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A B S T R A C T

Objectives: The aim of the study is to identify ceftriaxone resistance-related genes in Neisseria
gonorrhoeae.
Methods: Differences in gene expression were compared between ceftriaxone-susceptible N. gonorrhoeae
isolates [minimum inhibitory concentration (MIC) = 0.002–0.004 mg/L] and isolates with decreased
ceftriaxone susceptibility (MIC = 0.125–0.5 mg/L) using RNA-Seq (RNA sequencing).
Results: Total RNA of 10 clinical isolates was used to make libraries and generated an average of 24.07 Mb
reads per sample; these were assembled into 1871 mRNA genes. Moreover, 21 differentially expressed
genes (DEGs) were found between the N. gonorrhoeae isolates with susceptibility and decreased
susceptibility to ceftriaxone with a fold change of �2 (P < 0.05), among which 11 were upregulated and 10
were downregulated. Furthermore, all DEGs were verified by quantitative reverse transcription PCR (qRT-
PCR), which detected 25 clinical isolates with decreased ceftriaxone susceptibility and 21 ceftriaxone-
susceptible isolates. In addition, seven DEGs revealed relative expression levels by 2�DDCt and showed a
statistical significance (P � 0.05). Analysis of Gene Ontology (GO) terms and KEGG pathway for functional
enrichment showed that six DEGs were related to the cellular component and one DEG was related to the
biosynthesis of antibiotics, and these results might be related to ceftriaxone resistance.
Conclusions: Examining ceftriaxone resistance-related genes in N. gonorrhoeae is necessary owing to the
high morbidity and antimicrobial resistance of N. gonorrhoeae, especially its eventual resistance to third-
generation extended-spectrum cephalosporins (cefixime and ceftriaxone). Moreover, this report
provides a new direction for the study and control of ceftriaxone-resistant N. gonorrhoeae.
© 2018 International Society for Chemotherapy of Infection and Cancer. Published by Elsevier Ltd. All

rights reserved.
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1. Introduction

Gonorrhoea is a sexually transmitted infection (STI) caused by
the Gram-negative bacterium Neisseria gonorrhoeae. Gonorrhoea
has become a global public-health issue owing to its high
morbidity and antimicrobial resistance, especially the emergence
of resistance to third-generation extended-spectrum cephalospor-
ins (ESCs), namely cefixime and ceftriaxone [1–3]. The World
Health Organization (WHO) reported 78 million new cases of
gonorrhoea worldwide in 2012, with a global incidence rate of 19
* Corresponding author. Present address: Guangdong Provincial Dermatology
Hospital, No. 2 Lujinglu Road, Guangzhou 510091, Guangdong, PR China.

E-mail address: zhhpf@hotmail.com (H.-p. Zheng).
1 Yun-hu Zhao and Xiao-lin Qin are first co-authors.

https://doi.org/10.1016/j.jgar.2018.10.008
2213-7165/© 2018 International Society for Chemotherapy of Infection and Cancer. Pub
per 1000 females and 24 per 1000 males; moreover, high
prevalence values were reported in the Western Pacific and Africa
[4]. Rapidly increasing rates of gonorrhoea have recently emerged.
The US Centers for Disease Control and Prevention (CDC) reported
468 514 cases in 2016, which was an 18.5% increase from 2015 [5].
China reported 138 855 new cases in 2017, which was 20.7% higher
than in 2016 [6]. The prevalence of gonorrhoea is becoming
serious. In 2016, the WHO Global Strategy for STIs for 2016–2021
was approved by the UN World Health Assembly and one
important goal of this strategy is to reduce the morbidity of
gonorrhoea by resolving its broad-spectrum antimicrobial resis-
tance [1,7].

Most countries use ESCs as the first choice for treating
gonorrhoea [2,8]. However, resistance to cefixime, which was first
identified in Japan in the early 2000s [9], has spread in Asia,
France, Australia, Canada, Norway, South Africa and the UK [10].
lished by Elsevier Ltd. All rights reserved.
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The first strain with high-level resistance to ceftriaxone [mini-
mum inhibitory concentration (MIC) = 2 mg/L], called a ‘super-
bug’, was reported in Japan in 2011 [11], followed by verified
treatment failures in France, Australia, Canada, Slovenia and
Sweden [12]. Moreover, treatment failure with dual therapy
(500 mg ceftriaxone plus 1 g azithromycin) was reported in the
UK in 2016 [13]. Few options are available for treating
cephalosporin-resistant isolates owing to multidrug resistance.
The WHO believes that gonorrhoea may once again have no
treatment options [14].

