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a b s t r a c t 

Objectives: Antimicrobial resistance (AMR) in Neisseria gonorrhoeae ( N. gonorrhoeae ) is an urgent threat to 

public health, with the emergence of highly resistant strains such as the FC428 clone. This study aimed 

to evaluate the high-resolution melting assay of N. gonorrhoeae AMR (HRM-NG-AMR) for diagnosing N. 

gonorrhoeae infection and detecting extended-spectrum cephalosporins and azithromycin resistance. 

Methods: A multicentre collection of 1488 samples, including 770 isolates and 718 urogenital swabs, 

was used to evaluate the performance of the HRM-NG-AMR assay. The presence of N. gonorrhoeae was 

confirmed by culture. Minimum inhibitory concentrations of antibiotics against the tested isolates were 

determined using the agar dilution method. 

Results: Regarding N. gonorrhoeae identification, HRM-NG-AMR had a sensitivity of 95.15% (95% CI 91.65–

97.28) and a specificity of 96.44% (95% CI 94.17–97.89) using culture as standard. Regarding AMR detec- 

tion, the specificity ranged from 96.29% (95% CI 94.57–97.50) for cefixime to 99.52% (95% CI 98.68–99.85) 

for azithromycin. Additionally, the sensitivity ranged from 31.34% (95% CI 20.87–43.97) for azithromycin 

to 79.10% (95% CI 63.52–89.42) for ceftriaxone. It was determined that 664 of 672 (98.81%) and 615 of 672 

(91.52%) N. gonorrhoeae isolates were susceptible to ceftriaxone and cefixime, respectively, by detecting 

non-mosaic penA . Lastly, 40 genotypic FC428-related strains with the penA -60.001 allele were accurately 

identified. 

Conclusions: The HRM-NG-AMR assay showed promising diagnostic performance for detecting N. gonor- 

rhoeae infection and predicting AMR. This study aimed to evaluate the application of this assay in the 

clinical setting to enhance AMR surveillance and treatment intervention. 

© 2023 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved. 
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Gonorrhoea, caused by Neisseria gonorrhoeae ( N. gonorrhoeae ), is 

he second most common sexually transmitted bacterial infection 

orldwide [1 , 2] ; consequently, efforts have been made to prevent 

he spread and eliminate the infection using antimicrobial treat- 

ent. Extended-spectrum cephalosporins (ESCs), such as cefixime 

CFM) and ceftriaxone (CRO), are considered as the last effective 

ption for empirical monotherapy [2 , 3] ; however, ESCs resistance 

s increasing worldwide [2 , 4] and compromising its effectiveness. 
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Table 1 

Tested samples from four distinct geographical locations. 

Sample source Clinical isolates Urogenital swabs 

Year Gender No. of N. gonorrhoeae positive results 

2019 2020 Total Male Female Total Culture a HRM 

b RT-PCR c 

Deqing 102 105 207 31 73 104 24 27 27 

Chengdu 92 68 160 33 5 38 18 23 23 

Guangzhou 100 100 200 129 78 207 31 32 31 

Shanghai 101 102 203 280 89 369 195 189 188 

Total 395 375 770 473 245 718 268 271 269 

a Culture, bacterial culture. 
b HRM, the HRM-NG-AMR assay. 
c RT-PCR, an in-house real-time PCR assay. 
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herefore, the World Health Organization has recommended CRO 

nd azithromycin (AZM) combination therapy as the first-line an- 

imicrobial [1 , 5] , but this treatment strategy is now in danger as N.

onorrhoeae has developed resistance to CRO and AZM [6] . A high- 

evel resistant FC428 clone containing the penA -60.001 allele was 

nitially identified in Japan in 2015 and subsequently disseminated 

o all continents [4] . 

