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Abstract 

Background  Nocardia cyriacigeorgica, an opportunistic pathogen, is increasingly implicated in human infections. 
This pathogen predominantly causes pulmonary infections, leading to acute, subacute, or chronic necrotizing 
suppurative lesions, in severe cases, may progress to disseminated infections. Effective clinical diagnosis, prevention, 
and treatment strategies require a thorough understanding of its biological characteristics and pathogenic 
mechanisms. However, despite the rising incidence of nocardial diseases, research on the pathogenicity of N. 
cyriacigeorgica remains limited, primarily focusing on case reports and epidemiological studies. This study aimed 
to provide a comprehensive analysis of the genomic features, phylogenetic relationships, antimicrobial resistance 
profiles, and candidate virulence factors of N. cyriacigeorgica strains to inform future investigations into its 
pathogenesis.

Methods  Whole-genome sequencing was conducted on five N. cyriacigeorgica strains isolated from patients 
with pulmonary infection at our hospital. This analysis utilized a combination of second-generation Illumina HiSeq 
and third-generation PacBio sequencing technologies. Additionally, publicly available genomic data from 58 strains 
in the National Center Biotechnology Information database were integrated, resulting in a dataset of 63 genomes. 
These genomes were subjected to comparative genomic analyses, including phylogenetic reconstruction, pan-
genome evaluation, and gene distribution assessments.

Results  Phylogenetic analysis identified five major clades within N. cyriacigeorgica. ANI analysis further subdivided 
clade B into five distinct subgroups. Pan-genome analysis revealed clade-specific orthogroups in the distribution 
of genes assigned to Clusters of Orthologous Groups, with clade A containing the highest number of clade-specific 
gene families. Comparative genomic analysis uncovered several potential pathogenic genes implicated in host 
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cell invasion, phagosomal maturation arrest, and intracellular survival within macrophages, which were conserved 
across all analyzed strains. Notable differences in the distribution of enterobactin-encoding genes were observed 
among the clades. The mce3C gene also displayed variable distributions across clades; however, no correlation 
was established between its presence and strain source. Among the 63 strains, 27 were found to harbor both mce3C 
and mce4F genes, which were categorized into five distinct patterns. Furthermore, antibiotic resistance genes, 
including VanSO, VanRO, erm(O)-Irm, srmB, ermH, bcl, bla1, and cmIR, demonstrated clade-specific distribution 
patterns. Notably, the genes erm(O)-Irm, srmB, and ermH were associated with the isolation origin of the strains.

Conclusions  This study provides a comprehensive evaluation of the genomic characteristics, potential virulence 
factors, antimicrobial resistance genes, and phylogenetic relationships of N. cyriacigeorgica. The findings offer 
valuable insights into the mechanisms underlying intracellular survival, replication within macrophages, 
and pathogen-host interactions in N. cyriacigeorgica infections. These results establish a foundation for future research 
into the pathogenesis and clinical management of N. cyriacigeorgica.

Keywords  Nocardia cyriacigeorgica, Whole genome sequencing, Comparative genomics, Virulence factors, 
Pathogenic, Antibiotic resistance

Introduction
Nocardia, a genus of Gram-positive, weakly acid-fast 
branching bacilli, is widely distributed in various environ-
mental niches globally, including soil, water, and aquatic 
ecosystems. It is classified as part of the aerobic actino-
mycetes group [1]. It is recognized as an opportunistic 
pathogen responsible for nocardiosis in both humans and 
animals. Nocardia spp. infect humans primarily through 
respiratory inhalation and injured skin [2]. To date, more 
than 100 Nocardia species have been identified (https://​
www.​bacte​rio.​net), with over 50 species implicated in 
human infections affecting both immunocompetent and 
immunosuppressed individuals [3]. Data from the Cent-
ers for Disease Control and Prevention (CDC) indicate 
that an estimated 500 to 1000 new cases of nocardiosis 
are reported annually in the United States (https://​www.​
cdc.​gov/​nocar​diosis/​hcp/​clini​cal-​overv​iew/). However, 
on a global scale, the precise incidence of nocardiosis 
remains uncertain due to the absence of standardized 
national reporting systems.

In contrast to the well-known and extensively 
studied ESKAPE pathogens—Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, 
Acinetobacter baumanii, Pseudomonas aeruginosa, and 
Enterobacter species [4, 5], Nocardia species are clinically 
uncommon bacteria. Their diagnosis and treatment 
remain challenging in clinical practice, highlighting a 
significant gap in both recognition and management. 
Nocardia spp. are associated with a wide spectrum 
of human diseases, including pulmonary infections, 
superficial cutaneous and subcutaneous infections, 
and systemic infections resulting from hematogenous 
dissemination [6, 7]. Hematogenous dissemination 
is a critical factor that markedly elevates mortality 
rates, with figures reaching as high as 85% among 

immunocompromised individuals [8–10]. Additionally, 
Nocardia species exhibit intracellular pathogenicity, 
enabling them to invade and survive within host cells, 
thereby causing refractory infections that are often 
challenging to treat [11, 12].

Nocardia cyriacigeorgica was first definitively identified 
in 2001 through the isolation and 16S rRNA gene 
sequencing of strain DSM 44484  T from the bronchial 
secretions of a patient with chronic bronchitis [13]. This 
intracellular pathogen has been implicated in a variety 
of infections, including pneumonia, brain abscesses, 
and infections of the kidney, heart, and eye [14–17]. 
Among the various Nocardia species, N. cyriacigeorgica 
is recognized as the most prevalent cause of human 
nocardiosis in regions such as North America [18, 19], 
Spain [20, 21], and Iran [22]. In China, its prevalence 
ranges from18.3 to 40.2% among nocardial infections 
[23–26]. Likewise, N. cyriacigeorgica has been frequently 
reported as a commonly isolated Nocardia species in 
other countries, including Thailand, Japan, Belgium, 
Australia, and South Africa [27–32]. In recent years, 
the incidence of nocardiosis has notably increased, 
posing a significant threat to public health. Addressing 
this growing challenge necessitates the development of 
effective clinical diagnostic, therapeutic, and preventive 
strategies, which, in turn, require a deeper understanding 
of the virulence mechanisms and biological properties 
of N. cyriacigeorgica. Current research on N. 
cyriacigeorgica has predominantly focused on case 
reports and epidemiological studies [14–17, 23]. Notably, 
previous studies have identified distinct virulence of N. 
cyriacigeorgica strains [33] and highlighted the role of 
heparin-binding hemagglutinin (HBHA) in adhesive 
and immunoregulatory functions [34]. Despite these 
findings, the biological characteristics, virulence factors, 
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antimicrobial resistance genotypes, and pathogenic 
mechanisms of N. cyriacigeorgica remains insufficiently 
understood.

