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Editorial on the Research Topic

Epidemiology of antimicrobial resistance and virulence factors of
emerging and re-emerging bacteria
TheWorld Health Organization has declared antimicrobial resistance (AMR) a concerning

top global public health issue that is estimated to result in significant additional healthcare costs,

hospitalizations, and deaths, affecting millions of people by 2050 (Antimicrobial Resistance

Collaborators, 2022). AMR is a phenomenon that has been evolving through time due to the

participation of mobilizable genetic elements (MGEs), including plasmids, transposons, and

integrons, which accelerate the horizontal spread of antibiotic resistance genes (Sultan et al.,

2018). This Research Topic compiled information about the prevalence of virulence and

resistance determinants in clinically important bacteria such as Escherichia coli, Klebsiella

pneumoniae, Staphylococcus aureus, Salmonella, Acinetobacter baumannii, and Streptococcus

pneumoniae, as well as emerging pathogens such as Staphylococcus epidermidis, Staphylococcus

warneri, Mycobacterium fortuitum, and Parvimonas micra.

AMR represents a public health concern affecting whole living beings that needs to be

analyzed from the one health approach, in which comprehensive human activities influence

animal and environmental health and vice versa. Based on this perspective, Gonzales-Zubiate

et al. observed the occurrence of blaCTX-M resistance genes from the variants CTX-M-55 and -65

in E. coli, and CTX-M-14 and -27 in K. pneumoniae in companion animals from Ecuador; this

study highlights the identification of sequence types that might be clonally expanded. The

tracking of bacterial clones has been improved by implementing novel tools such as whole-

genome sequencing (WGS), which also highly contribute to the study of MGEs. Using this

technology, Neidhöfer et al. obtained important data on the distribution of the AMR genes and

sequence types of bacteria implicated in bloodstream infections; they predominantly identified
frontiersin.org015
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Enterococcus faecalis, Enterococcus faecium, S. aureus, S. pneumoniae,

Streptococcus pyogenes, Bacteroides fragilis, E. coli, K. pneumoniae,

Enterobacter spp, Citrobacter spp, Proteus mirabilis, Serratia

marsescens, A. baumanii, Pseudomonas aeruginosa, and

Stenotrophomonas maltophilia. Additionally, Jiménez-Rojas et al.

studied Extended-Spectrum Beta-Lactamase (ESBL)-E. coli and

ESBL-K. pneumoniae colonization in a Mexican neonatal intensive

care unit, revealing a high prevalence (87%) and a relationship with

healthcare-associated infections (22%). Variable resistance to

cephalosporins, susceptibility to carbapenems, and genetic clonality

underline the importance of addressing the search and study of ESBL-

producing Enterobacterales in neonatal care. In this sense, another

bacterium that has become one of the major causes of nosocomial

infections is A. baumannii. Fernández-Vázquez et al. investigated the

multidrug resistance profile of sequenced strains of A. baumannii in

Mexican hospitals, identifying diverse resistance genes, including the

clinically significant OXA-72 carbapenemase-encoding gene,

highlighting the high adaptation of A. baumannii to new and

variable niches. This study emphasized the role of antimicrobial

resistance plasmids in disseminating resistance genes, which is

crucial for effective control strategies. In the community setting,

Salmonella is a concerning bacterium linked to outbreaks. Ma et al.

analyzed 19 non-typhoidal Salmonella isolates, which were subjected to

serovar identification, antimicrobial susceptibility testing, and biofilm

formation evaluation. WGS revealed genetic relatedness, especially

among Salmonella serovar Mbandaka isolates, suggesting the

existence of a persistent source in China for more than 5 years,

mediated by resistance mechanisms such as plasmids harboring

blaCTX-M-15 and virulent mrkABCDF operons. On the other hand,

Balbuena-Alonso et al. evidenced new routes of pathogenic and

multidrug-resistant bacteria transmission through food products,

highlighting the role of agricultural products as reservoirs for

resistance and virulence genes. This group characterized the A23EC

E. coli strain from spinach, which belongs to the C2b sublineage of

ST131, harboring three pathogenicity islands, a chromosomally

integrated transposon (TnMB1860) associated with six resistance

genes, and a conjugative IncF plasmid carrying a tetracycline

resistance gene. Even when vaccines are available to protect against

bacterial infections, AMR is a concerning issue. In a systematic review

conducted by Sandoval et al., AMR in S. pneumoniae from invasive

disease in Latin America and the Caribbean was assessed. Of 8,600

records, 103 studies were included, covering 49,660 positive samples.

Penicillin resistance was observed in 21.7% of the isolates, with higher

rates in children aged 0 to 5 years. Ongoing surveillance is crucial for

monitoring evolving serotypes and AMR patterns, especially after the

introduction of conjugated pneumococcal vaccine.

The role of emergent bacteria causing uncommon and hard-to-

diagnose infections contributes to the limitation of effective treatment

options. The case report by Shao et al. informs the diagnosis and

treatment of P. micra (a Gram-positive anaerobic bacterium that

exhibits colonization tendencies on oral mucosal and skin surfaces) in

a 53-year-old male with recurrent hemoptysis. P. micra was identified

using metagenomic next-generation sequencing, reflecting the

importance of incorporating last-generation technologies as

diagnostic tools. This infection was treated successfully with a
Frontiers in Cellular and Infection Microbiology 026
combined beta-lactam and fluoroquinolone therapy, evidencing the

importance of efficient treatment alternatives even for

atypical infections.

Identifying genes associated with AMR in emerging pathogens

remains a major issue. Alam et al. reported the isolation and

genomic characterization of a highly MDR strain of M. fortuitum

from a pulmonary infection harboring several genetic determinants

of resistance, including acquired ones and associated mutations;

interestingly, the strain investigated identified virulence genes also

found in M. tuberculosis and Mycobacterium abscessus.

MGEs also harbor virulence genes that might have health

implications for the host, contributing to biological variability but

also representing a therapeutic challenge due to the emergence of

pathogenic multidrug-resistant strains. Amer et al. investigated

coagulase-negative staphylococci (CoNS) in acne lesions in Egypt,

identifying S. epidermidis as the predominant species. Isolates from

severe acne cases exhibited high antibiotic resistance and strong

biofilm formation. WGS revealed multidrug resistance and

virulence genes, highlighting the potential pathogenicity of CoNS

in acne infections, especially the emergence of S. warneri, a

previously reported uncommon pathogen.