The molecular mechanism of antimicrobial resistance in N.
gonorrhoeae is a complex process that includes the destruction or
modification of antibiotics, changes in the antibiotic target,
reduced antibiotic concentrations in cells and increased efflux
[2,15]. Many studies have shown that the mechanism of ESC
resistance appears to be related to alterations in the penA gene
encoding penicillin-binding protein type 2 (PBP2). Most N.
gonorrhoeae isolates with reduced susceptibility to ESCs have a
mosaic penA [16]. Incorporation of three mutations (A311V, T316P
and T483S) in the mosaic penA35 allele account for high-level
ceftriaxone resistance (MICs of 2–4 mg/L) in N. gonorrhoeae strain
H041 from Japan [17]. The changes in these residues have been
observed in other highly resistant strains, namely strains F89 and
A886, isolated from France and Australia, respectively [18].
However, recent studies have suggested that not all N. gonorrhoeae
strains with reduced susceptibility to ESCs have a mosaic penA
gene. Some important non-mosaic mutations have been identified
[19]. In a study in South Korea, the PBP2 pattern containing a
substitution at position 501 (Ala501 → Val) was identified and is
considered to cause reduced susceptibility to cefixime without
requiring additional mutations [20]. Previous studies have shown
that the reduced susceptibilities of N. gonorrhoeae to cefixime or
ceftriaxone are associated with mutations in penA, mtrR, porB and
ponA genes [21–23]. In addition, overexpression of the MtrC–
MtrD–MtrE efflux pump caused by mutation in the mtrR gene
increases the level of antibiotic efflux, and alteration of porB leads
to the inhibition of the entry of antibiotics into the cells [24].
Mutation of a gene encoding a subunit of an ATP-binding cassette
(ABC) transporter results in an additional mutation in the FtsX
protein at position 251 (R251H) that is involved in cephalosporin
resistance [25]. However, these may not be the only factors
involved in ESC resistance because the molecular mechanisms of
these antibiotics are not well understood.

Recently, RNA sequencing (RNA-Seq) has become a powerful
tool for investigating the transcriptional gene expression profile
of an organism [26]. Differentially expressed genes (DEGs) are
determined by RNA-Seq, and expression analysis of different
isolates and the functional genes are analysed by functional
enrichment analysis. RNA-Seq has been used to improve gene
model predictions, to discover new transcripts, to measure
transcript expression levels and to investigate molecular
mechanisms [27]. Furthermore, RNA-Seq is more sensitive
and efficient than previous microarrays for comparing gene
expression profiles [28].

In the present study, clinical gonococci with decreased
susceptibility to ceftriaxone (MIC � 0.125 mg/L) were detected
and RNA-Seq was employed to identify DEGs between
susceptible (MIC � 0.004 mg/L) and decreased susceptible
isolates. The presence of DEGs was further verified by
quantitative reverse transcription PCR (qRT-PCR) to detect
clinical isolates with or without decreased susceptibility to
ceftriaxone. Gene Ontology (GO) and KEGG pathway analyses
were performed to identify the biological function of DEGs and
to explore novel genes that might be related to ceftriaxone
resistance in order to ultimately provide new clues for
investigating molecular mechanisms.
2. Materials and methods

2.1. Ethical approval

This study was approved by the Medical Ethics Committee of
Guangdong Provincial Centre for Skin Diseases and STD Control
(China). The isolates used in the study were all residual clinical
specimens, and no personal information was collected.

2.2. Isolation and culture of N. gonorrhoeae

Clinical isolates of N. gonorrhoeae were collected from out-
patients with gonorrhoea attending sexually transmitted diseases
clinics in Guangdong Province during 2016–2017. Gonococci were
isolated in selective Thayer–Martin agar medium and their identity
was confirmed by Gram staining, oxidase and catalase assays, and
sugar fermentation test. All strains were preserved in skim milk
and were stored at �70 �C.