Numerous molecular methods have been utilized 
to study Nocardia species, including 16S rRNA gene 
sequence analysis [35], sequencing of single copy gene 
such as secA1, gyrB, hsp65, and ropB [36–39], multilo-
cus sequence analysis (MLSA) [40], matrix-assisted laser 
desorption/ionization-time of flight mass spectrom-
etry (MALDI-TOF/MS) analysis [41]. However, each of 
these techniques is associated with certain limitations. 
Whole genome sequencing (WGS), a high-throughput 
sequencing technology, provide a powerful platform for 
investigating bacterial pathogenicity, drug resistance 
mechanisms, evolutionary trends, and phylogenetic rela-
tionships. WGS serves as a valuable tool for investigating 
genetic factors associated with pathogenicity. Addition-
ally, it supports the development of innovative genetic 
and molecular approaches, which can improve clinical 
diagnostics and aid in the implementation of effective 
control strategies.

In this study, we determined and annotated the com-
plete genome sequences of five clinical N. cyriacigeor-
gica strains isolated from pulmonary infection patients. 
To gain deeper insights, we performed a comparative 
genomic analysis of 63 strains, which included 58 pub-
licly available strains retrieved from the National Center 
for Biotechnology Information (NCBI) database and the 
five clinical strains sequenced in this study. The analysis 
focused on key aspects such as genomic features, phylo-
genetic relationships, mobile genetic elements (MGEs), 
potential virulence factors, and antibiotic resistance 
genes (ARGs). The overarching goal was to investigate 
the phylogenetic relationships, biological properties, 
antimicrobial resistance genotypes, and potential viru-
lence mechanisms of N. cyriacigeorgica.

Materials and methods
This study employed a combination of microbiologi-
cal, molecular, and bioinformatics approaches to inves-
tigate the genomic and functional characteristics of N. 
cyriacigeorgica. The methodology included bacterial 
isolation and identification, Antimicrobial susceptibility 
testing (AST), WGS, genome assembly and annotation, 
and comparative genomic analyses. The detailed steps for 
each phase are described below.

Bacterial isolation, species identification, and antimicrobial 
susceptibility testing
Clinical samples were inoculated on the blood-containing 
medium at 35 °C for 3–7 days under aerobic conditions. 
Suspected Nocardia species were identified through 
Gram staining, modified acid-fast staining, and acid-fast 

staining, followed by confirmation via 16S rRNA gene 
sequencing. Isolates of N. cyriacigeorgica were preserved 
in brain heart infusion (BHI) broth supplemented with 
25% glycerol at – 80 ℃ for subsequent studies.

The AST was performed in accordance with the guide-
lines outlined by the Clinical and Laboratory Stand-
ards Institute (CLSI, M24S-Ed2) for Nocardia spp. [42]. 
Briefly, the Nocardia strains were grinded in sterile 0.9% 
sodium chloride water and subjected to repeated vortex-
ing until no visible particles or deposits remained. The 
resulting uniform bacterial suspension was then adjusted 
to match the turbidity of the 0.5 McFarland standard. 
Antimicrobial susceptibility testing was conducted using 
first-line recommended drugs, including amoxicillin-cla-
vulanate (AMC), imipenem (IPM), minocycline (MIN), 
tobramycin (TOB), amikacin (AMK), ciprofloxacin (CIP), 
trimethoprim/sulfamethoxazole (STX), linezolid (LZD), 
ceftriaxone (CRO), and clarithromycin (CCR). The broth 
microdilution (BMD) method was used to determine 
minimum inhibitory concentrations (MICs), which were 
interpreted based on CLSI susceptibility breakpoints. 
Quality control for AST was ensured by employing 
Escherichia coli ATCC 35218, Pseudomonas aeruginosa 
ATCC 27853, and Staphylococcus aureus ATCC 29213 as 
reference strains.

Library construction and whole‑genome sequencing
Following the identification and preservation of clinical 
isolates, genomic DNA was extracted for WGS to enable 
detailed genomic analyses.

The clinical isolates were cultured in BHI broth (Hope-
bio Technology, Qingdao, China) at 37  °C for 48–72  h 
with constant shaking at 180  rpm. Genomic DNA was 
extracted using the TIANamp Bacteria DNA Kit (TIAN-
GEN, China) following the manufacturer’s instructions. 
The extracted DNA was subjected to WGS using both 
the second-generation Illumina Novaseq 6000 platform 
(Illumina, San Francisco, CA, USA) and the third-gener-
ation PacBio Sequel IIe platform (Pacific Biosciences, San 
Francisco, CA, USA).

For Illumina sequencing, genomic DNA was 
fragmented into 400–500  bp segments using a 
Covaris M220 Focused Acoustic Shearer, following 
the manufacturer’s protocol. The fragmented DNA 
was subsequently prepared into Illumina sequencing 
libraries, which were used for paired-end sequencing 
(2 × 150  bp) on the Illumina Novaseq 6000 platform. 
For PacBio sequencing, DNA fragments were purified, 
end-repaired, and ligated with SMRTbell sequencing 
adapters to generate libraries with an average size 
of approximately 10  kb, in accordance with the 
manufacturer’s guidelines (Pacific Biosciences, CA). 
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Raw sequence data were filtered to exclude reads 
containing more than 40  bp of low-quality bases, 
more than 10  bp of ambiguous bases (N), or adapter 
sequences overlapping by more than 15  bp. High-
quality reads were subsequently de novo assembled 
into contigs using SPAdes v3.8.0 [43]. Raw reads from 
both sequencing platforms were subjected to quality 
assessment and trimming to ensure the reliability and 
accuracy of downstream analyses.