In conclusion, this Research Topic contributes valuable

information about the spread of AMR in emergent and re-emergent

pathogenic bacteria, which is accelerated by the horizontal transfer of

MGEs, reducing the efficiency of antibiotics used to control infections

in humans and animals in clinical and environmental settings.

Genomic-based screening strategies and new-generation technologies

are prominent tools for gaining insight into the proper treatment,

prevention, and control of hospital- and community-acquired diseases

caused by multidrug-resistant bacteria.
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Introduction: Infections caused by non-tuberculosis mycobacteria are

significantly worsening across the globe. M. fortuitum complex is a rapidly

growing pathogenic species that is of clinical relevance to both humans

and animals. This pathogen has the potential to create adverse effects on

human healthcare.

Methods: The MF GZ001 clinical strain was collected from the sputum of a 45-

year-old male patient with a pulmonary infection. The morphological studies,

comparative genomic analysis, and drug resistance profiles along with variants

detection were performed in this study. In addition, comparative analysis of

virulence genes led us to understand the pathogenicity of this organism.

Results: Bacterial growth kinetics andmorphology confirmed thatMFGZ001 is a

rapidly growing species with a rough morphotype. The MF GZ001 contains

6413573 bp genome size with 66.18 % high G+C content. MF GZ001 possesses

a larger genome than other related mycobacteria and included 6156 protein-

coding genes. Molecular phylogenetic tree, collinearity, and comparative

genomic analysis suggested that MF GZ001 is a novel member of the M.

fortuitum complex. We carried out the drug resistance profile analysis and

found single nucleotide polymorphism (SNP) mutations in key drug resistance

genes such as rpoB, katG, AAC(2')-Ib, gyrA, gyrB, embB, pncA, blaF, thyA, embC,

embR, and iniA. In addition, the MF GZ001strain contains mutations in iniA, iniC,
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pncA, and ribD which conferred resistance to isoniazid, ethambutol,

pyrazinamide, and para-aminosalicylic acid respectively, which are not

frequently observed in rapidly growing mycobacteria. A wide variety of

predicted putative potential virulence genes were found in MF GZ001, most of

which are shared with well-recognized mycobacterial species with high

pathogenic profiles such as M. tuberculosis and M. abscessus.

Discussion: Our identified novel features of a pathogenic member of the M.

fortuitum complex will provide the foundation for further investigation of

mycobacterial pathogenicity and effective treatment.
KEYWORDS

Mycobacterium fortuitum, morphology, comparative genomic analysis, drug
resistance, pathogenesis
Introduction

Non-tuberculosis mycobacteria (NTM) are ubiquitous, free-

living, environmental saprophytic organisms that can causehuman

infections, including respiratory and skin diseases in both

immunocompetent and immunocompromised individuals (Chan

and Iseman, 2013; Maya et al., 2022). The prevalence of NTM

infections has risen over the years around the world (Reves and

Schluger, 2014). The yearly incidence of lung infections caused by

NTM has increased from 3.13 to 4.73 per 100000 people, whereas

the prevalence of NTM rose dramatically from 4.24% in 2014 to

12.68% in 2021, indicating a significant increase in the NTM

outbreak in China. (Winthrop et al., 2020; Jia et al., 2021; Sun

et al., 2022). Themajority of NTM are rapidly growing species that

have been associated with serious infectious diseases (De Groote

and Huitt, 2006). Importantly, previous investigations reported

thatM. abscessus could be transmitted from person to person, and

its prevalence has been widely observed in hospitals (Aitken et al.,

2012; Bryant et al., 2013). The fast-growingmycobacteria comprise

some clinically relevant species which include M. fortuitum, M.

abscessus, M. smegmatis, and M. chelonae (De Groote and Huitt,

2006).M. fortuitum is frequently isolated frombothrespiratoryand

non-respiratory specimens (Park et al., 2008; Bryant et al., 2013).

M. fortuitum complex comprises opportunistic pathogens

usually found in water, soil, and dust that are of clinical

relevance to both humans and animals (Pavlik et al., 2021). The

M. fortuitum complex includes M. fortuitum, M. peregrinum, M.

mageritense, M. porcinum, M. septicum, M. conceptionense, M.

boenickei, M. houstonense, M. brisbanense, M. farcinogenes, M.

senegalense, and M. setense (Johansen and kremer, 2020; Brown-

Elliott and Philley, 2017; Brown-Elliott and Wallace, 2002). M.

fortuitum is a rapidly growing human-pathogenic species that

cause pulmonary, eye, post-surgical, and catheter as well as skin

and soft tissue infections (Koh et al., 2006; Brown-Elliott et al.,

2012; Diaz et al., 2019; Erber et al., 2020). M. fortuitum in

respiratory samples has been categorized based on colony
02
9

morphologies, growth characteristics, and in vitro resistance to

anti-mycobacterials (Daley and Griffith, 2002).

Whole-genome sequencing (WGS) technologies are the new

strategies for understanding the molecular basis of drug resistance,

metabolism, and evolution of pathogens. The conventional

methodologies may have several drawbacks, particularly

discordance between phenotypic and genotypic susceptibility

testing outcomes. Illumina HiSeq sequencing can provide a variety

of sequencing data for differentiating the distinct variable gene

expressions between various samples. The sequencing data can also

help in the assembly of de novo organism genomes (Austin et al.,

2017). Highly accurate base-by-base sequencing is provided by this

technique with almost no errors and up to 750 GB of data can be

produced per sequencing run (Teng et al., 2017). Despite these

advantages, Illumina sequencing’s low-quality transcripts and short

reads can significantly reduce the scope of analyses of transcriptional

variations and accurate annotation (Hert et al., 2008). However,

WGS employs a short-read sequencing platform that allows for the

identification of additional resistance-associated mutations. For

instance, due to the repetitive structure and high GC content of the

mycobacterial genome, amplification bias occurs frequently during

library preparation, resulting in fragmented genome assembly and

other genetic variations such as INDEL and copy number variations

(Treangen and Salzberg, 2011; Leung et al., 2017).

