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Abstract
Background  Streptococcus pneumoniae is a major cause of invasive and non-invasive diseases, particularly in children 
and immunocompromised individuals, with an annual mortality of approximately 800,000 children worldwide. The 
rise of antibiotic-resistant strains complicates treatment, especially with increasing resistance to penicillin, macrolides, 
and fluoroquinolones. The study on the resistance of newly developed antimicrobial agents against S. pneumoniae 
was rarely reported. Furthermore, understanding the relationship between serotypes, resistance mechanisms, and 
virulence in S. pneumoniae is essential for disease management and vaccine development.

Methods  A total of 208 S. pneumoniae isolates were collected across nine hospitals in seven Chinese cities/provinces 
from January 2023 to June 2024. Molecular characteristics were analyzed using whole-genome sequencing to 
identify serotypes, sequence types, virulence genes, and potential resistance mechanisms. Antibiotic susceptibility 
test (AST) was performed against 14 agents, involving new antibiotics (eravacycline, omadacycline, nemonoxacin, and 
contezolid).

Results  Serotypes 19 F (24.6%) and 23 F (11.1%) predominated, with vaccine coverage rates of PCV13 at 66.8%. High 
resistance rates in S. pneumoniae were observed for erythromycin (208/208, 100%), clindamycin (197/208, 94.7%), and 
tetracycline (192/208, 92.3%). 13.5% (28/208) and 2.9% (6/208) strains were intermediate and resistant to penicillin, 
respectively. The new antibiotics showed low resistance, namely, 1.9% (4/208), 0.5% (1/208), 1.9% (4/208), and 7.2% 
(15/208) resistant to eravacycline, omadacycline, contezolid, and nemonoxacin, respectively. Resistance mechanisms 
included mutations in 23S rRNA for oxazolidinones, tet genes for tetracyclines, and gyrA/parC for fluoroquinolones.
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Introduction
Streptococcus pneumoniae is a frequent colonizer of the 
human nasopharynx with a colonization rate of 27–65% 
in children [1]. Both invasive pneumococcal diseases, 
including bacteremia and meningitis, and non-invasive 
pneumococcal diseases like pneumonia and otitis media 
can afflict individuals who are immunocompromised, 
children, or those with microbiota imbalances [2]. It 
presents as a burden associated with high morbidity and 
mortality globally. In 2019, a total of 829,000 fatalities 
globally were attributed to 11 distinct types of pneumo-
coccal infection syndromes [3]. Capsular polysaccharide 
is one of the most important virulence factors in S. pneu-
moniae. Currently, more than 100 different capsular 
serotypes have been identified [4], which are capable of 
stimulating antibody-based immunity. Pneumococcal 
conjugate vaccines (PCVs) can dramatically reduce the 
incidence of pneumococcal diseases by targeting specific 
capsular polysaccharide of S. pneumoniae [5].

Antibiotics are widely used to treat bacterial infec-
tions. The growing resistance in S. pneumoniae strains 
to antibiotics like penicillin, macrolides, fluoroquino-
lones, and sulfamethoxazole-trimethoprim poses a seri-
ous challenge [6]. In severe pneumococcal diseases or 
those allergic to β-lactam antibiotics, the use of agents 
like vancomycin or alternative therapies targeting resis-
tant strains may be indicated [7, 8]. Some newly devel-
oped antibiotics, including eravacycline, omadacycline, 
nemonoxacin, and contezolid, have demonstrated con-
siderable efficacy in S. pneumoniae infections, particu-
larly those caused by multidrug-resistant strains [9–11]. 
However, there remains a lack of testing data for these 
new antibiotics in China.

In this study, in-vitro antimicrobial activities of 7 
categories of antimicrobial agents (β-lactam, fluoro-
quinolones, oxazolidinone, tetracycline, macrolides, 
lincosamides, and lipopeptide), including 4 above new 
antimicrobial agents, were assessed in S. pneumoniae iso-
lated from 208 patients in China. In addition, the infor-
mation on molecular serotypes, sequence typing (ST), 
virulence genes, and antibiotic resistance mechanisms 

of these strains is analyzed by whole-genome sequencing 
(WGS) technology.