2.3. Antimicrobial susceptibility testing

All isolates were assessed for susceptibility to ceftriaxone using
the agar plate dilution method recommended by the WHO
Western Pacific N. gonorrhoeae monitoring programme. Clinical
isolates and WHO reference strains were suspended in 0.9% saline
and were adjusted to ca. 108CFU/mL (0.5 McFarland standard) as
inoculum. A multipoint inoculator was used to inoculate the
suspension into medium with ceftriaxone ranging from 0.002–
1 mg/L. MICs were determined following overnight incubation at
35 �C in a CO2 incubator.

2.4. Construction of RNA-Seq library

Three clinical isolates with ceftriaxone MICs of �0.004 mg/L
(susceptibility to ceftriaxone) were used as controls and seven
clinical isolates with MICs of �0.125 mg/L (decreased susceptibility
to ceftriaxone) were randomly selected for RNA-Seq.

To ensure the quality of the sequencing sample, an Agilent 2100
Bioanalyzer and Agilent RNA 6000 Nano Kit (Agilent Technologies,
Santa Clara, CA) were employed to detect total RNA [RNA
concentration, RNA integrity number (RIN) value, 28S/18S ratio
and fragment length], and RNA-Seq library construction was
performed using BGISEQ-500 (BGI, Guangzhou, China). For
subsequent analysis, high-quality sequencing reads were ensured
by filtering the reads using SOAPnuke (BGI). After filtering, the
remaining reads were called ‘clean reads’.

Hierarchical indexing for spliced alignment of transcripts
(HISAT) was then applied to obtain a genome map [29], and
Bowtie2 was used to map the clean reads to the reference sequence
and to calculate the gene alignment rate [30]. Next, the gene and
transcript expression levels [fragments per kilobase (FPKM) value]
were calculated using RSEM [31], and the function ‘cor’ was used to
calculate the Pearson correlation coefficient between every two
samples for RSEM. Finally, hierarchical clustering and ‘princomp’
were performed for principal component analysis.

2.5. Detection of differentially expressed genes

To identify DEGs between ceftriaxone-susceptible and de-
creased susceptibility N. gonorrhoeae isolates, DEGs were detected
using DEseq2 and PossionDis. DEseq2 is based on the negative
binomial distribution. Screening for DEGs with fold change �2
(P � 0.05) was performed as described by Love et al. [32].
PossionDis is based on the Poisson distribution. Fold change �2
and false discovery rate (FDR) �0.001 were determined as
described by Audic and Claverie [33]. Moreover, the fold change
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between different samples was calculated based on expression of
the gene. A smaller FDR and larger fold change indicated increased
significance of expression of the difference between the samples.

2.6. Gene Ontology and KEGG pathway analyses of differentially
expressed genes

To understand the biological function of DEGs, GO term and
KEGG pathway were considered in the functional enrichment and
were performed using phyper, a function of RSEM, with N.
gonorrhoeae strain FA1090 as the reference set. The P-value
calculation formula in the hypergeometric test is:

P ¼ 1 �
Xn�1

i¼0

M
i

� �
N � M
n � i

� �

N
n

� �

(see wiki for details: https://en.wikipedia.org/wiki/Hypergeo-
metric_distribution).

The FDR for each P-value was calculated, wherein FDR � 0.01 is
defined as significantly enriched values. Hence, genes that were
involved in cephalosporin resistance were discovered. Moreover,
DEGs were classified into different pathways that may affect
bacterial resistance with the KEGG annotation result.