Genome assembly and annotation
Sequence data generated from the PacBio Sequel IIe 
and Illumina Novaseq 6000 platforms were utilized 
for bioinformatics analysis. Raw Illumina sequencing 
reads from the paired-end library were quality-filtered 
using fastp v0.23.0. Clean short reads and HiFi reads 
from the PacBio platform were assembled into com-
plete genomes using Unicycler v0.4.8 [44]. The assem-
bly was subsequently polished using Pilon v1.22, which 
used short-read alignments to reduce the occurrence of 
small errors [45]. Coding sequences (CDs) on chromo-
somes and plasmids were predicted using Glimmer 3.02 
and GeneMarkS 4.3, respectively [46, 47]. Gene and 
open reading frame (ORF) annotations were performed 
using Prodigal and Prokka with default parameters.

Comparative genomics analyses
A dataset of 63 genomes, comprising 58 publicly avail-
able complete genome sequences of N. cyriacigeor-
gica from the NCBI database and five clinical isolates 
sequenced in this study, was analyzed. Pangenome 
analysis was conducted using Roary and FastTree to 
identify core and accessory genomic elements. Average 
Nucleotide Identity (ANI) values across all genomes 
were calculated using the ANI calculator, as previously 
described [48], to assess overall genome similarity.

To evaluate genetic relatedness, a high-quality maxi-
mum likelihood (ML) phylogenetic tree was con-
structed based on the concatenation of 1164 conserved 
single-copy genes present in 99–100% of the strains 
(bootstraps, 1000), following the methodology outlined 
by Li et al. [48]. Orthogroups among all tested genomes 
were identified using OrthoFinder v2.4.0 with default 
parameters [49]. Functional annotation of orthogroups 
was performed using emapper v2.0.1 against the egg-
NOG v5.0 database [50].

Insertion sequence (IS) elements were predicted 
using ISEScan v1.7.2.2 [51]. Antimicrobial resistance 
genes (ARGs) were identified using Diamond v0.9.14 
with a cutoff E-value of 1 × 10–6, a minimum identity 
of 60%, and alignment against the Comprehensive 

Antibiotic Resistance Database (CARD) [52]. Virulence 
factors were identified using Diamond v0.9.14 with the 
same cutoff E-value, minimum identity, and coverage 
thresholds, utilizing the VFDB database (http://​www.​
mgc.​ac.​cn/​VFs/). Plasmid identification was performed 
using PlasFlow.

Results
Antimicrobial susceptibility profiles of clinical isolates
Five clinical isolates, identified as N. cyriacigeorgica 
through 16S rRNA gene sequencing, were obtained from 
patients diagnosed with pulmonary nocardiosis at Bet-
hune International Peace Hospital between January 1, 
2019, and December 31, 2020. The AST results for these 
isolates are presented in Table  S1. All strains were sus-
ceptible to trimethoprim/sulfamethoxazole, amikacin, 
imipenem, linezolid, clarithromycin, tobramycin, and 
minocycline. However, resistance was observed against 
ciprofloxacin and amoxicillin-clavulanate. Additionally, 
80% (4/5) of the isolates were susceptible to ceftriaxone.

Genomic characteristics of N. cyriacigeorgica strains
This comparative genomic study analyzed 63 N. cyr-
iacigeorgica strains, including five clinical isolates 
sequenced in this study and 58 publicly available strains 
retrieved from the NCBI database. Among these, 50.8% 
(32/63) were identified as human pathogens, 12.7% 
(8/63) originated from environmental sources, and 36.5% 
(23/63) had no source information. The genomic fea-
tures, including genome size, G + C content, number of 
CDSs, contig N50, rRNA, tRNA, and isolation sources, 
are summarized in Table 1.

The genome sizes of the analyzed strains ranged from 
5.92 to 6.83  Mb, with an average size of approximately 
6.42 Mb. The number of CDSs varied between 5,360 and 
6,589, while the G + C content ranged from 66.92% to 
68.47%, with an average of 68.2%. Notably, four strains 
had G + C contents below 68%. Members of clade B had 
more CDSs compared to other clades. Additionally, 
strains in clades A and B harbored more rRNA genes 
than those in other clades (Table 1 and Fig. 1).

Phylogenetic relationships and average nucleotide identity 
analysis
To evaluate the genetic relatedness of N. cyriacigeorgica 
strains, a maximum likelihood (ML) phylogenetic 
tree was constructed using the concatenation of 1,164 
conserved single-copy core genes (Figure  2). The 
phylogenetic analysis revealed five major clades, with 
clade B further subdivided into five subgroups. Notably, 
84.4% (27/32) of strains isolated from human sources 

http://www.mgc.ac.cn/VFs/
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were distributed among clades A, B, and E, whereas 
clades C and D predominantly comprised strains with 
no detailed source information. Five strains (BJ06-0109, 
BJ06-0147, NBC-00369, 112071522, 760185010) did not 
cluster with any of the five major clades. Genes with a 
presence higher than 30% from the accessory genomes 
were further analysed by DPAC (Dynamic profile analysis 
for clusters) and hclust (Hierarchical clustering), and the 
clustering results were consistent with those based on 
core genes (Figure S1 and Figure S2).

Genomes are classified as belonging to the same species 
if their pairwise ANI value is ≥95%. The pairwise ANI 
comparisons for each genome are presented in Table S2. 
Clade B strains were further divided into five subgroups, 
consistent with the phylogenetic tree findings (Figure 3). 
ANI values between genomes within the five subgroups 
of clade B were below 95%, and clade B strains exhibited 
ANI values of < 95% when compared to strains in other 
clades. In contrast, ANI values among strains in clades 
A, C, D, and E exceeded 95%, indicating high genome 
sequence identity within these clades.

Pan‑genome analysis across five clades
The pan-genome analysis of 63 N. cyriacigeorgica strains 
identified a total of 33,900 genes, with only 1,164 (3.4%) 
classified as core genes shared by 99% of the strains. 
The remaining 32,736 genes (96.6%) were categorized as 
accessory genes, including 305 soft-core genes (present 
in 95% to < 99% of strains), 7253 shell genes (present in 
15% to < 95% of strains), and 25,178 cloud genes (present 
in < 15% of strains) (Fig. 4).