This study aimed to (1) evaluate the in-vitro efficacy of 
new antibiotics (eravacycline, omadacycline, nemonoxa-
cin, contezolid) against S. pneumoniae in China, (2) 
characterize the molecular epidemiology of strains (sero-
types, STs, virulence genes), and (3) explore correlations 
between clonal lineages, serotypes, and resistance phe-
notypes to identify high-risk clones driving antimicrobial 
resistance.

Materials and methods
Study population and strains
This multicenter study was conducted across nine hos-
pitals located in seven cities/provinces in China over 
a period spanning from January 2023 to June 2024. A 
total of 208 non-duplicate S. pneumoniae isolates were 
enrolled. Instances of multiple admissions for the same 
patient and strains isolated from the same individual 
were excluded from the study. This research received 
approval from the Ethics Committee of the China-Japan 
Friendship Hospital, and all procedures adhered to the 
principles in Declaration of Helsinki (2022-KY-054).

The S. pneumoniae isolates were recovered from differ-
ent specimens, namely, sputum, bronchoalveolar lavage 
fluid (BALF), blood, secretions, pleural effusion, tissue 
and CSF. Therefore, the identification of all isolates was 
conducted based on characteristic colony morphol-
ogy and optochin sensitivity tests, with confirmation 
achieved through matrix-assisted laser desorption ion-
ization time-of-flight mass spectrometry (MALDI-TOF 
MS, Bruker Daltonics, Germany). The S. pneumoniae 
isolates were preserved in 25% sterile glycerol broth at 
-80  °C for subsequent analysis. Invasive pneumococcal 
disease (IPD) is defined as infection with S. pneumoniae 
identified in blood, cerebrospinal fluid, and/or any other 
sterile body fluid specimens, and a clinical diagnosis sug-
gesting invasive disease [12].

Conclusions  S. pneumoniae in China exhibits high genetic diversity and significant antibiotic resistance, underscoring 
the need for continuous surveillance and updated vaccines. New antibiotics remain effective against multidrug-
resistant strains, offering potential treatment options in clinical settings.
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	• A multicenter epidemiological survey on Streptococcus pneumoniae in China.
	• Resistance to 4 new antibiotics (eravacycline, omadacycline, nemonoxacin, and contezolid) was reported.
	• Potential resistance mechanisms to tetracyclines, oxazolidinones, and fluoroquinolones were studied based on 

genomic analysis.
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WGS and bioinformatics analysis
Genomic DNA from strains was extracted using the 
QIAamp DNA Mini Kit (Qiagen). WGS was performed 
via Illumina NovaSeq PE150, with low-quality sequences 
and adaptors filtered out. Homology comparisons were 
performed using BLASTn (​h​t​t​p​​s​:​/​​/​b​l​a​​s​t​​.​n​c​​b​i​.​​n​l​m​.​​n​i​​h​.​g​o​v​
/​B​l​a​s​t​.​c​g​i) against the NCBI database. The genome of S. 
pneumoniae was annotated using Prokka v1.14.5 (​h​t​t​p​​s​:​
/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​t​s​e​e​​m​a​​n​n​/​p​r​o​k​k​a). Phylogenetic analysis 
of high-quality SNPs involved Snippy v3.2-dev (​h​t​t​p​​s​:​/​​/​g​
i​t​​h​u​​b​.​c​​o​m​/​​t​s​e​e​​m​a​​n​n​/​s​n​i​p​p​y), Gubbins v2.4.1 (​h​t​t​p​​s​:​/​​/​g​
i​t​​h​u​​b​.​c​​o​m​/​​n​i​c​k​​j​c​​r​o​u​c​h​e​r​/​g​u​b​b​i​n​s), RAxMLv8.2.12 ​(​G​T​
R​-​G​A​M​M​A model) (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​a​m​k​o​​z​l​​o​v​/​r​a​x​m​
l​-​n​g), and iTOL v5.6 (​h​t​t​p​​s​:​/​​/​i​t​o​​l​.​​e​m​b​​l​.​d​​e​/​u​p​​l​o​​a​d​.​c​g​i) for 
visualization.