Genetically, AZM resistance has been strongly linked to specific 

utations in the 23S rRNA genes [2 , 7] . The molecular mechanism 

f ESCs resistance is complicated and associated with mutations 

n several genes [2 , 8] . Resistance determinants include (i) acqui- 

ition of a mosaic penA allele of homologous recombination from 

ommensal Neisseria spp. and (ii) mutations in several target genes 

 ponA, porB and mtrR ) associated with resistance or decreased sus- 

eptibility to ESCs [1 , 2 , 8] . Clinical studies have suggested that de-

ecting these principal resistance mutations can guide antimicro- 

ial treatment options [9 , 10] . Therefore, the importance of devel- 

ping methods that identify resistance determinants and track the 

lobal dissemination of the FC428 clone has been recognised, to 

nhance AMR surveillance and potentially guide antimicrobial se- 

ection for treatment purposes. 

A standard strategy for gonococcal AMR surveillance includes 

 combination of culture-based methods, antimicrobial susceptibil- 

ty testing (AST) and specific PCR for target genes associated with 

equence typing; however, these methods have a high turnaround 

ime, are labour-intensive [11] and preclude the rapid screening 

f large numbers of samples. Although genomic approaches play 

n increasingly important role in AMR surveillance [12 , 13] , tedious 

rocedures are impractical for most clinical laboratories [14] . Con- 

equently, there is an urgent need for high-throughput compre- 

ensive approaches to improve the diagnosis of N. gonorrhoeae and 

he detection of AMR. These methods should be suitable for clini- 

al settings, where cost savings and higher efficiency are expected 

wing to the high volume of samples and treatment requirements. 

A previously established method [8] , the multiplex high- 

esolution melting (HRM) assay of N. gonorrhoeae AMR (HRM-NG- 

MR), is one candidate used to simultaneously detect N. gonor- 

hoeae infection and identify molecular markers responsible for 

SCs and AZM resistance. This assay’s diagnostic accuracy for AMR 

eterminants has previously been reported [8] ; however, its perfor- 

ance in predicting AMR directly in clinical samples has not been 

horoughly evaluated. Therefore, this study evaluated the HRM- 

G-AMR assay for N. gonorrhoeae identification, AMR phenotypes 

nd FC428-related clone detection in isolates and urogenital swabs 

rom four geographically and clinically distinct populations. 

aterials and Methods 

eisseria gonorrhoea e isolates and clinical samples 

In this cross-sectional study, two sets of samples were collected 

rom four geographically distinct hospitals in China ( Table 1 ). The 
2

rst set of samples included 770 N. gonorrhoeae isolates, retrieved 

rom isolate banks, from gonorrhoea patients with symptomatic 

rethritis (dysuria and/or urethral discharge) between 2019 and 

020 (one isolate per patient). The second set included 718 urogen- 

tal swabs from consecutive patients with suspected gonorrhoea or 

rethritis who visited the clinics of the four hospitals between Jan- 

ary and July 2021. For details, see Supplementary Materials and 

ethods. 

pecimen processing and antimicrobial susceptibility testing of 

eisseria gonorrhoeae 

The nucleic acid was extracted from 770 N. gonorrhoeae isolates 

fter isolate resuscitation on the GC medium with 1% IsoVitaleX 

15] ; the HRM and PCR test were subsequently performed. For each 

solate, the MIC test was performed in accordance with Clinical and 

aboratory Standards Institute (CLSI) guidelines. For 718 urogenital 

wabs, one Dacron swab from each patient was taken and trans- 

orted to the laboratory at room temperature (ca. 25 °C). In order 

o ensure that the sample source of the culture and HRM was con- 

istent, a portion of the swab was directly inoculated on Thayer- 

artin (T-M) medium supplemented with 1% IsoVitaleX (Oxoid, 

SA) and incubated at 37 °C ± 1 °C with 5% CO 2 for isolation and

ulture of N. gonorrhoeae , and the residual portion of the swab was 

reated with PBS solution (pH 7.0) for 30 min and vortexed for 30 

 and used for the following nucleic acid extraction and HRM-NG- 

MR assay. If N. gonorrhoeae grew on the TM medium, the MIC 

est was subsequently performed in accordance with CLSI guide- 

ines. If no N. gonorrhoeae presented, it was interpreted as a neg- 

tive swab culture. Identification of N. gonorrhoeae was based on 

he oxidase test, Gram staining and glucose utilisation tests during 

outine clinical testing [15] . Gonococcal colonies were suspended 

n 15% glycerinum of brain-heart base broth and frozen ( −80 °C). 

acterial culture was used as the gold standard to detect the pres- 

nce of N. gonorrhoeae in the urogenital swabs. 