2.7. RNA extraction and qRT-PCR

To validate the findings of RNA-Seq data, all DEGs were selected
to confirm their expression in ceftriaxone-susceptible or decreased
susceptible isolates. A total of 46 N. gonorrhoeae strains from
Guangdong Province isolated during 2016–2017 were selected,
among which 25 were decreased susceptible and 21 were
susceptible. Total RNA was extracted from each sample using
the TRIzol method, and reverse transcription was performed on a
T100TM Thermal Cycler (Bio-Rad, Hercules, CA) to obtain cDNA. The
obtained cDNA was used as a template for qRT-PCR (CFX
MaestroTM; Bio-Rad). cDNA (1 mg) was added to the reaction
mixture including 2� SYBR Green Master Mix (TIANGEN, Beijing,
China), forward and reverse primer (primer sequences are listed in
Table 1) and diethylpyrocarbonate (DEPC)-treated water (Bio-
Sharp, Hefei, China) to reach a total volume of 20 mL. Thereafter,
Table 1
Oligonucleotide primers used for quantitative reverse transcription PCR (qRT-PCR).

Target gene Orientation Nucleotides Size (bp)

16S rRNA Forward 50-CGAGTGTGTCAGAGGGAGGT-30 210
Reverse 50-GCTACGCTACCAAGCAATCA-30

NGO_1117 Forward 50-CCGTGTCCGTAAAGAGCAGG-30 109
Reverse 50-CGCAATCCCTATGACTTCGC-30

NGO_1123 Forward 50-CGGGTTGATTGAGATTGCC-30 160
Reverse 50-CCGCTCGTCTATGGCGTAG-30

NGO_1118 Forward 50-CAGGAACAAATCCAGCGACAAC-30 108
Reverse 50-TTGGGAATGCCGATGTGATAG-30

NGO_0725 Forward 50-TTATTGCCGATGCCGTCTG-30 122
Reverse 50-AAACCGAAACCGAACGCC �30

NGO_1073a Forward 50-TGTCAGCCGATTACGATGTC-30 200
Reverse 50-GCTGTAGCTTACTTGATCGG-30

NGO_0983 Forward 50-AGCTCCTGCTGCTGAG-30 158
Reverse 50-CAGGTGCTTCGGTAGC-30

NGO_0854 Forward 50-TCCGATGAATGAACGG-30 72
Reverse 50-CGTTACTGATTTTTCTTACTGG-30

NGO_2131 Forward 50-TCTGGGTAAACGAGCATA-30 168
Reverse 50-GTCCGACAGGTATCCATA-30

NGO_1861 Forward 50-AATTCCCCGCTGTTGGTA-30 213
Reverse 50-TGAACCTTCAGACGGCAT-30

NGO_0950 Forward 50-TGACAGAAACAAGCCGCT-30 112
Reverse 50-GTTGGATTTGAGGGCAGG-30
qRT-PCR was performed under the following conditions: 94 �C for
3 min, followed by 40 cycles at 94 �C for 30 s, 56 �C for 30 s and 72 �C
for 30 s. The plate read for SYBR melting curves was derived in
every reaction. All target genes were performed using 16S rRNA as
the reference, and each analysis was performed in triplicate. The
relative expression levels were calculated using 2�DDCt method.

3. Results

3.1. Isolate grouping for RNA-Seq

Clinical N. gonorrhoeae isolates were analysed for their
ceftriaxone MIC and were divided into two categories: susceptible,
MIC � 0.004 mg/L; and decreased susceptible (MIC � 0.125 mg/L).
Three samples were randomly selected from the susceptible N.
gonorrhoeae and were used in the control group (Ctr1, Ctr2 and
Ctr3); and seven samples were randomly selected from the
decreased susceptibility N. gonorrhoeae group and were used as the
sample group (S051, S01251, S0251, S01252, S052, S006 and
S01253) (Table 2).

3.2. Construction of RNA-Seq library

Ten sequencing samples were applied to the BGISEQ-500
platform and generated an average of 24.07 Mb reads per sample. A
total of 1871 genes were assembled and exhibited an average
mapping ratio of 90.54%; the average values of Q20 and Q30 were
96.42% and 87.17%, respectively. Clean reads were mapped to the
reference genome using HISAT and an average of 90.54% reads were
matched. To show the gene amounts under different FPKM value,
the gene amounts under three different FPKM ranges (�1,1–10 and
�10) were calculated. All samples exhibited high levels of
expression, indicating that the data could be used to analyse the
DEGs.