The analysis further identified 2507 orthogroups 
distributed across all five clades. Among these, clade A 
contained the highest number of unique orthogroups 
(292), followed by clade B (34), clade D (13), clade E (13), 
and clade C (10). Clades A and B shared 48 orthogroups, 
suggesting some functional overlap (Fig. 5A). Functional 
annotation of clade-specific orthogroups, based on the 
eggNOG database, revealed that a significant proportion 
of genes in all clades were annotated as “function 
unknown” (Fig.  5B), highlighting the need for further 
functional studies.

The indicspecies R package was performed to sta-
tistically analyze the associate COGs in each clade, 

Fig. 1  Genomic features of the investigated strains in this study, including total length, CDS, GC content, N50, rRNA, and tRNA
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Fig. 2  The phylogenetic tree of N.cyriacigeorgica constructed based on the concatenation of the nucleotide sequence of 1164 conserved 
single-copy core genes
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considering a P-value < 0.01 as statistically significant. 
As shown in Fig.  5B and Table  S6, the distribution of 
genes assigned to Clusters of Orthologous Groups 
(COG) categories varied among the clades. Clade A, B 
C, and D exhibited the most diverse set of functional 
COG categories, with a notable enrichment of genes 
involved in “replication, recombination, and repair”, 
“transcription”, and “amino acid transport and metab-
olism”. However, compare to the clade A, B, C, and D, 
clade E contained fewer functional COGs associated 
with “amino acid transport and metabolism”. Clade D 
and E were enriched with genes linked to “replication, 
recombination and repair” and “inorganic ion transport 

and metabolism”. Notably, clade A harbored unique 
genes associated with “coenzyme transport and metab-
olism” which were absent in other clades, while lack-
ing genes related to “signal transduction mechanisms” 
and “defense mechanisms”. These findings suggest that 
the functional gene repertoire of each clade reflects its 
potential ecological and pathogenic adaptations.

Distribution of mobile genetic elements in the N. 
cyriacigeorgica genome
The mobile genetic elements (MGEs), such as ISs 
and plasmids, play a pivotal role in shaping genome 
structure, driving bacterial evolution, and conferring 
adaptive advantages. The presence of MGEs was 

Fig. 3  Heat map of pairwise ANI analyses for 63 N.cyriacigeorgica genomes
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Fig. 4  Heat map of pan-genome analysis of 63 N.cyriacigeorgica 
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Fig. 5  A Distribution of the number of orthogroups in the N.cyriacigeorgica genomes. Clade-specific orthogroups are indicated in blue. B The 
associate functional COGs to specific clades
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analyzed across the 63 N. cyriacigeorgica strains, with 
their distributions shown in Figs. 6 and 7.

Plasmids were absent in 20.6% (13/63) of the strains, 
including 10 clinical isolates, 2 strains with no detailed 
source information, and 1 strain from soil (Fig.  6). 
Among the identified IS elements, 15 distinct IS fami-
lies were detected, with the IS3 family being the most 
prevalent across the strains (Fig.  7). These findings 
highlight the variability in MGE content among N. 
cyriacigeorgica strains and highlight the potential role 
of IS elements in mediating genomic plasticity and 
adaptation.

Putative virulence‑associated genes and their distribution 
in the N. cyriacigeorgica genome
To investigate potential virulence factors and assess the 
pathogenic characteristics of N. cyriacigeorgica, BLASTP 

searches of its CDSs were conducted against the Viru-
lence Factor Database (VFDB) using stringent criteria 
(E-value < 1E-6, sequence length overlap > 60%, sequence 
similarity > 60%). A total of 208 candidate virulence-
associated genes were identified, encompassing a wide 
range of functions critical for bacterial pathogenesis. 
These include roles in adherence and invasion, secre-
tion systems, stress adaptation, nutrient acquisition, 
toxin production, modulation of phagocyte function, and 
intracellular survival within macrophages (Table 2).

The mammalian cell entry (mce) gene family, known 
for encoding proteins that facilitate Mycobacterium 
tuberculosis invasion and survival within macrophages, 
was represented by nine clusters in N. cyriacigeorgica. 
Notably, the mce1 and mce2 clusters were absent in all 
strains, while mce5, mce6, and mce9 were universally 
present. The remaining mce genes (mce3, mce4, mce7, 

Fig. 6  Distribution of insertion sequences and plasmids in the 63 N.cyriacigeorgica genomes
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Fig. 7  Members of the IS families identified in the analysed strains
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Table 2  Virulence factor candidates in the Nocardia cyriacigeorgica according to the Virulence Factor Database (VFDB)

Category Gene name Gene ID Description

Adherence clpC VFG000079 Endopeptidase Clp ATP-binding chain C, is required for adhesion and promoting early escape 
form the phagosome of macrophages

dnaK VFG050290 Chaperone protein

eno VFG005576 Phosphopyruvate hydratase

groEL VFG012095 Chaperone protein

htpB VFG001855 60 K heat shock protein HtpB

plr/gapA VFG005358 Glyceraldehyde-3-phosphate dehydrogenase

tufA VFG046465 Elongation factor Tu

Invasion Mce3 VFG010120 Mammalian cell entry family proteins

Mce4 VFG010259 Mammalian cell entry family proteins

Mce5 VFG010296 Mammalian cell entry family proteins

Mce6 VFG010326 Mammalian cell entry family proteins

Mce7 VFG010381 Mammalian cell entry family proteins

Mce8 VFG010393 Mammalian cell entry family proteins

Mce9 VFG010427 Mammalian cell entry family proteins

Stress survival ahpC VFG001404 Putative alkylhydroper oxide reductase

clpP VFG000077 Serine protease involved in proteolysis and is required for growth under stress conditions

katA VFG037028 Catalase, protects against reactive oxygen species

katG VFG001396 Catalase peroxidase

sodA VFG001421 Putative superoxide dismutase, important for intracellular survival and transmission

sodC VFG001380 Putative superoxide dismutase, important for intracellular survival and transmission