Although 268 swabs were positive for N. gonorrhoeae by cul- 

ure, 144 were excluded from the AST stage for drug resistance 

etermination because no corresponding active gonococcal strains 

ere available. Therefore, 894 N. gonorrhoeae isolates were sub- 

ected to AST, comprising 770 isolates retrieved from the bacte- 

ial isolate banks and 124 collected from the urogenital swabs. The 

solates were categorised as susceptible or resistant using the lat- 

st clinical breakpoints or epidemiological cut-off values from the 

uropean Committee on Antimicrobial Susceptibility Testing (EU- 

AST) for ESCs and AZM ( www.eucast.org/clinical _ breakpoints , ac- 

essed on 15 February 2022). A sample flow diagram is provided in 

igure 1 . 

RM-NG-AMR assay 

The HRM-NG-AMR assay was prepared and performed as de- 

cribed in the Supplementary Methods. Each sample was tested 

http://www.eucast.org/clinical_breakpoints
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Figure 1. Study flow diagram. 

Table 2 

Performance of the HRM-NG-AMR assay for N. gonorrhoeae identification in 718 urogenital swabs compared with that of bacterial culture. 

Sample source No. of samples with the following result a Analytical performance (%) b 

TP FP FN TN Total Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) 

Deqing 23 4 1 76 104 95.83 (76.88-99.78) 95 (87.00-98.39) 85.19 (65.39-95.14) 98.7 (91.99-99.93) 

Chengdu 18 5 0 15 38 100 (78.12-100) 75 (50.59-90.41) 78.26 (55.79-91.70) 100 (74.65-100) 

Guangzhou 31 1 0 175 207 100 (86.27-100) 99.43 (96.39-99.97) 96.87 (82.00-99.84) 100 (97.32-100) 

Shanghai 183 6 12 168 369 93.85 (89.24-96.64) 96.55 (92.30-98.59) 96.83 (92.90-98.70) 93.33 (88.37-96.35) 

Combined 255 16 13 434 718 95.15 (91.65-97.28) 96.44 (94.17-97.89) 94.10 (90.40-96.48) 97.09 (94.95-98.38) 

a TP, true positive; FP, false positive; FN, false negative; TN, true negative. 
b CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value. 
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or 11 targets ( penA -G545S, penA -D345del, penA -A501, mtrR -G45D, 

trR -H105Y, ponA -L421P, porB -120&121, 23S-A2059G, 23S-C2611T, 

orA, opa ). The target penA -G545S was originally designed to iden- 

ify mosaic penA alleles in HRM-NG-AMR assay. Interestingly, sev- 

ral strains were clearly differentiated from the mosaic penA pat- 

erns during the evaluation stage, displaying a change in melt- 

ng temperature and a shift in the melting peak. Detailed anal- 

sis revealed that these strains were all FC428 clones contain- 

ng the penA- 60.001 allele. To determine whether the target penA - 

545S is an indicator for detecting the FC428 clone, five FC428- 

ssociated isolates harbouring penA -60.001 were used, based on 

revious studies [4 , 9 , 16] , to evaluate the effectiveness of the HRM-

G-AMR assay. 

CR and bidirectional sequencing analysis 

To verify the discordant results for the presence of N. gonor- 

hoeae in clinical swabs between HRM-NG-AMR and N. gonorrhoeae 

ultures, an in-house real-time PCR assay was performed accord- 

ng to a previous study [17] . To further confirm all FC428-related 

trains identified by the HRM-NG-AMR assay, full-length penA se- 

uencing was performed as described in Supplementary Methods. 

imilarly, the resistance-determining regions were sequenced for 

trains with the resistant phenotype of AZM, using specific primers 

pplied in a previous study [8] . 

tatistical analysis 

The assay’s specificity, sensitivity, positive (PPV) and negative 

redictive values (NPV) with their respective 95% confidence inter- 
3 
al (CI) were calculated for all tested strains using the VassarStats 

oftware ( http://www.vassarstats.net/ ). 