3.3. Detection of differentially expressed genes

DEGs between the control and sample groups can be identified
based on the gene expression level. There were 21 DEGs between
the two groups with a fold change �2 (P � 0.05), among which 11
were upregulated and 10 were downregulated. In Fig. 1a, red, blue
and grey represent the upregulated, downregulated and non-DEGs,
respectively. Moreover, a heatmap plot was used to show the DEG
distribution. Hierarchical clustering of transcripts showed signifi-
cantly upregulated and downregulated genes in the control and
sample group based on the result of t-test with fold change �2
(P � 0.05) (Fig. 1b). In addition, the distance of the relationship
between each gene was shown by gene tree; the shortest distance
Table 2
Basic information of RNA-Seq for Neisseria gonorrhoeae.

Group Strain no. Ceftriaxone MIC (mg/L) RNA-Seq no.

Control
Ctr1 GZ6 0.004 WHYR17109100_A
Ctr2 GZ89 0.002 WHYR17109101_A
Ctr3 GZ51 0.002 WHYR17109102_A

Sample
S051 GZ69 0.5 WHYR17109093_A
S01251 GZ15 0.125 WHYR17109094_A
S0251 DG537 0.25 WHYR17109095_A
S01252 ZH552 0.125 WHYR17109096_A
S052 DG93 0.5 WHYR17109097_A
S006 GZ72 0.125 WHYR17109098_A
S01253 DG33 0.125 WHYR17109099_A

MIC, minimum inhibitory concentration.

https://en.wikipedia.org/wiki/Hypergeometric_distribution
https://en.wikipedia.org/wiki/Hypergeometric_distribution


Fig. 1. Differentially expressed genes (DEGs) between control (C) group and sample (S) group of clinical Neisseria gonorrhoeae isolates. (a) The x- and y-axes represent log10-
transformed gene expression levels. Red, blue and grey represent the upregulated, downregulated and non-DEGs, respectively. (b) Each row represents the relative expression
of a single transcript, and each column represents a sample. Colours represent the log10-transformed gene expression level, with red and green representing high and low
expression levels, respectively.
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between nodes can represent the degree of difference between the
two genes, which is same as sample tree. Obviously, the first seven
genes and the last three genes showed low expression, whilst the
other genes showed high expression compared with the control
group. In addition, to better understand the function of the 21
DEGs, their annotations are listed in Table 3.
Table 3
Annotation of the 21 differentially expressed genes.

Gene ID Cellular component Molecular function 

NGO_1073a Integral component of
membrane

Porin activity 

NGO_1123 NA NA 

NGO_0983 NA NA 

NGO_2131 NA Peptidase activity 

NGO_1861 NA NA 

NGO_1302 NA NA 

NGO_0704 NA 3,4-Dihydroxy-2-butanone-4-
phosphate synthase activity;
metal ion binding

NGO_0713 NA 2-Dehydro-3-deoxy-
phosphogluconate aldolase
activity; 4-hydroxy-2-
oxoglutarate aldolase activity

NGO_1441 Integral component of
membrane

NA 

NGO_0742 Bacterial nucleoid; GO:
cytoplasm

DNA binding 

NGO_1733 NA Metal ion binding; GTP binding;
GTPase activity

NGO_1116 NA Sequence-specific DNA binding 

NGO_1929 NA NA 

NGO_0950 Integral component of
membrane

NA 

NGO_1542 Integral component of
membrane; plasma membrane

Catalytic activity; penicillin
binding

NGO_1624 NA NA 

NGO_1442 NA Alcohol dehydrogenase (NAD)
activity; zinc ion binding

NGO_0854 Membrane NA 

NGO_0725 NA NA 

NGO_1118 NA NA 

NGO_1117 NA NA 

NA, no annotation.
3.4. Gene Ontology analysis of differentially expressed genes

GO classification and functional enrichment with DEGs was
performed. Nine GO biological processes were annotated for 16
genes, six GO cellular components had annotations for 15 genes,
and three GO molecular functions contained 13 genes.
Biological process Nr description