Pan-genome analysis with Roary [13] v3.11.2 (​h​t​t​p​​
s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​s​a​n​g​​e​r​​-​p​a​t​h​o​g​e​n​s​/​R​o​a​r​y) categorized 
genes into ‘core’ (99–100% strains), ‘soft core’ (95–99%), 
‘shell’ (15–95%), and ‘cloud’ (< 15%) groups using Prokka 
[14]-generated GFF3 files. Molecular serotyping was con-
ducted with PneumoCaT v1.2.1 (​h​t​t​p​s​:​​​/​​/​g​i​t​h​u​​​b​.​​c​o​​m​​/​u​k​h​​​
s​​a​-​c​​o​l​l​a​​b​o​r​​a​t​​i​​o​n​/​P​n​e​u​m​o​C​a​T), and MLST was based on 
seven housekeeping genes (aroE, gdh, gki, recP, spi, xpt, 
ddl) following PubMLST (https://pubmlst.org/) ​g​u​i​d​e​l​i​n​
e​s​. Clonal complexes (CC) were defined by shared alleles, 
and relationships among STs and serotypes were visual-
ized using the goeBURST algorithm in PHYLOViZ 2.0 
(https://www.phyloviz.net/). Twelve virulence-related 
genes were identified using BLASTn, including cps2A, 
lytA, pspA, cbpA, nanA, piaA, ply, psaA, pavA, spxB, 
htrA, and clpP. All genes were compared with ATCC 
49619 as a reference.

In-vitro antimicrobial susceptibility testing (AST)
AST of all 208 isolates was determined by the manual 
microdilution broth method (bio-KONT, Ltd. China). 
The antibiotics used in this study included penicillin, 
ceftriaxone, ertapenem, levofloxacin, linezolid, tetracy-
cline, tigecycline, daptomycin, clindamycin and erythro-
mycin, and new antibiotics eravacycline, omadacycline, 
nemonoxacin, and contezolid. All susceptibility tests 
and results interpretations were performed according 
to the guidelines and criteria established by the Clinical 
and Laboratory Standard Institute (CLSI) 2024 [15]. The 
quality-control strain was S. pneumoniae ATCC 49619, 
which was included in each set of tests to ensure the 
reliability of the results. Isolates of S. pneumoniae were 
categorized as multidrug-resistant (MDR) if exhibiting 
resistance to ≥ 3 classes of antibiotics. New antimicrobial 
agents are defined as those discovered and brought to 
market within recent years, including nemonoxacin (flu-
oroquinolones), contezolid (oxazolidinone), eravacycline 
(tetracycline) and omadacycline (tetracycline).

Data analysis
Baseline data were described using standard deviation for 
normally distributed data. Comparative analysis utilized 
the chi-square test for categorical variables and the inde-
pendent sample t-test for continuous variables. All data 
were analyzed using SPSS 22.0, with p < 0.05 considered 
statistically significant.

Results
Characteristics of pneumococcal isolates
In this study, a collection of 208 S. pneumoniae isolates 
from 9 hospitals were collected. The demographic and 
clinical characteristics of 208 patients were outlined in 
Fig.  1A/B. The ratio of male to female patients was 1.8 
(133 males to 75 females), with the median age being 
8 years (range: 1 month to 95 years). Lower respira-
tory specimens were the most specimen type (141/208, 
67.8%), including sputum and BALF. Based on the sample 
types and the site of strain isolation, invasive infections 
accounted for 26.0% of the cases.

Molecular epidemiology
Among the 208 S. pneumoniae isolates analyzed, the pre-
dominant serotype identified was 19F (49 strains, 23.6%), 
followed by 23F (22, 10.6%), 3 (16, 7.7%), 14 (12, 5.8%), 
and 6B (12, 5.8%), respectively, as shown in Fig.  1C. 
Overall vaccine coverage for PCV7, PCV10 and PCV13 
serotypes was 49.2%, 50.8% and 66.8%, respectively. A 
total of 79 individual STs were distinguished in 208 iso-
lates of S. pneumoniae, and the predominant STs were 
ST271 (16.6%) and ST320 (4.8%).

Clonal conformation clustering analysis of the strains 
revealed that the predominant clonal complex (CC) was 
CC271, including ST271 and ST320. A correlation analy-
sis performed between the STs and serotypes demon-
strated a propensity for strains sharing the same serotype 
to cluster together. Notably, CC271 displayed a strong 
association with serotypes 19  F and 19  A, particularly 
with ST271-19 F and ST320-19 A. CC271 strains (32.6% 
of isolates) exhibited significantly higher resistance 
rates compared to non-CC271 strains, suggesting clonal 
expansion of multidrug-resistant lineages.