The recently developed PacBio RS II with single-molecule

real-time (SMRT) sequencing methods overcome the

drawbacks of conventional methods. PacBio RS II offers long-

read or whole transcriptomes (Eid et al., 2009) which enable the

large-scale long-read transcript collection with complete coding

sequences and the characterization of the various gene families.

Moreover, SMRT has enabled de novo assembly of the

mycobacterial genome much easier (Roberts et al., 2013).

SMRT sequencing can easily span highly repetitive DNA

sequences due to its average read length of 10–20 kbp (Qi
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et al., 2013; Zhu et al., 2016; Ferrarini et al., 2013). Additionally,

it can reduce the number of gaps in the final assembled

mycobacterial genome. Isolation of new rapidly growing

mycobacteria (RGM) species and comprehensive analysis of

the WGS of several mycobacterial isolates seem to be important

for such kind of research.

In this study, we sequenced M. fortuitum subsp. fortuitum

(designated as MF GZ001) isolated from a patient with

pulmonary infection. This was deduced from conserved

sequences of 16S rRNA hsp65, and rpoB genes. We performed

comparative studies with RGM and slow-growing mycobacteria

(SGM) to understand the genomics, phylogeny, pathogenicity of

this mycobacterial species, and the evolution of drug resistance.

This investigation provides a genome-based description, which

is ensuring that it’s related to the M. fortuitum complex and

displayed novel features of a potential pathogenic species.
Materials and methods

Strains collection and growth conditions

TheMFGZ001 clinical strainwas collected from the sputumof

a 45-year-oldmale patient with a pulmonary infection. The patient

with the symptoms of non-paroxysmal irritant cough with yellow

and white sputum, chest pain, shortness of breath, headache, and

low fever was admitted to the Guangzhou Chest Hospital,

Guangzhou, China. The isolate was grown on Middlebrook 7H11

agar (Becton, Dickinson, and Company) supplemented with 0.2%

glycerol (Shanghai Macklin Biochemical, Shanghai, China) and

10% oleic acid-albumin-dextrose-catalase (OADC) and in

Middlebrook 7H9 (Difco, Becton, Dickinson and Company, New

Jersey, USA) broth medium supplemented with 10% OADC,

(Difco) and 0.05% Tween-80 (Amresco, USA).
Growth kinetics and
morphology detection

To determine the bacterial growth curves, three mycobacterial

strainsMFGZ001,M. abscessusGZ002 (Guo et al., 2016; Chhotaray

et al., 2020), and M. smegmatis C2 155 were collected from

Guangzhou Chest Hospital and performed phenotypic

characterization. Firstly, the bacterial strains were grown in

Middlebrooks 7H9 broth medium to log phase. Then the strains

weredilutedup toOD600 0.01 in each100mLflaskof every strainand

placed in a shaking incubator for 72 hrs at 200 rmp to determine the

bacterial growth curve. The bacterial growth rates weremeasured by

detecting OD600 readings of bacterial strains every 6 hrs intervals

using a spectrophotometer. The bacterial growth curve analysis was

performed by GraphPad Prism version (8.0.2).

For the colony morphology study, the mycobacterial strains

were cultured in Middlebrook 7H9 broth medium up to OD600
Frontiers in Cellular and Infection Microbiology 03
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1. Then all bacterial strains were equalized by dilution at 10-5

and cultured for 7 days at 37 °C. Bacterial colony images were

captured after 7 days of incubation and visualized by microscope

(OLYMPUS TH4-200) to determine the size and surface

structure of the colony respectively.
Drug susceptibility testing (DST)

DST was performed by using broth micro-dilution methods

according to the European Committee on Antimicrobial

Susceptibility Testing (EUCAST) guidelines (Krishnan et al.,

2009; Schon et al., 2020). The strains were grown in

Middlebrook 7H9 broth medium (Difco, Becton, Dickinson

and Company, New Jersey, USA) supplemented with 10%

OADC, (Difco), 0.2% glycerol and 0.05% Tween-80 (Amresco,

USA) for initial culture. Later, Middlebrook 7H9 (final pH 6.6 ±

0.2) broth medium supplemented with 10% OADC, 0.2%

glycerol without Tween-80 was used in the preparation of

inocula for DST. Based on EUCAST guidelines the inocula

were fixed up to OD600 0.6 with a final concentration of 1 ×

105 to 5 × 105 CFU/mL. Cells in 96 well plates were incubated at

37°C. Several anti-microbials including rifabutin, imipenem,

rifampicin (RIF), vancomycin, streptomycin, amikacin,

clarithromycin, ethambutol, isoniazid, sulfamethoxazole,

linezolid, and clofazimine were used to perform DST (Table

S11). The MIC was defined based on the EUCAST formula as

the lowest concentration of drugs that inhibited visible

mycobacterial growth in wells.
Library construction and WGS

MF GZ001 strain was cultured in 7H9 broth and extracted

the genomic DNA (gDNA) by using MAagNA Pure LC DNA

Isolation Kit III. The gDNA was fragmented and collected for

the preparation of SMRTbell DNA template libraries. Briefly, the

DNA fragments were end-repaired and the barcode overhang

adapter-ligated by removing the single-strand overhangs. The

library was quantified using a Qubit (version 3.0) Fluorometer

(Invitrogen, Carlsbad, CA), and checked the library size using an

Agilent 2100 Bioanalyzer System. Subsequent steps were

followed as per the manufacturer’s instructions to prepare the

SMRTbell library. The constructed library was sequenced using

the Sequel II sequencing platform and PacBio reads were

assembled using HGAP4 (version 4.0)/Falcon of WGS-

Assembler (Version 8.2) (Myers et al., 2000; McCarthy, 2010).

The genome sequence was re-corrected with Pilon software

using previous Illumina data or Quiver using Pacbio reads to

resolve the errors that were found during SMRT sequencing. The

paired-end library was constructed by using the Illumina HiSeq

instrument (Illumina, San Diego, CA, USA). The library

construction protocol and bioinformatics analysis are broadly
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illustrated in the supplementary material (Supplementary

material 1). The preliminary Illumina raw data reads were

trimmed at the percentage of bases with a Phred value greater

than 20 or 30 (less than 0.1%/1% probability of error).