thical statement 

The study was approved by the Medical Ethical Committee of 

he Shanghai Skin Disease Hospital (2021-20KY) and registered in 

he Chinese Clinical Trial Registry (ChiCTR210 0 048771). 

esults 

nalytical performance for Neisseria gonorrhoeae identification in 

linical swabs 

Among the 718 clinical swabs, 271 (37.74%) tested positive for 

. gonorrhoeae by the HRM-NG-AMR assay. As described above, 

68 swabs were positive for N. gonorrhoeae by culture. Overall, the 

ensitivity, specificity, PPV and NPV determined by the bacterial 

ulture were 95.15% (95% CI 91.65–97.28), 96.44% (95% CI 94.17–

7.89), 94.10% (95% CI 90.40–96.48) and 97.09% (95% CI 94.95–

8.38), respectively ( Table 2 ). Among the 16 HRM-NG-AMR-positive 

nd culture-negative samples, 14 (87.5%) were confirmed positive 

y a real-time PCR assay, while two (12.5%) remained unverified. 

fter confirmatory testing, the overall accuracy of N. gonorrhoeae 

dentification by the HRM-NG-AMR assay was 99.26% (269 of 271). 

nother 13 swabs grew N. gonorrhoeae in culture but tested neg- 

tive by the HRM-NG-AMR assay and confirmatory testing (Table 

1), indicating low organism burden with only a subset of sample 

liquots harbouring bacteria. 

http://www.vassarstats.net/
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Figure 2. Diagnostic performance of the HRM-NG-AMR assay for the detection of ESCs susceptibility by detecting non-mosaic penA allele. 

Abbreviations: CFM R, cefixime resistance; CFM S, cefixime susceptibility; CRO R, ceftriaxone resistance; CRO S, ceftriaxone susceptibility. 

Table 3 

Analytical performance of the HRM-NG-AMR assay compared with reference antimicrobial susceptibility testing. 

Antimicrobials a AST results b The HRM-NG-AMR assay results c 

R S Total R S Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) 

CRO 43 851 894 40 854 79.10 (63.52–89.42) 99.30 (98.40–99.72) 85.00 (69.48–93.75) 98.95 (97.93–99.48) 

CFM 167 727 894 98 796 42.52 (34.98–50.40) 96.29 (94.57–97.50) 72.45 (62.35–80.76) 87.94 (85.43–90.08) 

AZM 67 827 894 25 869 31.34 (20.87–43.97) 99.52 (98.68–99.85) 84.00 (63.08–94.75) 94.71 (92.95–96.06) 

a CRO, ceftriaxone; CFX, cefixime; AZM, azithromycin. 
b The isolates were classified as susceptible and resistant using the EUCAST clinical breakpoints for ESCs and AZM ( http://www.eucast.org/ ); AST, antimi- 

crobial susceptibility testing; S, number of susceptible isolates; R, number of resistant isolates. 
c CRO resistance depended upon the presence of the penA- 60.001 allele in penA ; CFM resistance depended upon the presence of a mosaic allele in penA , 

an amino acid change (DA/KD/KG/KA) in porB , and the L421P substitution in ponA ; AZM resistance depended upon the presence of C2611T or A2059G 

mutations in 23S rRNA; S, number of susceptible isolates; R, number of resistant isolates; CI, confidence interval; PPV, positive predictive value; NPV, 

negative predictive value. 
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ntimicrobial susceptibility and genetic determinants of 894 

eisseria gonorrhoeae isolates 

The results of antimicrobial susceptibility and genetic determi- 

ants of the 894 N. gonorrhoeae isolates are shown in the Sup- 

lementary Results (Figures S1 and S2, Tables S2 and S3). Notably, 

n comparing the tested 894 bacterial strains, 672 (75.17%) isolates 

ere found to contain a non-mosaic penA allele by HRM-NG-AMR 

esting. When tested using culture-based AST, 98.81% (664 of 672) 

nd 91.52% (615 of 672) were labelled as susceptible phenotypes 

or CRO and CFM, respectively ( Figure 2 ). Based on these results, it

as deducted that most N. gonorrhoeae isolates would be suscep- 

ible to ESCs (CRO and CFM) by detecting non-mosaic penA . 