Nutritional/metabolic factor irtB VFG024069 ABC transporter ATP-binding protein

carB VFG047708 Carbamoyl phospate synthase large subunit

ctpV VFG031419 Copper exporter

dahP VFG044426 DAHP synthetase

entB VFG048419 Enterobactin, involved in Iron uptake

fbpC VFG001811 Secreted antigen 85-C, is an important immunomodulatory component of the cell wall

hemL VFG013203 Glutamate-1-semialdehyde-2,1-aminomutase

irp5 VFG016174 Yersiniabactin biosynthetic protein irp5

mbtA VFG001817 Salicyl-AMP ligase + salicyl-S-ArCP synthetase

pchH VFG001267 Pyochelin

mbtB VFG001403 Phenyloxazoline synthase

mbtC VFG001823 Polyketide synthetase

mbtE VFG001821 Peptide synthetase

mbtF VFG001820 Peptide synthetase

mbtG VFG001819 Lysine-N-oxygenase

mbtH VFG001818 Putative protein

mbtI VFG009561 Isochorismate synthase

narG VFG001391 Nitrate reductase alpha subunit

narH VFG001814 Nitrate reductase beta subunit

narI VFG001816 Nitrate reductase gamma subunit

narJ VFG001815 Nitrate reductase delta subunit

Immune modulation adhD VFG030297 MymA operon, involved in mycolic acid synthesis

gndA VFG048830 6-phosphogluconate dehydrogenase

mps1 VFG029717 GPL locus

wcbT VFG002546 8-amino-7-oxononanoate synthase, involved in antiphagocytosis

ptpA VFG031511 Protein-tyrosine phosphatase, involved in phagosome arresting

ndk VFG031473 Nucleoside diphosphate kinase, involved in phagosome arresting

Regulation devR/dosR VFG001824 Two component transcriptional regulator, LuxR family

ideR VFG001406 Positive regulator of oxidative stress responses
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and mce8) exhibited distinct distribution patterns across 
the 63 analyzed strains (Fig. 8 and Table S3).

The mce4 gene was present in nearly all strains, except 
for three strains from oil sources in clade B. A specific 
subunit, mce4F, was detected in 95.2% (60/63) of strains. 
In contrast, mce3 was identified in 32 strains, of which 
only 10 were recognized as human pathogens. All strains 
in clade C carried mce3, compared to 43.5% (10/23) in 
clade B, 27.3% (3/11) in clade A, 25% (1/4) in clade E, and 

36.4% (4/11) in clade D. Subunits mce3C and mce3D were 
detected in 100% (9/9) and 77.8% (7/9) of clade C strains, 
respectively, while mce3E was identified exclusively in 
three oil-derived strains from clade B.

The mce7 gene was predominantly detected in clades 
D and C, but it was absent in clades A and E. mce8 was 
identified in 11 strains, including 3 strains from clade B, 
1 from clade D, and 7 from clade C. Analysis of the mce 
gene family revealed that 27 strains carrying both mce3C 

Table 2  (continued)

Category Gene name Gene ID Description

relA VFG001826 Probable GTP pyrophosphokinase, associated with stationary phase adaptation and long-
term survival

phoP VFG001386 Possible two component system response transcriptional positive regulator

Effector delivery system eccB3 VFG022047 Type VII secretion system protein

eccC4 VFG022232 Type VII secretion system protein

espR VFG021908 Type VII secretion system protein

ricA VFG045340 Rab2 interacting conserved protein A

Motility flmH VFG038840 Polar flagella

Exotoxin pgi VFG038132 Endotoxin, glucose-6-phosphate isomerase

rtxB VFG038918 RTX toxin transporter

rtxE VFG007023 RTX toxin transporter

Invasion

Fig. 8  Putative virulence-associated genes in the genomes of N.cyriacigeorgica. The distribution of the mce3 and mce4 gene family are shown 
on the right side. Each dot indicates the presence of the gene
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and mce4F were categorized into five distinct distribution 
patterns, as summarized in Table S4.

The fbpC gene, encoding antigen 85C (Ag85C), a pro-
tein involved in Mycobacterium tuberculosis cell wall 
assembly, was detected in only 6.3% (4/63) of strains. 
Genes associated with oxidative and nitrosative stress 
responses (katA, sodC, sodA, narG, narH, narI), iron 
import (ideR), and antioxidant defense (ahpC) were 
universally present across all strains. Similarly, genes 
encoding the Type VII secretion system (eccC4) and the 
effector delivery system (ricA) were also identified in all 
strains.

Genes critical for intracellular survival, such as ndk 
(nucleoside diphosphate kinase) and ptpA (protein tyros-
ine phosphatase A), which facilitate macrophage phago-
somal arrest, were consistently detected in all strains. 
Interestingly, enterobactin-encoding genes (entB), 
responsible for siderophore-mediated iron acquisition, 
were found in 60.9% (14/23) of clade B strains but were 
absent in other clades. In contrast, yersiniabactin bio-
synthetic protein-related genes (irp5) were detected in 
all strains from clades A, C, D, and E, but were present 
in only 56.5% (13/23) of clade B strains. These findings 
highlight the conserved nature of key virulence-asso-
ciated genes in N. cyriacigeorgica, while also revealing 
clade-specific variations that may influence pathogenicity 
and host interactions.

Comprehensive identification and distribution of antibiotic 
resistance genes in the N. cyriacigeorgica genome
A systematic screening for ARGs in the N. cyriacigeorgica 
pan-genome, conducted using BLASTP against the Com-
prehensive Antibiotic Resistance Database (CARD), iden-
tified 268 resistance genes spanning at least 12 distinct 
antibiotic classes. These genes encode a variety of resist-
ance mechanisms, including efflux pumps, β-lactamases, 
and plasmid-mediated methyltransferases, which confer 
resistance through antibiotic inactivation, active efflux, 
and target modification (Table 3).

Resistance genes targeting multiple antibiotic classes 
were observed across all analyzed strains. These 
included cephalosporins (AST-1), aminoglycosides 
(kdpE), fluoroquinolones (SoxR, gyrB), glycopeptides 
(rpoC), macrolides (oleC, oleB, carA), tetracyclines 
(tetA(58), tetB(58)), sulfonamides (folC, folP), rifamycins 
(rbpA, rpoB2), and fosfomycin (murA, AbaF) (Fig.  9 
and Table  S5). Among these, β-lactamase-encoding 
genes, such as CTX-M and KPC, were highly prevalent, 
underscoring the widespread potential for β-lactam 
resistance in N. cyriacigeorgica.