The unnecessary bases and reads of Pass Filter data were

removed to get clean data using Cutadapt (version1.9.1) and the

Burrows-Wheeler Alignment tool (BWA) (version 0.7.12) (Li

and Durbin, 2009) was used to align the clean data generated

from MF GZ001 to M. fortuitum CT6 reference complete

genome sequence (NZ_CP011269.1) (Costa et al., 2015). All

statistical analyses of raw data which were obtained from

Illumina and SMRT sequencing are attached in the

supplementary materials ((Tables S1–S6). The Prodigal

(version 3.0.2, prokaryote) (Delcher et al., 2007) and Augustus

(version 3.3, eukaryotes) (Stanke et al., 2006) both gene-finding

software were used for predicting the coding genes. Non-coding

RNA (ncRNA) includes rRNA, tRNA, snRNA, snoRNA and

microRNA. Among the ncRNA, tRNAs and rRNA were detected

by using tRNAscan-SE (version 1.3.1) (Lowe and Eddy, 1997),

and Barrnap (version 0.9) respectively in the genome assembly.

Additionally mapping Rfam (version 12.2) (Nawrocki et al.,

2015) method was used to predict other ncRNAs. The coding

genes were annotated with National Center for Biotechnology

Information (NCBI) NR database by Diamond blastp.

Functional categories in the genome were assigned to the Gene

Ontology (GO) by using InterProScan software (Harris et al.,

2004), to the Clusters of Orthologous Groups of proteins

(COGs/KOG) (Tatusov et al., 2003; Han et al., 2018) database

using rpstblastn software, and to the Kyoto Encyclopedia of

Genes and Genomes (KEGG) (Kanehisa and Goto, 2000)

pathway database by performing the KEGG database (http://

www.genome.jp/kegg/) with Blastn software. Carbohydrate-

Active Enzyme (CAZy) annotation was displayed using

Diamond blastp (Luo et al., 2022). The Pfam was annotated

for a large collection of protein families using the Pfam database

(http://pfam.xfam.org/) (Punta et al., 2012), and Swiss_Prot was

annotated by applying the Swiss_Prot database (https://www.ebi.

ac.uk/uniprot) (Magrane, 2011). The Circos (version 0.69)

software was used to display the circular plot and to describe

the common feature of the genome.
Construction of phylogenetic trees

The evolutionary trees were constructed to represent the

proximity of the relatedness between referred genome MF

GZ001 and other 30 mycobacterial species. Single and

combined gene-based (16S rRNA, hsp65, and hsp65-rpoB)

three phylogenetic trees were constructed using FastTree and

Mafft software (Price et al., 2010; Katoh and Standley, 2013;

Robbertse et al., 2017). To generate the phylogenetic trees, the

gene sequences were aligned with the reference sequences using
Frontiers in Cellular and Infection Microbiology 04
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Mafft software (version 7.310) (Katoh and Standley, 2013), and

then evolutionary trees were constructed by using FastTree

(Version 2.1.10.Dbl) (Price et al., 2010), which predicts

nucleotide evolution using the Jukes-Cantor model and infers

phylogenetic trees via approximately maximum-likelihood

methods. Moreover, a comparison of the genetic relatedness

between prokaryotic organisms is performed using average

nucleotide identity (ANI) analysis. The online ANI tool was

used to calculate the ANI value of the MF GZ001 genome as well

as of its closely related species (https://www.ezbiocloud.net/

tools/ani) (Yoon et al., 2017).
Comparative genomic analysis

SNP/INDEL detection and annotation
SNP/INDEL was performed based on the result of MUMmer

alignment between assembled genome sequence of MF GZ001

and the reference genomic sequences of M. fortuitum CT6

(NZ_CP011269.1), M. abscessus GZ002 (NZ_CP034181.1)

(Chho ta ray e t a l . , 2020 ) , M. smegma t i s C2 155

(NZ_CP054795.1), and M. tuberculosis H37Rv (NC_000962.3).

Annovar software (Yang and Wang, 2015; Wang, 2020) was

used to understand the annotation of mutation sites, the

construction of the SNP/indel distribution map, and the

detection of amino acid change caused by mutations.
Collinearity analysis
The study of multiple genome alignments in the context of

identified genome MF GZ001 and reference genome M.

fortuitum strain CT6 (CP011269.1), M. abscessus GZ002

(NZ_CP034181.1), M. smegmatis C2 155 (NZ_CP054795.1),

and M. tuberculosis H37Rv (NC_000962.3) collinearity

relationship was constructed using MAUVE software version

2.4.0 (Huang et al., 2022). For the collinearity analysis, all

reference genomes were downloaded from the NCBI database.
Core and pan genes analysis
M. fortuitum complex strains, includingMFGZ001, other SGM,

and its closely related strains for example M. fortuitum CT6

(CP011269.1), M. brisbanense UM_WWY (NZ_BCSX00000000.1),

M. septicum DSM44393 (NZ_CP070349.1), M. alvei CIP103464

(NZ_AP022565.1) and M. mageritense (NZ_AP022567.1) were

conducted to identify the core, strain-specific genes, clusters, and

uncharacterized genes by ORTHOMCL (version 1.4). Using

ORTHOMCL, the annotated protein sequences from the

assemblies MF GZ001, SGM, and RGM were grouped into

orthologous families. The ortholog clustering output of the

OrthoMCL analysis was converted into an ortholog matrix and

visualized as a Venn diagram (Wang et al., 2017).
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Drug-resistant genes and virulence factors
distribution, prediction, and analysis

Drug-resistant gene prediction and distribution were done

using the comprehensive antibiotic resistance database (CARD)

(Alcock et al., 2020). The CARD is a rigorously curated

collection of characterized, peer-reviewed resistance

determinants and associated antibiotics, organized by the

antibiotic resistance ontology (ARO) and AMR gene detection

models. M. fortuitum CT6 (CP011269.1) strain genome

sequence of drug-resistant associated genes was obtained from

the NCBI database which was used as a reference sequence. A

BLAST search was done against the newly identified M.

fortuitum complex member MF GZ001 strain using these

genes as the query. To find virulence genes and virulence

factors related genes, the protein sequences predicted by RAST

were BLAST searched against the comprehensive online

resource virulence factors database (VFDB) (Yang et al., 2007).

