GGlI-encoded gene product was found to be predominant in infecting cervical cells in a previous study and was
associated with N. gonorrhoeae virulence.** By comparing the GGI containing the TRNG and non-TRNG groups, it was
found that the carrier rate of the non-TRNG group (94.45%) was higher than that of TRNG group (60.00%), and
a statistically significant difference (P < 0.05) was found. We therefore inferred that there was a statistically significant
association between N. gonorrhoeae virulence negatively correlate and tetracycline resistance, and the lower the
tetracycline resistance is, the stronger the virulence is. This finding is quite different from the ongoing concerns about
N. gonorrhoeae antibacterial drug resistance.*> >’ However, according to the results of this study, it is suggested that both
pathogenicity and transmissibility of highly antibiotic-resistant strains are weaker, which means that antibiotic resistance
and pathogenicity are determined by different factors, so monitoring and research need to be conducted separately. To our
best knowledge, this study is the first report on the relationship between N. gonorrhoeae virulence and tetracycline
resistance.

The N. gonorrhoeae typing method, MLST, assists in understanding of gonorrhea spread. In this study, a total of 12
MLST types were identified, of which 33.33% (4/12) of the STs were represented by only a single isolate, suggesting that
these clinical isolates of N. gonorrhoeae exhibit considerable genetic diversity. According to the phylogenetic tree, four
different STs with all positive GGI were found, three of them belonged to cluster D, namely ST1901, ST1928, and
ST7822, and ST1588 was found in cluster C. These four STs share the same housekeeping genes, adk and pgm, while
MLST 1901, MLST1928, and MLST7822 have four identical housekeeping genes (adk, fumC, pdhC, and pgm). This
pattern indicates that the highly virulent N. gonorrhoeae strains are mainly concentrated in groups C and D, and the
relationship is very close. It is worth mentioning that the highly virulent type ST1901 found in this study is consistent
with the multidrug-resistant and widely disseminated N. gonorrhoeae identified in the Harrison report,' which explains
that the presence of the gonococcal genetic island (GGI) may be a significant factor in the Western hemisphere expansion
of gonococcus belonging to ST1901. Although the four ST1901 strains in the present research are not highly resistant
strains, this type has spread in the Northern hemisphere, which is concerning. Furthermore, the spread of ST1901 as
a highly virulent strain may lead to widespread dissemination of GGI as a mobile genetic element. This finding must also
be a cause for concern.

Recent studies on GGI have not only led to the identification of many new virulence factors used by these species
during infection of their respective hosts and have also dramatically changed the way researchers think about the
evolution of bacterial virulence.*'" Timely and in-depth studies of GGI not only helps us understand the complex
microbial world and the mechanism of the emergence of new pathogenic microorganisms but also provide new ideas for
the study of new pathogenic bacteria, re-emerging pathogenic microorganisms, and development of effective attenuated

vaccines.>®
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Conclusion

Although the sample number of this research is limited, it is impossible to explain whether the GGI carrier rate of the
highly azithromycin resistant strains is higher, but it is of great significance to study the GGI and molecular character-
istics of N. gonorrhoeae in Wenzhou, Eastern China. Measures should be conducted to monitor the spread of MLST
ST1901, ST1928, ST7822, and ST1588 N. gonorrhoeae clones, especially ST1901, which exhibit high virulence in
Eastern China.
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