While β-lactamase genes such as CTX-M and KPC 
were broadly distributed, certain β-lactamase genes 
displayed clade-specific patterns. For example, the 

β-lactamase genes bcl and bla1 were restricted to clade 
B, being present in 43.5% (10/23) and 21.7% (5/23) of 
strains, respectively. These genes were absent in strains 
from other clades, suggesting localized selective pres-
sures influencing β-lactam resistance within clade B.

Resistance genes for vancomycin (VanSO and VanRO) 
were widely distributed across clades A, C, D, and E, but 
were present in only 43.5% (10/23) of clade B strains. 
Conversely, the macrolide resistance gene erm(O)-Irm 
was detected in 43.5% (10/23) of clade B strains but was 
absent in other clades.

The macrolide efflux pump gene srmB exhibited a 
distinct distribution, being present in 78.9% (30/38) of 
strains from clades A, B, and E, but absent in clades C 
and D. The plasmid-mediated macrolide resistance gene 
ermH was identified in 69.6% (16/23) of clade B strains 
but was not detected in clades A, C, D, or E. These find-
ings highlight the heterogeneous distribution of mac-
rolide resistance mechanisms among clades.

Rifamycin resistance genes (Rox-nf and Rox-sv) and 
transposon-mediated streptogramin resistance genes 
(VatF) were exclusively identified in four strains from 
clade B. Additionally, chromosome-encoded chloram-
phenicol resistance genes (cmlR) were detected in 21.7% 
(5/23) of clade B strains but were present in all strains 
from other clades. These clade-specific distributions 
suggest that localized environmental or clinical pres-
sures may have driven the evolution of these resistance 
mechanisms.

Discussion
Consistent with previous research [53], our analysis 
revealed that N. cyriacigeorgica consists of five distinct 
clades, as determined by the concatenation of 1164 
conserved single-copy core genes. Within clade B, five 
subgroups were further delineated using pairwise ANI 
analysis. However, inconsistencies between the phy-
logenomic tree and ANI values were noted for specific 
strains. Specifically, three strains isolated from oil sam-
ples (CNM20110649, CNM20110648, CNM20110639) 
within clade B demonstrated high homology with each 
other but exhibited low genetic relationships between 
other stains. This observation indicates a notable evolu-
tionary divergence between these three isolates and other 
clade B strains.

Low ANI values between clade B strains and those from 
other clades suggest high genomic diversity within clade 
B, potentially representing distinct species. Interestingly, 
five strains (BJ06-0109, BJ06-0147, NBC-00369, 
112071522, 760185010) could not be assigned to any 
clades in the phylogenomic tree. Despite this, ANI values 
exceeding 95% between these strains and strains from 
clades A, C, D, and E suggest high genomic similarity. 
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Table 3  Antibiotic resistance genes in the Nocardia cyriacigeorgica genome according to the Comprehensive Antibiotic Resistance 
Database (CARD)

Resistance gene type Gene name Gene ID Description

β-lactam antibiotics CTX-M ARO:3001961 Cephalosporin

AST-1 ARO:3004740 Broad-spectrum beta-lactamase gene

KPC ARO:3002312 Carbapenem; cephalosporin

Bcl ARO:3002877 Cephalosporin

Bla1 ARO:3000090 Beta-lactamase gene

Aminoglycoside antibiotics kdpE ARO:3003841 Transcriptional activator that is part of the two-component system

Fluoroquinolone antibiotics SoxR ARO:3003381 Antibiotic efflux; antibiotic target alteration

gyrA ARO:3007473 Point mutation of Mycobacterium tuberculosis gyrA resulted in the lowered affinity 
between fluoroquinolones and gyrA

gyrB ARO:3003304 Point mutation in Mycobacterium tuberculosis gyrB resulting in fluoroquinolone resistance, 
antibiotic target alteration

Glycopeptide antibiotics VanSO ARO:3002941 Vancomycin resistance operon genes, which can synthesize peptidoglycan with modified 
C-terminal D-Ala-D-Ala to D-alanine-D-lactate

VanRO ARO:3002930 Vancomycin resistance operon genes, which can synthesize peptidoglycan with modified 
C-terminal D-Ala-D-Ala to D-alanine-D-lactate

rpoC ARO:3004681 Point mutations in the rpoC region of Clostridioides difficile which confer resistance to van-
comycin

Macrolide antibiotics oleC ARO:3003748 ABC transporter isolated from Streptomyces antibioticus and is involved in oleandomycin 
secretion

oleB ARO:3003036 ABC-F subfamily protein in Streptomyces antibioticus and is involved in oleandomycin secre-
tion

erm(O)-lrm ARO:3004652

carA ARO:3002817 ABC-F subfamily protein involved in macrolide resistance

srmB ARO:3002828 Macrolide efflux pump genes

lmrC ARO:3002881 ABC-F subfamily protein that confers resistance to lincosamides in Streptomyces lincolnensis 
and Lactococcus lactis

ErmH ARO:3002823 Plasmid-mediated methyltransferase found in Streptomyces thermotolerans

ErmR ARO:3000594 Plasmid-mediated methyltransferase found in Streptomyces thermotolerans

Tetracycline antibiotics tetA(58) ARO:3003980 Tetracycline efflux pump

tetB(58) ARO:3003981 Tetracycline efflux pump

Sulfonamide antibiotics folC ARO:3004157 Point mutations in the dihydrofolate synthetase folC gene shown clinically to confer resist-
ance to p-aminosalicylic acid or other aminosalicylates

folP ARO:3003389 Point mutations in Streptococcus pyogenes dihydropteroate synthase folP prevent sulfona-
mide antibiotics from inhibiting its role in folate synthesis, thus conferring sulfonamide 
resistance

Rifamycin antibiotics Rox-nf ARO:3007210 Rifampin monooxygenase that inactivates rifampin

Rox-sv ARO:3007209 Class A flavoprotein monooxygenase that confers resistance to rifamycin antibiotics

Iri ARO:3002884 Monooxygenase that confers resistance to rifampin

rbpA ARO:3000245 The enzymatic inactivation of rifampin by phosphorylation at the 21-OH position

rpoB2 ARO:3000501 Expression of the rpoB2 variant results in replacement of rifampin sensitivity with rifampin 
resistance