The distribution of virulence genes is detailed in Fig. 2, 
which uses different colors to illustrate the proportion 
of alignment between strains and reference sequences. 
The majority of isolates typically possess common viru-
lence genes, such as cbpA, clpP, pavA, psaA, spxB (each 
constituting 97.0%), lytA (93.0%), nanA (90.0%), and ply 
(90.0%). Moreover, around 86.0% of the isolates harbor 
pspA, while 81.0% carry piaA. Notably, the distribution 
of virulence genes exhibited a significant correlation 
with CC. The carriage rate of all virulence factors in the 
CC271 group was 100%, markedly higher than that in the 
non-CC271 group.

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://github.com/tseemann/prokka
https://github.com/tseemann/prokka
https://github.com/tseemann/snippy
https://github.com/tseemann/snippy
https://github.com/nickjcroucher/gubbins
https://github.com/nickjcroucher/gubbins
https://github.com/amkozlov/raxml-ng
https://github.com/amkozlov/raxml-ng
https://itol.embl.de/upload.cgi
https://github.com/sanger-pathogens/Roary
https://github.com/sanger-pathogens/Roary
https://github.com/ukhsa-collaboration/PneumoCaT
https://github.com/ukhsa-collaboration/PneumoCaT
https://pubmlst.org/
https://www.phyloviz.net/
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As depicted in Fig.  1D, based on the pan-genome 
analysis using Roary, the dataset comprised 208 S. pneu-
moniae strains, revealing a total of 50,358 gene clusters. 
The distribution of genes across genomes showed a 
highly skewed pattern, with the majority of genes being 
unique to individual strains, as depicted in the histogram. 
The core genome, shared by 99% of the strains, consisted 
of 414 genes, while the accessory genome included 2,075 
shell genes and 47,519 cloud genes. The phylogenetic tree 
and corresponding Roary matrix illustrate the genetic 
diversity among the strains, highlighting the presence of 
both conserved and highly variable regions.

Antibiotic resistance distribution and multidrug-resistant 
strains
AST was carried out on 14 antibiotics, with their 
results detailed in Fig. 3; Table 1. According to the CLSI 

guidelines, 208 (100.0%), 197 (94.7%), and 192 (92.3%) of 
208 S. pneumoniae strains exhibited resistance to eryth-
romycin, clindamycin and tetracycline, respectively. 
The resistance rates for other antibiotics remained low, 
namely, tigecycline (17/208, 8.2%), penicillin (6/208, 
2.9%), ceftriaxone (14/208, 6.7%), ertapenem (2/208, 
1.0%), levofloxacin (13/208, 6.3%) and daptomycin 
(9/208, 4.3%). They also exhibit relatively low resistance 
rates to new antibiotics, namely, nemonoxacin (15/208, 
7.2%), eravacycline (4/208, 1.9%), omadacycline (1/208, 
0.5%), and contezolid (4/208, 1.9%). The distribution 
of MICs of 14 antibiotics against 208 S. pneumoniae 
strains across 14 antibiotics is illustrated via violin plots 
in Fig.  3A. Subsequently, we quantified the number of 
antibiotic classes to which each strain exhibited resis-
tance, as shown in Fig. 3B. A significant majority of the 
strains (162/208, 77.9%) demonstrated resistance to four 

Fig. 1  Geographic distribution, demographics, serotypes, and genetic diversity of Streptococcus pneumoniae isolates. (A) Geographic distribution of 208 
isolates across seven provinces in China. (B) Patient demographics by gender, age, and sample type. (C) Serotype distribution. (D) Phylogenetic tree and 
pan-genome analysis. (E) Minimum spanning tree of sequence types
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or fewer antibiotics, predominantly clindamycin, eryth-
romycin, tetracycline, and tigecycline, with the first three 
being the most prevalent. Notably, four strains exhibited 
exceptionally high levels of resistance, specifically to 12, 
11, 9, and 9 antibiotics, respectively. The occurrence of 
multidrug resistance among these strains is uncommon.

Subsequently, we analyzed the resistance rates across 
various groups, categorized by the nature of the infection 
(invasive versus non-invasive) and by age (adult versus 
child), as illustrated in Fig. 3C and D. Except for a limited 
number of antibiotics, the resistance rates for the major-
ity of antibiotic types in adults were found to be greater 
than those observed in children. Furthermore, the resis-
tance rate linked to non-invasive infections was found to 

be higher than that associated with invasive infections, 
with a statistical significance of P < 0.05.