We selected the genes that were orthologous to virulence genes

with at least 60% identity and 60% sequence coverage in query

and subject using our own Perl scripts. For the comparative

study of virulence genes, the reference sequences were compared

with M. fortuitum complex strains and 21 other mycobacterial

species by using the same approaches to indicate the alterations

in species-specific genes.
Prophage and CRISPR predictions

For the prediction of prophage, the annotated sequence of

the MF GZ001 genome was checked using PhiSpy software

(version 4.1.16) (Akhter et al., 2012). Additionally, clustered

regularly interspaced short palindromic repeats (CRISPRs) were

detected in the genome by using MinCED (from the CRISPR

recognition tool) (Bland et al., 2007; Grissa et al., 2007).
Data availability

The MF GZ001 genome sequence data were deposited in the

NCBI database under accession number CP107719. Raw data of

WGS were deposited in the NCBI Sequence Read Archive (SRA)

under the accession SRR22164027. All bacterial strains and

analyses are il lustrated in this manuscript and its

Supplementary materials.
Results

Growth kinetics and morphology study

To compare the growth kinetics of MF GZ001 and other

NTM, growth curves were plotted for MF GZ001, M. abscessus
Frontiers in Cellular and Infection Microbiology 05
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GZ002, and M. smegmatis C2 155. After culturing in

Middlebrook 7H9, OD600 was determined at 6 hrs intervals to

detect bacterial growth rates. Both MF GZ001 andM. smegmatis

C2 155 strains have shown faster growth than M. abscessus

GZ002 strain in terms of their OD600 at various time intervals

and same growth conditions (Figure 1A), though the differences

were not statistically significant (P > 0.05). To better understand

mycobacterial morphology, the MF GZ001 and M. abscessus

GZ002 strains were grown on 7H11 Middlebrook agar plates

and incubated for 7 days at 37°C. We have noticed a colony

shape of MF GZ001 slightly larger than the M. abscessus GZ002

strain by measuring the diameter of a single colony (Figure 1B).

OLYMPUS TH4-200 microscopic visualization of colony

structure revealed that MF GZ001 has a wrinkled colony

surface and rough morphotype, whereas M. abscessus GZ002

colonies are non-wrinkled and exis t in a smooth

morphotype (Figure 1C).
DST

We determined the in vitro susceptibility of MF GZ001 to

several drugs using the broth micro-dilution method. The MF

GZ001 strain showed high resistance to sulfamethoxazole (> 128

µg/mL), clofazimine (> 128 µg/mL), levofloxacin (> 16 µg/mL),

carbapenem (> 128 µg/mL), RIF (64 µg/mL), imipenem (64 µg/

mL), and streptomycin (64 µg/mL). The susceptibility of MF

GZ001 to other therapeutic agents was also determined

(Table S11).
General overview of MF GZ001 genome

MF GZ001 genome was sequenced using SMRT sequencing

technology and Illumina HiSeq sequencing platform at high

sequencing depth. The mapping ratio of the genome was 98.79%

which covered 100% reads of the genome (Table S6, Figure S1).

For the paired-end data of sequencing, the total number of reads

and bases counts were 19187140 and 2878071000 respectively.

After trimming, the average length of sequence reads was 149.50

bp. The quality evaluation of Pacbio raw reads of sequences and

bases obtained from MF GZ001 were 1368432 and 4062640505,

respectively. The size of the MF GZ001 genome is 6413573 bp.

The final assembly of the genome was circularized with a high G

+C content of 66.18% (Figure 2, Table 1). It contained 6156

protein-coding genes, whereas protein-coding genes with

enzymes were 1450. In addition, a total of 98 ncRNAs, 6

rRNAs, 55 tRNAs, and 37 other ncRNAs were identified

(Table 1). Moreover, a prophage with approximate size of

39521 bp (Table S7) and three repeat numbers of clustered

regularly interspaced palindromic repeats (CRISPR) were

predicted in the genome (Table S8).
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Phylogenetic construction analysis

The phylogenetic taxonomic position of M. fortuitum MF

GZ001 within the mycobacterium genus was constructed based

on FastTree and Mafft’s alignment of the target sequence of 33

mycobacterial species. Initially, the phylogenetic tree was

constructed based on the worldwide known bacterial

identification marker genes 16S rRNA and hsp65. The 16S

rRNA-based phylogenetic tree indicated that MF GZ001 was
Frontiers in Cellular and Infection Microbiology 06
13
the closest sub-species to M. fortuitum (Figure S8A). Among

several mycobacterium species, the other closest members were

M. phocaicum, M. mucogenicum, M. septicum, and M.

bacteremicum, which belongs to M. fortuitum complex. In

addition, hsp65-based phylogenetic analysis showed that MF

GZ001 is closely related toM. fortuitumW4 (Figure S8B), which

suggests that MF GZ001 is a member of the M. fortuitum

complex. Later on, we reconstructed a phylogenetic tree based

on multiple gene approaches (16S rRNA, hsp65, rpoB) to further
B

C

A

FIGURE 1

Growth kinetics and colony surface architecture of Mycobacterium species. (A) Growth kinetics detection of MF GZ001, M. abscessus GZ002,
and M. smegmatis C2 155. (B) Colony size and morphology determination. MF GZ001 and M. abscessus GZ002 were grown in Middlebrook
7H11 agar media supplemented with Tween 80 at 37°C. (C) Individual colony surface architecture was measured by OLYMPUS TH4-200.
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confirm the placement of MF GZ001. The multiple gene-based

reconstructed phylogenetic results were most related to M.

fortuitum CT6 (Figure S8C) and distantly related to SGM.