Streptogramin antibiotics VatF ARO:3003744 Transposon-mediated acetyltransferase

VatE ARO:3002844 Transposon-mediated acetyltransferase

Fosfomycin antibiotics murA ARO:3003784 Chlamydia murA confers intrinsic resistance to fosfomycin

AbaF ARO:3004573 Expression of abaF in E. coli resulted in increased resistance to fosfomycin

Chloramphenicol antibiotics cmlR ARO:3002690 Chromosome-encoded chloramphenicol phoshotransferase

Nitroimidazole antibiotic msbA ARO:3003950 Multidrug resistance transporter homolog
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These inconsistencies likely arise from methodological 
differences: phylogenomic trees rely on conserved single-
copy core genes, whereas ANI analysis incorporates 
whole-genome comparisons, including rapidly evolving 
genes. To further investigate evolutionary characteristics, 
clade-specific orthologous groups were analyzed using 
the eggNOG database. Functional differences among 
unique genes in the five clades suggest their potential 
roles in environmental adaptation. However, the presence 
of numerous orthologous groups with “unknown 
function” highlights the need for additional research to 
elucidate the evolutionary features of N. cyriacigeorgica.

Nocardia species exhibit diverse antimicrobial resist-
ance profiles. Previous studies [54, 55] have classified 
N. cyriacigeorgica within the type VI drug resistance 
pattern, characterized by susceptibility to amikacin, 
cefamandole, cefotaxime, ceftriaxone, and imipenem, 
but resistance to amoxicillin-clavulanic acid, ampicil-
lin, ciprofloxacin, clarithromycin, and erythromycin. 

In this study, the antimicrobial susceptibility profiles of 
five clinical strains largely aligned with the type VI pat-
tern, except for clarithromycin. Imipenem resistance has 
been reported at high rates in N. cyriacigeorgica, with 
one study documenting an 86.7% resistance rate (52/60 
strains) [53]. Similarly, McGuinness et  al. [56] observed 
elevated resistance to imipenem in N. cyriacigeorgica 
strains. In contrast, all five clinical strains analyzed in our 
study exhibited complete sensitivity to imipenem (100%, 
5/5). This discrepancy may result from geographical vari-
ation or the limited sample size in our analysis.

Antibiotic resistance represents a critical global pub-
lic health challenge, with the proliferation of ARGs con-
tributing to the rise of multidrug-resistant pathogens. In 
the genomes of the analyzed N. cyriacigeorgica strains, 
numerous ARGs were identified, corresponding to four 
primary resistance mechanisms: (1) mutations or regula-
tory changes in target enzymes, (2) efflux pump-encoding 

Presenece

Absence

AAnnttiibbiioottiicc rreessiissttaannccee ggeenneess ((AARRGGss))

Fig. 9  Antibiotic resistance genes in the genomes of N.cyriacigeorgica. Each red dot indicates the presence of the gene
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genes, (3) inhibition of protein or cell wall synthesis, and 
(4) antibiotic inactivation.

Sulfonamides, particularly trimethoprim-sulfameth-
oxazole (TMP-SMX), remain the cornerstone of treat-
ment for Nocardia infections [57]. However, prolonged 
or suboptimal antibiotic exposure increases the risk of 
resistance development. TMP-SMX resistance is often 
linked to mutations in the folP and folA genes, which 
encode dihydropteroate synthase (DHPS) and dihydro-
folate reductase (DHFR), respectively. A prior study 
demonstrated that adaptive mutations in folP and folP2 
reduced TMP-SMX sensitivity in eight strains of Nocar-
dia nova and two strains of N. cyriacigeorgica [58]. Fur-
thermore, resistant folP variants have been identified on 
MGEs or plasmids, facilitating interspecies transmission 
[59–61]. Although detailed resistance phenotypes for all 
tested strains in our study remain unresolved, the detec-
tion of the folP gene in all strains suggests a widespread 
prevalence of TMP-SMX resistance genes. This finding 
underscores the importance of monitoring resistance 
mechanisms in N. cyriacigeorgica to ensure effective clin-
ical management and mitigate the spread of resistance.

Plasmid-encoded resistance genes, such as ermH and 
ermR, which confer macrolide resistance, were identified 
in the majority of strains within clade B (69.6%, 16/23) 
and clade A (54.5%, 6/11), respectively. This observation 
suggests the potential for the evolution and dissemi-
nation of resistance genes among strains from diverse 
sources via plasmids. Horizontal gene transfer, mediated 
by genetic elements such as plasmids and ISs, has been 
shown to significantly contribute to the dissemination 
of antibiotic resistance among bacteria [62, 63]. In our 
study, most strains carried plasmids, and a wide variety 
of IS elements were detected. These findings underscore 
the importance of preventing the horizontal transfer of 
ARGs among Nocardia strains to mitigate the worsening 
of antimicrobial resistance.

Despite the presence of various resistance genes across 
all strains, differences in the distribution of specific genes, 
including VanSO, VanRO, erm(O)-Irm, srmB, ermH, bcl, 
bla1, and cmIR, were observed. Particularly noteworthy, 
we found that 80% (8/10) of strains carrying the mac-
rolide resistance gene erm(O)-Irm in clade B, over 60% 
(19/30) of strains carrying srmB in clades B, A, and E, and 
75% (12/16) of strains carrying ermH in clade B were iso-
lated from human specimens. These findings suggest that 
the antimicrobial resistance genotypes of N. cyriacigeor-
gica strains may be associated with their isolation origin. 
The observed variation in resistance genes among strains 
from different sources highlights the potential for distinct 
resistance mechanisms in clinical strains, warranting fur-
ther investigation.