New antibiotic resistance mechanisms
Four strains exhibiting resistance to oxazolidinone anti-
biotics, specifically linezolid and contezolid, were identi-
fied, as illustrated in Fig.  4A. A comparative analysis of 
the resistance loci revealed point mutations at positions 
C2163A, A2203G, G2211T, and A2734C within the sec-
ondary structure of the peptidyl transferase central loop 
of the 23S rRNA domain V. The MIC of the mutant 
strains for linezolid was observed to increase by more 
than 4-fold compared to the control group. However, cfr 

Fig. 2  Phylogenetic relationships, serotype distribution, resistance, and clinical outcomes of Streptococcus pneumoniae isolates. A phylogenetic tree 
of 208 Streptococcus pneumoniae isolates is displayed alongside metadata on sample type, geographic location, age, serotype, sequence type (MLST), 
antibiotic resistance, and clinical outcomes

 



Page 6 of 11Lei et al. BMC Microbiology          (2025) 25:255 

and optrA genes, typically associated with oxazolidinone 
resistance, were not detected in these strains.

A total of 17 strains were identified as resistant to ≥ 1 
of three tetracycline derivatives: tigecycline (17), eravacy-
cline (4), and omadacycline (1), and all carried tet gene, 
as depicted in Fig. 4B. Furthermore, two of these strains 
exhibited point mutations within the tet gene, while one 
strain was found to possess multiple copies of the gene. 
Among the strains analyzed, one strain displayed resis-
tance to both eravacycline and omadacycline, and three 
strains displayed resistance to eravacycline. They were 
noted to contain new mutation sites in the resistance 
genes associated with this phenotype, specifically rpsJ 
and rpsC.

As shown in Fig. 4C, 15 S. pneumoniae strains exhib-
ited resistance to fluoroquinolones, specifically levo-
floxacin and nemonoxacin. The analysis of 6 prevalent 
resistance genes, namely, gyrA, gyrB, parC, parE, patA, 
and patB, indicated that all 15 strains possessed point 
mutations, with sequence homology ranging from 79.0 to 
99.0%, and the number of mutation sites ranging from 2 
to 431. Notably, these four strains displayed a significant 
number of mutant genes and sites, which correlated with 
their elevated MIC for fluoroquinolones. Additionally, 
other strains also demonstrated a relationship between 
their resistance phenotypes and mutations in resistance 
genes. Our results showed that the mutations of the 

above genes will confer resistance to both old and new 
antibiotics.

Discussion
This study investigated the epidemiology of S. pneu-
moniae in China, particularly capsular serotypes and 
virulence, along with the in-vitro antimicrobial activity 
of some newly developed antibiotics, including erava-
cycline, omadacycline, nemonoxacin, and contezolid 
against the microorganism.

Serotype is the most important epidemiological marker 
and vaccine target in S. pneumoniae, since this may dif-
fer both geographically and temporally [16]. In this study, 
serotype analysis of S. pneumoniae showed serotypes 
19  F and 23  F were predominant, in consistent with 
global trends observed in invasive pneumococcal dis-
eases [17]. However, analysis of vaccine coverage rates 
for PCV7, PCV10, and PCV13 suggested that many cir-
culating strains are not covered, highlighting the need 
for updated vaccines. The presence of non-typeable 
strains points to gaps in vaccine efficacy, emphasiz-
ing the importance of continuous surveillance to refine 
vaccine strategies. MLST analysis uncovered substan-
tial genetic diversity, including the identification of new 
genotypes. The predominance of ST271, related to sero-
types 19 F and 19 A, indicated clonal spread driving the 
persistence of certain serotypes despite vaccination. A 

Fig. 3  Antibiotic susceptibility and resistance profiles of Streptococcus pneumoniae isolates. (A) Violin plots illustrating MIC distributions for all tested 
antibiotics. (B) Scatter plot depicting the number of resistance phenotypes per isolate. (C) Comparison of resistance rates between adult and pediatric 
isolates. (D) Comparison of resistance rates between invasive and non-invasive infections
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strong correlation between clonal complexes, particularly 
CC271, and serotypes, especially 19 F and 19 A, under-
scores the role of genetic factors in S. pneumoniae epi-
demiology, influencing transmission patterns and vaccine 
escape, with CC271 showing a higher carriage rate of 
virulence factors.