Finally, we subjected MF GZ001 to ANI analysis using the

whole genome sequences to clarify the inconsistency from the

single gene-based phylogenetic predictions. The ANI values

between MF GZ001 and M. fortuitum CT6, M. alvei

CIP103464, M. septicum DSM44393, and M. mageritense

JR2009 strains were 98.77%, 86.26%, 86.53%, and 80.38%

respectively. This study revealed that the MF GZ001 strain

shares the most genetic relatedness with M. fortuitum CT6.
Functional annotation study

The functional pathways of annotated genes were

interpreted using protein-coding genes of the MF GZ001

strain in the KEGG database. A total of 2411 genes were

annotated to six-factor types and 40 KEGG functional

pathways along with 558 for amino acid metabolism (Figure

S2; File.Xls.S1). In addition, there were 23 genes which are

possibly related to different pathways in cancer, for instance

central carbon metabolism in cancer, proteoglycans in cancer,
Frontiers in Cellular and Infection Microbiology 07
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K005215 prostate cancer, and K05219 bladder cancer. These

genes are not only related to cancer-associated pathways but also

other pathways like lipid metabolism, pyridine metabolism, and

drug metabolism. Moreover, 1 aquaporin z, 113 uncharacterized

proteins, drug resistance genes, and human infectious diseases-

related genes (File.Xls.S1). COG functional annotation of the MF

GZ001 genome was studied by the COG database. A total of 4315

common COGs have been found in the MF GZ001 genome. For

theMFGZ001 strain, the geneswere functionally categorized into

21 different groups (Figure S3; File.Xl.S2). The general and

unknown functions of functionally annotated MF GZ001

genome sequence have been predicted by R and S categories

respectively. Notably, there were 361 genes found as unknown

function categories and no homologs were identified in the COG

database. The majority of the remaining functional annotation

categories were represented by “transcription (K category; 530),

lipid transport and metabolism (I category; 486), secondary

metabolites biosynthesis, transport, and catabolism (Q category;

434), energy production and conversion (C category; 385), amino

acid transport and metabolism (E; category; 383) (File.Xl.S2). In

addition, the non-redundant homologous species distribution

map was created for comprehensive information using the

NCBI database. Among different mycobacterial species, the

highest (64.83%) similarity was found with M. fortuitum

(Figure S4, File Xl.S3). However, other analyses based on blast

to GO, CAZy, Pfam, and Swiss_Prot database gene annotation

result statistics table have been shown in supplementarymaterials

(Figures S5, S6, Table S9, File. Xl.S4, S5).
TABLE 1 General overview of MF GZ001 genome.

Features Value % of total

Size (bp) 6413573 100.00

G+C content (bp) 4244546 66.18

Coding region (bp) 5966586 93.03

Total genes 6254 100.00

Protein-coding genes 6156 98.43

Protein coding genes with enzymes 1450 23.19

RNA genes 98 1.57

Total number of ncRNAs 98 N/A

Number of rRNAs 6 N/A

Number of tRNAs 55 N/A

Number of other ncRNAs 37 N/A

Genes assigned to COGs 4315 69.00

COG clusters 1613 37.38

Genes with signal peptides 495 7.91

Genes with transmembrane helices 1428 22.8

N/A, Not Applicable.
f

FIGURE 2

Circular representation of MF GZ001 genome displayed with
Circos (version 0.69). The circular plot has seven levels. From
outside to inside, the first is the information of genome position,
the second is GC content information, the third is positive strand
genes (marked in red color), the fourth is negative strand genes
(marked in green color), the fifth is positive strand ncRNA data
(marked in blue color), the sixth is negative strand ncRNA data
(marked in purple color) and the seventh shows long repeats
(>100 bp).
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Comparative genomic analysis

To investigate the genomic evolution of MF GZ001 strain,

based on phylogenetic construction analysis and ANI analysis

results, we compared the MF GZ001 strain with the more closely

related speciesM. fortuitum CT6 as well as other RGM and SGM

mycobacterium species. The evolutionary results emphasized

that the MF GZ001 strain has a close relationship with M.

fortuitum subsp. fortuitum. The reannotation results revealed

that MF GZ001 strain genome size (6413573 bp) and CDS

sequences were higher than M. fortuitum CT6 (6254616 bp)

(Table 2). Interestingly, the MF GZ001 has the highest number

of conserved unknown functional genes (1157) compared to M.

fortuitum CT6, M. abscessus GZ002, M. smegmatis C2155, and

M. tuberculosis H37Rv (Table 2). Additionally, the MF GZ001

genome contains more unique genes (333) than the reference

genome M. fortuitum CT6 (264) and has more gene density

(base pairs per gene) compared to other mycobacterial genomes

(Table 2). Moreover, the analysis endorsed that the MF GZ001

strain is substantially diversified compared to the M. fortuitum

CT6 strain.

The advantage of high accuracy in obtaining de novo

sequencing is to identify both major and minor variations in

the genome that can reveal the origin of strains or have effects

on the gene function. For instance, we have detected 74168

single-nucleotide variations (SNVs) and 2001 INDEL

mutations in the MF GZ001 strains compared to the

reference genome (File.Xl.S6). The sequencing data

produced 50914 synonymous, 17563 non-synonymous

SNVs, and 2001 INDEL mutation (Table 3). Interestingly,
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there were 174 intergenic mutations belonging to the two

genes (1_3425, 1_3426), and also obtained stop loss (33) and

stop gain (110) variants in the MF GZ001 strain (File.Xl.S6

and Table 3). To know the divergence of other mycobacterium

species, we investigated the SNVs data of MF GZ001 not only

comparing it with closely related species but also with

distantly related species. Additionally, the highest number of

SNVs was obtained from MF GZ001 compared to M.

smegmatis C2 155. Specific positions of SNVs/INDEL in

genes and mapping distribution of SNVs have been

illustrated in Supplementary materials (File.Xl.S6 and

Figure S7).

To study the genome modification, the collinearity analysis

of the MF GZ001 strain compared to the M. fortuitum CT6, M.

abscessus GZ002, M. smegmatis C2 155, and M. tuberculosis

H37Rv was performed. The collinearity outcomes predicted

from the MF GZ001 genome sequence was more aligned with

the M. fortuitum CT6 strain, exhibiting no significant genomic

modifications (Figure 3). The highest matching collinearity

results are consistent with our previous analysis. Using the

blast core ratio algorithm, we have investigated the MF

GZ001 , M. alvei CIP103464, M. fortuitum CT6 , M.

brisbanense UM_WWY, M. septicum DSM44393, and M.

mageritense JR2009 genome to determine the account number

of core gene clusters, pan-gene clusters, specific gene clusters,

unique, and other gene clusters. There were 11503 pan-gene

clusters with 38843 genes, 3480 core gene clusters (21621 genes),

and 4098 specific gene clusters (4359 genes) (Figure 4A). The

comparative analysis of the pan-genome of the M. fortuitum

complex detected lower and nearly similar unique gene clusters
TABLE 2 Chromosomal features of MF GZ001 compared to other RGM and SGM.