Transmembrane transport Opacity-associated protein

NA Phage-associated protein
NA Outer membrane protein H.8
Proteolysis Stringent starvation protein B
NA Outer membrane preprotein PIIc
NA IS1016 transposase
Riboflavin biosynthetic process 3,4-Dihydroxy-2-butanone-4-

phosphate synthase

Metabolic process Ketohydroxyglutarate aldolase

NA Pilus assembly protein PilE

NA DNA-binding protein

NA Ribosome small subunit-dependent
GTPase

NA Transcriptional regulator
NA Hypothetical protein
NA Hypothetical protein

Peptidoglycan biosynthetic
process; response to antibiotic;
cell division; cell wall
organisation; regulation of cell
shape; cell cycle

Penicillin-binding protein

NA Phage-associated protein
Oxidation–reduction process Alcohol dehydrogenase

NA Hypothetical protein
NA Phage-associated protein
NA Phage-associated protein
NA Phage-associated protein
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Bacterial resistance is closely related to the cell membrane,
thus we focused on analysis of the cellular component. The
integral components of the membrane (GO: 0016021) enrich-
ment included YP_8053, YP_4853, YP_8495 and YP_8590;
membrane (GO: 0016020) enrichment included YP_7970;
plasma membrane (GO: 0005886) enrichment included
YP_8590; and YP_7871 belonged to cytoplasm (GO:0005737),
bacterial nucleoid (GO: 0043590) and nucleoid (GO: 0009295).
The integral component of the membrane had the highest
degree of enrichment, and these clustered DEGs may have a high
correlation with resistance.

3.5. KEGG pathway analysis of differentially expressed genes

KEGG pathway classification and functional enrichment with
DEGs was performed. The top 16 most differentially expressed
pathways are listed in Table 4. One of the DEGs belonged to the
biosynthesis of antibiotics, which may have an important function
in ceftriaxone resistance. The amount of upregulated and down-
regulated genes are represented by red and blue, respectively, in
Fig. 2a, and the number of DEGs in metabolic pathways is the
largest group.

Rich factor was used to analyse the significant enrichment of
DEGs. Rich factor refers to the enrichment factor value, which is
the quotient of foreground value (number of DEGs) and
background value (number of all genes). A larger Rich factor
denotes a more significant enrichment. In Fig. 2b, the high and
low q-values are represented by white and blue, respectively. A
lower q-value indicates a more significant enrichment. The DEG
number is represented by the point size in the diagram, wherein
bigger dots refer to larger amounts. As shown in Fig. 2b,
naphthalene and chloroalkene degradation were significantly
enriched. Only one gene from the genome was regulated in these
pathways. Moreover, the gene had different expression in the
control and sample groups, indicating that naphthalene and
chloroalkane degradation may have important roles in bacterial
resistance.

3.6. qRT-PCR validation

qRT-PCR was performed for the top ten DEGs (NGO_1117,
NGO_1123, NGO_1118, NGO_0725, NGO_1073a, NGO_0983,
NGO_0854, NGO_2131, NGO_1861 and NGO_0950) in the
Table 4
Top 16 most abundant differentially expressed gene (DEG) pathways.

Pathway ID Pathway DEG

ko00626 Naphthalene degradation 1 

ko00625 Chloroalkane and chloroalkene degradation 1 

ko01220 Degradation of aromatic compounds 1 

ko00071 Fatty acid degradation 1 

ko00740 Riboflavin metabolism 1 

ko00350 Tyrosine metabolism 1 

ko00730 Thiamine metabolism 1 

ko00550 Peptidoglycan biosynthesis 1 

ko00030 Pentose phosphate pathway 1 

ko00630 Glyoxylate and dicarboxylate metabolism 1 

ko00010 Glycolysis/gluconeogenesis 1 

ko01120 Microbial metabolism in diverse environments 2 

ko01100 Metabolic pathways 4 

ko01200 Carbon metabolism 1 

ko01110 Biosynthesis of secondary metabolites 2 

ko01130 Biosynthesis of antibiotics 1 

a Number of DEGs that annotated to specific pathway.
b Number of genes that annotated to specific pathway.
susceptible and decreased susceptible N. gonorrhoeae isolates.
Relative expression levels were calculated using 2�DDCt, and a
two-sample t-test was used to verify the significant difference
(P � 0.05). Compared with susceptible N. gonorrhoeae, NGO_1123,
NGO_1073a, NGO_1861 and NGO_0950 were upregulated, whereas
NGO_1117, NGO_1118, NGO_0725, NGO_0983, NGO_0854 and
NGO_2131 were downregulated (Fig. 3). However, NGO_0950
and NGO_0983 were not in agreement with the RNA-Seq data and
require further research.