nalytical performance for antimicrobial resistance detection in 

eisseria gonorrhoeae 

Overall, the HRM-NG-AMR assay demonstrated 99.30% (95% CI 

8.40–99.72) specificity and 79.10% (95% CI 63.52–89.42) sensitiv- 

ty for CRO resistance detection compared with the phenotype- 

ased susceptibility data ( Table 3 ). Based on the HRM results, the 

pecificity and sensitivity for CFM resistance detection were 96.29% 

95% CI 94.57–97.50) and 42.52% (95% CI 34.98–50.40), respectively. 

ompared with reference AST, the HRM-NG-AMR assay displayed a 

pecificity of 99.52% (95% CI 98.68–99.85) and sensitivity of 31.34% 

95% CI 20.87–43.97) for AZM resistance detection. 
4 
haracteristics of FC428-related strains screening 

The HRM-NG-AMR assay accurately identified FC428-associated 

trains, which were easily differentiated from the mosaic al- 

ele ( Figure 3 A). Therefore, penA -G545S could be used as a tar- 

et for screening FC428-related strains from clinical samples. Of 

he 894 N. gonorrhoeae isolates, 40 were classified as genotypic 

C428-related strains with the penA- 60.001 allele by the HRM-NG- 

MR assay, confirmed by penA sequencing. Among the 40 geno- 

ypic FC428-related strains, 39 of 40 (97.5%) isolates had a phe- 

otypic profile of resistance or decreased susceptibility to ESCs 

 Figure 3 B). 

iscussion 

This study performed a large-scale multicentre clinical evalu- 

tion of a molecular diagnostic assay, including 1488 individuals 

rom four distinct geographical locations in China. The HRM-NG- 

MR assay showed promising diagnostic performance for identify- 

ng N. gonorrhoeae infection and detecting AMR; it also showed an 

mpressive capacity for screening FC428-related strains when used 

o examine clinical isolates and secretion swabs. 

Several molecular assays have been successfully developed to 

etect N. gonorrhoeae infection [18 , 19] ; however, some of these 

ssays use only one or two targets, leading to the possibility of 

alse-negative results [20] , owing to mutations or genetic diver- 

ity within targets. High specificity rates are significant in low- 

http://www.eucast.org/
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Figure 3. The characteristic for screening of FC428-related strains using the HRM-NG-AMR assay. (A) Derivative melt curves of the target for penA -G545S in the HRM-NG- 

AMR assay. (B) MIC values among 40 FC428-related strains containing penA -60.001 allele identified by the HRM-NG-AMR assay. 

Abbreviations: CFM, cefixime; CRO, ceftriaxone. 
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revalence settings to reach a high PPV and reliably discriminate 

etween N. gonorrhoeae and commensal Neisseria species [20] . To 

ddress this dilemma, dual-target ( porA and opa ) strategies were 

dopted to increase specificity. Compared with the culture method, 

he sensitivity, specificity, PPV and NPV of HRM-NG-AMR were 

5.15%, 96.44%, 94.10% and 97.09%, respectively. This result further 

llustrates the importance of including dual targets in investigat- 

ng gonorrhoea cases with false-negative results using molecular 

ethods [21] . 

Given that ESCs and AZM are commonly used in treatment 

egimens [1 , 2 , 4] , direct detection of AMR determinants in clini-

al samples will rapidly identify resistance and facilitate the ju- 

icious use of appropriate antibiotics in treating N. gonorrhoeae . 