Features MF
GZ001

M. fortuitum
CT6

M. abscessus
GZ002

M. smegmatis C2

155
M. tuberculosis

H37Rv

Chromosome size (base pairs) 6413573 6254616 6993871 5067231 4411532

G+C (%) 66.18 66.22 64.13 67.39 65.61

Gene density (base pairs per
gene)

1044.88 1039.11 1062.62 1033.41 1001.4

Average CDS length 969.23 969.78 949.29 973.43 1013.39

Protein-coding sequences (CDS) 6156 5892 4927 6531 3906

Conserved with assigned
function

4999 4944 4126 5818 2851

Conserved with unknown
function

1157 948 801 713 1055

Unique 333 264 1303 1820 1025

Pseudogenes 0 96 32 124 0

rRNA 6 6 3 9 3

tRNA 55 52 47 47 45
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of MF GZ001 (265) with M. fortuitum CT6 (197) than other M.

fortuitum complex members (Figure 4A). This hypothesis

revealed that MF GZ001 species had a significant amount of

genomic variation, which was to be noted in the pan-open

genome’s structure and close to the M. fortuitum complex.

Moreover, the genome sequence of MF GZ001 was compared

with M. fortuitum CT6, M. abscessus GZ002, M. smegmatis C2

155, and M. tuberulosis H37Rv to estimate the number of gene

clusters that are shared between each strain. Ven diagram study

predicted that the core and specific gene clusters were 2073 and

4041, respectively (Figure 4B). MF GZ001 shared the highest

number of gene clusters (2352) with M. fortuitum CT6 than

other closely related species M. abscessus GZ002 (1138), M.

smegmatis C2 155 (2126), and distantly related M. tuberculosis

H37Rv (526) species. The reference strain M. forturuim CT6

obtained 260 unique gene clusters, whereas the MF GZ001 strain
Frontiers in Cellular and Infection Microbiology 09
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obtained 319 unique gene clusters which are related to the

metabolic, molecular, and protein regulatory function of

bacteria (Figure 4B).
Drug resistance profile and variants
found in the MF GZ001 strain

From a comprehensive drug resistance analysis, the MF

GZ001 strain encodes multiple drug-resistant related genes

against important drugs, including RIF, macrolides,

fluoroquinolones, tetracyclines, triclosan, penem, peptide

antibiotics, and cephamycin. The analysis reveals that the

highest (18.59%) drug-resistant related genes were associated

with triclosan (71), 15.71% macrolides (60), 12.3%

fluoroquinolones (47), tetracyclines (45), 5.5% RIF (21) and
FIGURE 3

Diagram depicting genomic comparisons obtained using Mauve software. The alignment display is organized into one horizontal “panel” per
input genome sequence. Each genome’s panel contains the name of the genome sequence, a scale showing the sequence coordinates for that
genome, and a single black horizontal center line. Colored block outlines appear above and possibly below the center line. Each of these block
outlines surrounds a region of the genome sequence that is aligned to part of another genome and is presumably homologous and internally
free from genomic rearrangement. Regions outside blocks lack detectable homology among the input genomes. Inside each block, Mauve
draws a similar profile of the genome sequence. The height of the similarity profile corresponds to the average level of conservation in that
region of the genome sequence. Areas that are completely white were not aligned and probably contain sequence elements specific to a
particular genome. The height of the similarity profile is calculated to be inversely proportional to the average alignment column entropy over a
region of the alignment.
TABLE 3 Single-nucleotide variations (SNVs) identified in MF GZ001 strain compared with the reference strains.

Identified strain Reference strains Synonymous Non-synonymous INDEL Stop loss stop gain

MF GZ001 M. fortuitum CT6 50914 17563 2001 33 110

M. abscessus GZ002 25843 12261 1469 11 151

M. smegmatis C2 155 190593 83927 10764 203 875

M. tuberculosis H37Rv 33109 15673 1887 16 181
f
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7.33% cephalosporin (28) (Figure 5; Table S10). Moreover, the

prevalence of the underlying SNP mutations was found in the

most comprehensive drug resistance-related genes, for

example, rpoB, katG, AAC(2’)-Ib, gyrA, gyrB, embB, pncA,

blaF, thyA, embC, embR and iniA. The most prevalent and

more than 60% identity resistance-related genes have been

shown in supplementary materials (Table S13). The SNP

investigations showed some mutations that are not

commonly observed in RGM species. For instance, the

mutations in iniA, iniC, pncA, and ribD are conferred

resistance to isoniazid, ethambutol, pyrazinamide, and para-

aminosalicylic acid in M. tuberculosis (Table S13).

Additionally, we have detected a mutation in the AAC (2’)-Ib

gene that causes streptomycin resistance and is more frequent

in the M. fortuitum complex.
Comparative study of virulence genes

The virulence genes analysis reveals that the MF GZ001

genome included 167 putative virulence genes that are shared by

other SGM and RGM pathogenic mycobacterium species

(File.Xl.S8). We have studied the predicted virulence gene

clusters across the MF GZ001 and 21 other mycobacterial

strains (Table S14) based on the existence and non-existence

of specific genes which indicated the relationship status between
Frontiers in Cellular and Infection Microbiology 10
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MF GZ001 and M. fortuitum complex. The identified 167