4. Discussion

This study is the first to employ RNA-Seq for transcriptional
analysis between ceftriaxone-susceptible N. gonorrhoeae isolates
and isolates with decreased susceptible to ceftriaxone, and 21
DEGs were found. Functional enrichment with GO and KEGG
pathway analyses of these DEGs were performed, focusing on the
DEGs in the cellular components. Changes in gonococcal biofilms
contribute to the development of multidrug-resistant strains [34].
We focused on the pathways that had more clustering genes and
high enrichment in KEGG.

The RNA-Seq data demonstrated that the expression levels of
genes associated with cellular component were upregulated,
such as NGO_1441, NGO_1073a and NGO_0742, whereas
NGO_0950, NGO_1542 and NGO_0854 were downregulated.
Variability in the pilin protein is one of the important causes of
bacterial resistance [34,35]. The YP_8495 encoded by NGO_1441
has type IV pilus assembly protein PilE function that modulates
PilE and can significantly alter the serum resistance of N.
gonorrhoeae [36]. Upregulation of NGO_1441 leads to variability in
PilE and causes cephalosporin resistance. Porin mutation causes
moderate levels of resistance to penicillin and tetracycline in N.
gonorrhoeae and increases the expression of the MtrC-MtrD-MtrE
efflux pump that can lead to a new resistant phenotype [37].
NGO_1073a encodes YP_4853, which has functions in porin
activity and transmembrane transport. High expression of
NGO_1073a could regulate this function and cause resistance.
We did not expect NGO_0742 encoding YP_7871, which is an
uncharacteristic protein, to exhibit the function of DNA binding.
Furthermore, recent research has reported that susceptibility to
cephalosporins is related to penA, mtrR, penB and ponA genes in N.
gonorrhoeae [18,38]. Possibly YP_7871 can bind and regulate the
expression of these genes.
sa (9) All-geneb (1383) P-value q-value

1 0.000650759 0.005206074
1 0.000650759 0.005206074
5 0.003216316 0.011938325
5 0.003216316 0.011938325
7 0.004476872 0.011938325
7 0.004476872 0.011938325
12 0.007564645 0.017074095
17 0.01056338 0.017074095
18 0.01115264 0.017074095
18 0.01115264 0.017074095
19 0.01173844 0.017074095
100 0.01336279 0.017817053
427 0.02901409 0.035709649
69 0.03699681 0.040205888
198 0.03769302 0.040205888
142 0.06239486 0.06239486



Fig. 2. KEGG pathway classification and functional enrichment of differentially expressed genes (DEGs). (a) The x-axis represents the terms of the pathway and the y-axis
represents the number of upregulated or downregulated genes. (b) The x-axis represents the enrichment factor and the y-axis represents the pathway name.
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YP_8590 is among the DEGs with low expression encoded by
NGO_1542 and is a penicillin-binding protein with catalytic
activity that can affect the biosynthesis of peptidoglycan and
regulate the cell division protein Ftsl (PBP3). The resistance of N.
gonorrhoeae is currently related to PBP1 and PBP2 [39]; however,
no reports have been found on PBP3. No explicit functional
annotation and classification have been observed for YP_8053 and
YP_7970, which are encoded by NGO_0950 and NGO_0854,
thereby implying the need for further functional verification. In
addition to DEGs being annotated by cellular component, other
DEGs may be involved in the regulation of cephalosporin
resistance. For example, NGO_1116 encodes YP_8195, which has
a repressive effect and can specifically bind to DNA. Duffin and
Barber found that DprA, a DNA processing enzyme, affects the DNA
transformation process and causes mutation of gonococcal pilin
[40]. However, the particular DNA-bound protein of YP_8195 has
not been determined and could be PenA, MtrR, PenB or PonA,
which can all regulate cephalosporin resistance [18,38]. Further-
more, NGO_1861 is an outer membrane preprotein PIIc encoded by
YP_8894. The outer membrane proteins of N. gonorrhoeae show an
influence on multidrug resistance, specifically the variation of
porin, pilus secretion protein and enzymes [35]. Other proteins
encoded by DEGs can also regulate cephalosporin activities, which
can be subjected to further validation and future studies.