Notably, the predominance of serotype 19  F/CC271 
in this study is consistent with reports from Taiwan, 
China [18]. However, unlike European studies where 
non-vaccine serotypes [3] (e.g., 8 and 12 F) have become 
dominant following the introduction of PCV13, the 

persistence of vaccine-targeted serotypes (19 F, 23 F) in 
China likely results from delayed PCV13 adoption and its 
low coverage. This highlights the urgent need for expan-
sion of vaccination programs to effectively control clonal 
transmission of resistant strains.

The virulence of S. pneumoniae is conferred by capsu-
lar polysaccharides and various virulence factors, which 
may vary among different clades. Understanding the vir-
ulence profile of isolates is crucial for predicting disease 
severity and outcomes of infections, and it allows for risk 
assessment during the early stages of the disease [19]. The 

Fig. 4  Resistance mechanisms of Streptococcus pneumoniae to oxazolidinones, tetracyclines, and fluoroquinolones. The first column before the antibiot-
ics represents the strain identification numbers. (A) Resistance to oxazolidinones (linezolid, contezolid) linked to mutations in the 23S rRNA central loop of 
domain V. (B) Resistance to tetracyclines (tigecycline, eravacycline, omadacycline) associated with the presence of tet(M) and mutations in rpsC and rpsJ. 
Each percentage under the columns with gene names indicates the percentage of sequence identity of the gene compared to the reference strain. (C) 
Fluoroquinolone resistance (levofloxacin, nemonoxacin) linked to mutations in gyrA, gyrB, parC, parE, patA, and patB genes. The numbers under the gene 
name columns represent the number of mutations (mismatches or deletions) in the gene compared to the reference strain
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distribution of virulence genes supports the clonal nature 
of infections, particularly within CC271, which carries 
more virulence factors. This implies an enhanced patho-
genic potential in certain clonal complexes, contributing 
to their epidemiological success. The widespread pres-
ence of key virulence genes across isolates highlights the 
necessity for targeted intervention strategies. WGS anal-
ysis reveals the extensive genetic diversity, with a large 
accessory genome contributing to species adaptability. 
The discovery of unique genes suggests that horizon-
tal gene transfer significantly diversifies pneumococcal 
populations, enabling the emergence of new strains with 
increased virulence or resistance [20].

AST revealed alarming resistance rates to commonly 
used antibiotics such as erythromycin, clindamycin, and 
tetracycline. Concurrently, the widespread use of peni-
cillin has resulted in a notable rise in the prevalence of 
penicillin resistance [6]. Some new antibiotics, includ-
ing eravacycline, omadacycline, nemonoxacin, and con-
tezolid, demonstrate considerable antimicrobial efficacy 
in S. pneumoniae. Therefore, they possess the potential to 
serve as a therapeutic alternative.

Contezolid, similar to linezolid but incorporating a 
modified substituent on the aromatic ring, is a member 
of the oxazolidinone class of antibiotics, showing in-vitro 
efficacy against many Gram-positive cocci. A large-scale 
global study assessed the effectiveness of linezolid against 
S. pneumoniae (6691 isolates) during 2004–2012, with 
a 100% susceptibility [21], while another meta-analysis 
demonstrated that the prevalence of linezolid resistance 
fluctuated between 0% and 4.86% in S. pneumoniae iso-
lates in 2014–2024 [22], as similar to our study (1.9%). 
Further, we observed that linezolid and contezolid exhib-
ited the same resistance phenotypes, with their MIC 
values also being comparable. Previous research indi-
cated that mutations G2576T and A2503G [23, 24] in 
the peptidyl transferase central loop of the ribosomal 
23S rRNA domain V are linked to linezolid resistance in 
S. pneumoniae. In our study, mutations were identified 
at positions C2163A, A2203G, G2211T, and A2734C, 
respectively. Mutations occurring in the central loop of 
the 23S rRNA domain V, as well as in ribosomal proteins 
L3 and L4, are predominantly attributed to prolonged 
exposure to linezolid. Additionally, cfr [25] and optrA 
[26] have been confirmed to confer non-mutational resis-
tance to linezolid in other bacterial species, as unidenti-
fied in our linezolid-resistant strains.