n additional benefit of the HRM-NG-AMR assay is that it con- 

omitantly detects resistance-associated determinants [8] . Com- 

ared with culture-based AMR testing, the current study obtained 

 similarly high specificity of 99.30% with a lower sensitivity of 

9.10% for detecting CRO resistance. The data demonstrated that 
5

etecting the non-mosaic penA allele could have predicted that the 

ajority (98.81% and 91.52%) of isolates were susceptible to ESCs 

CFM and CRO). Although this assay could enhance the effective 

se of ESCs in treating gonorrhoea, relying solely on non-mosaic 

enA to determine susceptibility has its limitation. Another advan- 

age of the HRM-NG-AMR assay is its ability to detect AZM re- 

istance markers [8] . This assay accurately detected mutation pat- 

erns (A2059G and C2611T) in the 23S rRNA gene, which was con- 

rmed by PCR and sequencing. C2611T is still the predominant 

eterminant of AZM resistance, which is consistent with previ- 

us results [22 , 23] . The current assay showed suboptimal sensi- 

ivity for detecting phenotypic AZM resistance; there are several 

ossible reasons for this, one of which is that AZM resistance can 

lso be caused by other mechanisms [24] such as overexpression 

f the MtrCDE efflux pump, presence of erm genes, inactivation 

f macrolides by ere and mph genes, ribosomal gene mutations in 

plD and rplV , and presence of mosaic- mtrR substitutions. There- 

ore, further optimisation is required to increase the prediction 
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ccuracy of AZM resistance, including the detection of additional 

ZM resistance determinants. 

The widespread dissemination of the FC428 clone, particularly 

hen combined with AZM resistance, has created significant ther- 

peutic challenges [16 , 25] . Tracking the spread of this clone has 

een made possible through traditional and complicated geno- 

yping techniques. To address this challenge, an HRM-NG-AMR 

ssay was used to determine whether specific genetic marker 

dentification can accurately predict the dissemination of FC428 

lones. It was found that the level of specific melting pattern con- 

ordance in FC428-related strains containing the penA -60.001 al- 

ele was 100%, suggesting that the penA -G545S target might be 

 good indicator for detecting FC428 clones. Furthermore, a nu- 

leic acid change (T to C) in the target region was found, com- 

ared with general mosaic alleles, which was responsible for the 

ifference in melting profiles. This study found that the geno- 

ypic FC428-related isolate was susceptible to ESCs. The findings 

uggest that FC428-related strains might change during transmis- 

ion and may have enabled the emergence of diversity in the in- 

ection reservoir. Given that the HRM-NG-AMR assay can screen 

or FC428-related strains, it could potentially be used in clini- 

al laboratories in conjunction with diagnostic methods that are 

ow commonplace for FC428-related strain screening. Additionally, 

he FC428 clone has spread to several geographically-distinct re- 

ions within China, and its prevalence might be increasing [15 , 26–

8] ; therefore, prioritising and facilitating FC428 clone identifica- 

ion in China by implementing the HRM-NG-AMR assay would 

undamentally improve the detection and management of the 

isease. 

This study had some limitations. First, some molecular mark- 

rs insufficiently contributed to AMR detection, indicating that re- 

istant isolates cannot be efficiently screened. Hence, to optimise 

he performance of this algorithm, the diagnostic strategy should 

e further adjusted by incorporating markers that contribute sig- 

ificantly. Additionally, the accuracy and precision of AZM resis- 

ance detection based on molecular determinants were primarily 

imited by the proportion of mutations in the 23S rRNA gene used 

o test samples. There was a low degree of sensitivity (31.34%) but 

igher specificity for resistance detection (99.52%) because of the 

elatively large number of AZM-resistant strains (62.22%, 28 of 45) 

hat did not carry any mutations in the 23S rRNA genes. However, 

hese limitations can be reduced by regularly updating the original 

ssay with newly discovered resistance determinants and adjusting 

he diagnostic strategy by replacing it with significantly contribut- 

ng markers. 

In conclusion, this analysis is the first step towards bridging 

he gap between molecular diagnostic assays and ARM detection 

n N. gonorrhoeae . Furthermore, it showed that the HRM-NG-AMR 

ssay has promising diagnostic performance when used in appro- 

riate scenarios, consequently improving patient outcomes, clin- 

cal decisions, infection control and AMR surveillance. In view 

f results derived from this study, future studies that focus on 

reatment intervention are planned to validate whether this as- 

ay will inform antimicrobial treatment decisions in the clinical 

etting. 
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