Many studies have shown that mutations in penA, mtrR, porB
and ponA genes are associated with the reduced susceptibility of N.
gonorrhoeae isolates to cefixime or ceftriaxone [21–23]. In the
current study, penA mosaic alleles (XXX or XXXIV pattern) altered
the structure of PBP2 and affected the activity of cephalosporins.
Moreover, an additional mutation site (A501V substitution) was
found, which may be more meaningful than mosaic structures in
ceftriaxone resistance [41]. Mutations of MtrR (A39T/H105Y
substitution) promote overexpression of the efflux pump
MtrCDE and enhance tolerance to antibiotics [42], and mutation
in PorB (G120K/A121D substation) reduces the permeability of
hydrophilic antibiotics. Thus, ceftriaxone resistance could
emerge due to overexpression of MtrCDE and variation in the
PorB1b protein working together [21]. In addition, an L421P
substitution was found in PonA and reduced the acylation rate of
β-lactam antibiotics because of the change in PBP1 [25]. However,
in the current data no significant differences in the expression in
the four genes between the control and sample groups were
observed.

In the KEGG pathway, many pathways have more clustering genes.
We focused on the biosynthesis of antibiotics and a pathway associated
with gonococcal resistance, wherein only one gene (NGO_1442) was
found. YP_8496 is an alcohol dehydrogenase and one of the regulatory
factors of PerR. PerR can enhance the antioxidant capacity of N.
gonorrhoeae by regulating the effects of the ABC transporter MntABC
on manganese and improve the intracellular survival rate of N.
gonorrhoeae [43]. Furthermore, YP_8496 can regulate microbial
metabolism in diverse environments. NGO_1442 has an unpredict-
able role in cephalosporin resistance as well as in metabolic
pathways, biosynthesis of secondary metabolites, naphthalene
degradation and chloroalkene degradation.

To confirm the RNA-Seq data, functional DEGs were selected for
qRT-PCR. It was found that NGO_1123, NGO_1073a and NGO_0950
were upregulated in decreased susceptibility isolates, whilst
NGO_1117, NGO_1118, NGO_0983 and NGO_0854 were down-
regulated. The qRT-PCR results of NGO_1123, NGO_1073a,
NGO_1117, NGO_1118 and NGO_0854 did not have the same trend
as the RNA-Seq data, as well as the NGO_0950 and NGO_0983. The
proteins encoded by NGO_1123, NGO_1117 and NGO_1118 belong
to phage-associated proteins. Proença et al. found that a phage-
associated protein (EC300) exhibited a lytic enzyme activity and
enhanced the killing efficacy against Enterococcus faecalis exhibit-
ing a high level of antibiotic resistance [44]. The identical phage-
associated protein may have a function in gonococcal resistance to
a certain extent. No specific functional annotations exist for the
proteins encoded by NGO_0983, NGO_0950 and NGO_0854.
However, the significant difference between the actual expression
of ceftriaxone susceptible and decreased susceptibility N. gonor-
rhoeae isolates requires further research.

In summary, these data indicated that 12 of the DEGs may be
related to decreased susceptibility of N. gonorrhoeae to cepha-
losporins, namely NGO_0950, NGO_1073a, NGO_1441, NGO_0854,
NGO_0742, NGO_1861, NGO_1116, NGO_1442, NGO_1123,
NGO_0983, NGO_1118 and NGO_1117. Further characterisation of
these genes may provide new targets for reducing ceftriaxone
resistance and controlling the spread of gonorrhoea.



Fig. 3. Quantitative reverse transcription PCR (qRT-PCR) analysis data for the top 10 differentially expressed genes in Neisseria gonorrhoeae isolates susceptibility or decreased
susceptibility to ceftriaxone. The x-axis represents the groups and the y-axis represents the fold change. The height of the box represents the mean of 2�DDCt values, and
associated error bars denote the standard error of the mean.
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