The virulence mechanisms of N. cyriacigeorgica remain 
poorly characterized. Known virulence factors in Nocar-
dia species include catalase, superoxide dismutase 
(SOD), secreted toxins, and cell wall proteins [64, 65]. 
However, the virulence factors vary significantly among 
different pathogenic Nocardia species [9]. In this study, 
208 potential virulence genes were identified, which may 
contribute to N. cyriacigeorgica pathogenesis and its 
interactions with host cells. Among these, the Mce fam-
ily proteins, recognized as key virulence factors in M. 
tuberculosis and Nocardia spp., plays a critical role in 
host cell invasion and intracellular survival within mac-
rophages [66–68]. The mce gene family comprises nine 
clusters (mce1–9), with mce4F confirmed as essential 
for bacterial pathogenesis in M. tuberculosis [69]. For 
instance, Mce3C as a surface protein has been shown to 
promote mycobacterial adhesion to and invasion of mac-
rophages [70]. Phylogenetic and pan-genome analyses of 
141 Nocardia genomes revealed the absence of mce1 and 
mce2 in 27 N. cyriacigeorgica strains, while highlighting 
the pathogenic roles of mce3C and mce4F in N. keratitis 
[71]. Our findings demonstrated that mce3, mce4, mce5, 
mce6, mce7, mce8, and mce9 were present in most tested 
strains, whereas mce1 and mce2 were absent. Further 
analysis revealed that all strains, except for three envi-
ronmental strains from oil, harbored mce4F. Addition-
ally, 27 of the 63 strains carried both mce4F and mce3C. 
The widespread presence of mce4F suggests its potential 
as a reliable detection marker. Although mce3C exhibited 
varied distributions across the five clades, no correlation 
was observed between the mce3C gene and strain origin, 
possibly due to incomplete source information for some 
strains. Further investigation is required to clarify the 
roles of mce4F and mce3C in the pathogenic mechanisms 
of N. cyriacigeorgica.

Antioxidant proteins such as catalase and SOD are 
believed to counteract the oxidative killing mechanisms 
of phagocytes [64]. Consistent with previous studies on 
Nocardia species, including N. seriolae UTF1, N. brasil-
iensis HUJEG-1, and N. cyriacigeorgica GUH-2 [72–74], 
our study identified two catalase genes (katA and katG) 
and two SOD genes (sodA and sodC) in the majority of 
N. cyriacigeorgica genomes. Intracellular pathogens 
must also adapt to low-oxygen conditions to survive 
within host cells. In our study, nitrosative stress-related 
genes (narG, narH, and narI) were present in all ana-
lyzed strains. However, nirB and nirD were not detected, 
contrasting with previous genomic research on N. cyr-
iacigeorgica GUH-2 [72]. The importance of catalase, 
SOD, and nitrate reductase genes in the pathogenesis 
of N. brasiliensis has been demonstrated in studies of 
genomic changes associated with the loss of virulence 
after 200 continuous subcultures in mice [75]. Based on 
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our comparative genomic results, katA, katG, sodA, sodC, 
narG, narH, and narI may serve as potential targets for 
further investigation into the pathogenic mechanisms of 
N. cyriacigeorgica.

When engulfed by phagocytes, intracellular pathogens 
are enclosed within phagosomes, which subsequently 
fuse with vesicles to form phagolysosomes for the deg-
radation of ingested particles [76]. Previous studies have 
shown that Nocardia can survive within host cells and 
evade immune responses by inhibiting phagosome-lyso-
some fusion and reducing intracellular acid phosphatase 
levels in macrophages [12]. PtpA and Ndk proteins have 
been implicated in arresting macrophage phagosomal 
maturation, enabling pathogens to evade immune clear-
ance and establish persistent infections [77]. Our study 
identified the presence of the ptpA and ndk genes in all 
strains, which are associated with phagosome arrest. 
These findings underscore the necessity of further inves-
tigation into the roles of ptpA and ndk as potential can-
didate genes in phagosomal maturation arrest. Future 
studies could utilize gene knockout experiments, confo-
cal microscopy analysis, and multi-omics approaches to 
investigate their functions.

The entB gene, responsible for enterobactin produc-
tion, has been identified as a virulence factor in entero-
bacteria [78–80]. Notably, Han et  al. demonstrated that 
the siderophore virulence gene entB plays a critical role 
in significantly enhancing the virulence of carbapenem-
resistant K. pneumoniae (CRKP) strains [81]. In our 
study, entB was detected in over 60% (14/23) of strains 
within clade B, with the majority of these strains (64.3%, 
9/14) originating from clinical sources. This observation 
indicates clade-specific variations in entB distribution. 
To date, limited research has been conducted on the role 
of entB as a siderophore virulence gene in intracellular 
pathogens. Further studies are warranted to elucidate its 
contribution to the virulence of N. cyriacigeorgica.

Conclusions
Phylogenetic analysis based on single-copy genes 
identified five major clades within N. cyriacigeorgica. 
This finding enhances our understanding of the species’ 
genetic diversity and evolutionary relationships. 
Additionally, plasmid-mediated ARGs were identified 
within the N. cyriacigeorgica chromosome, underscoring 
the potential risk of horizontal transmission of drug 
resistance genes via MGEs. Comparative genomic 
analysis identified several pathogenic genes that may 
play critical roles in the virulence of N. cyriacigeorgica. 
However, the precise functions and mechanisms of these 
genes in pathogenicity remain unclear. These findings 
emphasize the need for further comprehensive studies 
to investigate the molecular basis of N. cyriacigeorgica 

pathogenesis and its implications for clinical treatment 
strategies.

Limitations
This comparative genomic study has several limitations 
that warrant acknowledgment. First, the lack of detailed 
source information for some strains from the NCBI 
database may have introduced bias, potentially affect-
ing the accuracy of the phylogenetic and genomic find-
ings. Second, although ISs and plasmids within the N. 
cyriacigeorgica chromosome were analyzed, potential 
virulence or ARGs on plasmids were not investigated. 
Such an investigation would offer a more comprehen-
sive assessment of the risks linked to horizontal gene 
transfer of these elements.

Third, while the mce3 and mce4 gene families were 
evaluated, the pathogenicity of strains carrying both 
mce3C and mce4F genes was not explored. This rep-
resents a significant gap in understanding the roles of 
these genes in virulence and host–pathogen interac-
tions. Future research should prioritize functional stud-
ies, including gene knockout experiments and in  vivo 
models, to clarify the roles of mce3C and mce4F in the 
pathogenic mechanisms of N. cyriacigeorgica.

Addressing these limitations will enhance our under-
standing of the genomic features, resistance mecha-
nisms, and pathogenic potential of N. cyriacigeorgica. 
Such insights are essential for developing effective 
strategies to combat infections caused by this oppor-
tunistic pathogen.
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