The three tetracycline derivatives, namely, tigecycline, 
eravacycline, and omadacycline, shared similar chemical 
structures, exhibiting reversible binding to the decod-
ing center of the 30S ribosomal subunit [27]. Among 
the strains exhibiting resistance to the three tetracycline 
derivatives, only a limited number of strains of eravacy-
cline and omadacycline exhibited resistance comparable 

to those of tigecycline. Furthermore, the MIC values of 
the three antibiotics were comparable. However, the 
resistance breakpoint for tigecycline was higher than 
those of eravacycline and omadacycline. Therefore, if 
resistance to eravacycline or omadacycline is detected, 
it can be inferred that tigecycline is resistant. Resistance 
to tigecycline among S. pneumoniae remains relatively 
low in a study in India (2015–2017) [28]. Between 2004 
and 2010, the resistance rate of S. pneumoniae isolates 
to tigecycline in the Asia-Pacific region was documented 
at 2% [29]. However, the sensitivity of eravacycline and 
omadacycline in S. pneumoniae was rarely documented. 
In our study, the resistance rates of S. pneumoniae to 
tigecycline, eravacycline, and omadacycline were 10.1%, 
1.9%, and 1.4%, respectively. This can be explained by 
structural modifications that enhance target binding and 
reduce recognition by common tetracycline resistance 
mechanisms. In vitro studies have indicated that Tet pro-
teins, including Tet(X), Tet(A), Tet(K), and Tet(M) [30], 
may undergo mutations that confer reduced sensitivity to 
tigecycline. Furthermore, research on S. pneumoniae has 
investigated the implications of mutations in rpsJ, 16S 
rRNA and rpsC [31]. The introduction of the rpsJ G178T 
mutation into S. pneumoniae R6 resulted in a fourfold 
increase in resistance to both tigecycline and tetracycline 
[32]. Similarly, the introduction of the rpsC allele was 
associated with decreased susceptibility to tigecycline. In 
our research, all tigecycline-resistant strains were found 
to carry tet genes, which included multiple copies and 
point mutations. Additionally, novel mutation sites were 
identified in the rpsJ and rpsC genes.

Fluoroquinolones are a category of synthetic broad-
spectrum antibiotics that function by inhibiting bacterial 
DNA synthesis through targeting DNA gyrase (gyrA) and 
topoisomerase IV (parC). While the global prevalence of 
fluoroquinolone-resistant S. pneumoniae remains rela-
tively low (≤ 1%), the dissemination of resistant clones 
has led to an increasing prevalence in certain regions 
[33]. In our research, the MIC values for two fluoroqui-
nolones, levofloxacin and nemonoxacin, exhibited con-
siderable variation. While both agents demonstrated 
resistance concurrently, nemonoxacin had a substantially 
lower MIC. This can be explained by that nemonoxacin 
has a distinct arrangement of substituents and ring sys-
tems within the quinolone core. Resistance to fluoroqui-
nolone mainly develops from spontaneous mutations in 
the quinolone resistance-determining region (QRDR) of 
topoisomerase IV and DNA gyrase genes, particularly in 
parC and gyrA, with occasional mutations in parE and 
gyrB contributing to low-level resistance. Overexpres-
sion of efflux systems could also play a role, typically 
causing modest resistance but facilitating QRDR muta-
tions. Taken together, efflux activity and initial mutations 
can substantially elevate the MIC. The major facilitator 
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pmrA was the first characterized efflux system, and ATP-
binding cassette transporters patA and patB function as 
heterodimers, conferring broad antimicrobial resistance 
[34]. In the present study, 15 strains exhibited resistance 
to fluoroquinolones, resulting in a resistance rate of 7%. 
An examination of six above prevalent resistance genes 
revealed that all strains possessed point mutations, with 
sequence homology varying between 79% and 99%. This 
suggests a high degree of mutability at the loci associated 
with fluoroquinolone resistance genes.

In conclusion, our study highlights the complex inter-
play of genetic, epidemiological, and clinical factors influ-
encing S. pneumoniae infections in China. Our results 
revealed resistance mechanisms against novel antibiotics 
involved point mutations, gene deletions, and phenotype 
alterations. The low incidence of resistance has signifi-
cant implications for managing multidrug-resistant S. 
pneumoniae infections.
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