putative virulence genes in the mycobacterium species are

responsible for inducing nitrate reductase activity,

mycobacterial cell envelope, inhibition of apoptosis, lipid and

protein metabolism, gene regulation, and resistance of anti-

mycobacterial agents. For example, the MF GZ001 genome

contains nark2 non-redundant virulence genes which encode

the nitrite transporter proteins related to exhorting nitrate

reductase activity in response to reducing oxygen level by

regulating its transcriptional regulation level whereas narH,

narG, and narI (Table S14) genes encoded the proteins

responsible for nitrate respiration in the absence of oxygen in

the M. tuberculosis and M. fortuitum complex (Weber et al.,

2000; Giffin et al., 2012). The nitrate reductase virulence factor

lack in other mycobacterial species like M. abscessus, M. leprae,

M. marinum, andM. ulcerans. Importantly, we also reported the

virulence genes in MF GZ001 for instance fbpA, fbpB, fbpC,

hbhA, and mce, encoded proteins belonging to antigen 85

complex locus (File.Xl.S8) essential for the synthesis of the

bacterial cell wall (Armitige et al., 2000). These genes encoded

proteins function is mycolyltransferase activity, which is

essential for the development of the cell wall and the survival

of mycobacteria (Mandato and Chai, 2018). We have identified

five sigma factors (transcription initiation factors) that are linked

to virulence in M. tuberculosis H37Rv (SigAP/rpoV, sigE, sigF,

sigH and sigL), as well as the mammalian cell entry mce operons
A B

FIGURE 4

Comparative genomes representation. (A) Pan-genome of M. fortuitum complex. The white circle in the middle of the flower displayed core
gene clusters, and the petals represent the unique number of clusters of each Mycobacterium species. (B) MF GZ001 and other mycobacterial
strains genome-based Venn diagrams. The circles of different colors in the Venn diagram represent different species, and the numbers in the
figure represent the numbers of gene families unique or common to each strain. In the petal diagram, each petal represents a specie. The
numbers on the petals represent the number of gene families unique to the species, and the white circle in the middle represents the number
of gene families shared by all strains.
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(Table S14) that are extensively distributed across mycobacteria

(Arruda et al., 1993; Wee et al., 2016). The mce operon has been

demonstrated to be crucial for mycobacterial invasion and

persistence in host macrophages and non-phagocytic

mammalian cells, with mce4 being associated with cholesterol

catabolism (Zhang and Xie, 2011; Griffin et al., 2011). The MF

GZ001 genome has seven operons mce1, mce3, mce4, mce5,

mce6, mce7, and mce8, and the absence of mce2 and mce9

operons. MF GZ001 contained mce1 operon homolog to M.

tuberculosis but has not been detected in most therapeutic-

resistant pathogen M. abscessus.

The Type VII secretion machinery is essential for

mycobacterial pathophysiology and virulence (Groschel et al.,

2016). Mycobacterium species include ESX 1 to 5 virulence

factors and ESX-2 and ESX-5 factors are noticed in SGM. The

ESX-5 is only present in SGM that could appear differentiated

between RGM and SGM mycobacteria (Beckham et al., 2017).

MF GZ001 genome contained ESX-1 (espR, mycP1, eccD1, espI,

esxA, eccA1, eccB1, eccCa1, eccCb1, PPE68, esxB) virulence

factor, without espJ, and espK genes that are related to SGM

(File.Xl.S8). This result is consistent with M. fortuitum. The

ESX-1 virulence factor is considered a significant virulence

determinant (Madacki et al., 2021) that is associated with the

inhibition of T-cell responses, inducing the differentiation of

macrophages into foam cells (MacGurn and Cox, 2007; Samten

et al., 2009) as well as aids in the escape of mycobacteria from

phagosomes by ESAT-6 mediated perforation of vacuolar

membrane (Smith et al., 2008). Moreover, we have reported

that ESX-3 included esxG, esxH, espG3, eccD3, mycP3, eccE3,

eccA3, eccB3, and eccC3 virulence-related genes in the MF

GZ001 genome. The ESX-3 factor is present in all

mycobacteria and specifically essential for in vitro growth in

M. tuberculosis (Sassetti et al., 2003). The ESX-3 factor is
Frontiers in Cellular and Infection Microbiology 11
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involved in iron homeostasis and uptake through the

mycobactin pathway (Newton-Foot et al., 2016).

We found novel putative virulence genes homologs to

Rv1837c, groEL2, Rv0926c, and Rv0204c associated with malate

synthesis, dendritic cell responses, uncharacterized hypothetical

protein, and transmembrane-related protein respectively that

may only present in MF GZ001 strain and M. tuberculosis

H37Rv (File.Xl.S8). Additionally, we have also identified

unknown function virulence factors in the MF GZ001 strain

which are related to RGM and SGM.

Furthermore, the MF GZ001 strain includes genes homologs

to katG, sodA, and sodC that encode enzymes such as catalase-

peroxidase and superoxide dismutase A which are responsible

for oxidative stress tolerance (Forrellad et al., 2013). These genes

may be essential for preventing the oxidative burst that occurs

during macrophage survival. We have identified nuoG which is

considered a key virulence gene of M. tuberculosis that encodes

NADH dehydrogenase type I complex protein in the

mycobacterial membrane. Similarly, some other important

virulence genes are also identified for instance secA2, and ptpA

(Cossu et al., 2012). These genes have been implicated as an

antiapoptotic factor for macrophages (Velmurugan et al., 2007).

Consequently, these genes enable the mycobacteria to avoid the

host cells’ built-in mechanism for cell death.
Discussion

Immunocompromised patients are particularly vulnerable to

NTM infections, and the incidence of NTM infections has

significantly increased globally in recent decades (Dohal et al.,

2021). In this investigation, we have provided the whole genome

sequencing and comparative genome analysis of a clinical strain of
FIGURE 5

Drug resistance-related genes distribution in MF GZ001 strain.
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NTM species, MF GZ001. In bacterial growth kinetic analysis,

there was no statistically significant growth difference compared

with other RGM, indicating that MF GZ001 is an RGM NTM

species. The MF GZ001 has a wrinkled colony surface and rough

morphotype which are consistent with a previous study (Gharbi

et al., 2021). The rough morphotype M. fortuitum and M.

abscessus comparatively possess more pathogenic potential

(Brambilla et al., 2016; Gharbi et al., 2021). Recently, Dedrick

et al., predicted the prophage length from 39.1 kb bp to 80.7 kb in

clinical isolates, with an average size of ∼55.3 kbp (Dedrick et al.,

2021), which was closely related to prophage (39.521 kb) from our

clinical strain MF GZ001 and distantly related to prophage (<11.0

kb) from M. smegmatis (Jordan et al., 2014; Sewell, 2017). The

average prophage size indicates that the M. fortuitum MF GZ001

pathogenic profile may be the same asM. abscessus. Additionally,

the DST revealed MF GZ001 strain was highly resistant to most of

the therapeutic agents which also indicates that MF GZ001 strain

is more virulent. Based on a single marker gene and multiple gene

approaches, the phylogenetic study and ANI revealed that MF

GZ001 is closely related to the M. fortuitum CT6. The functional

reannotation analysis revealed the new mycobacterium species

MF GZ001 (6254616 bp) genome size is larger than that of M.

fortuitum CT6 (6254616 bp). Interestingly, MF GZ001 contains

the highest number of conserved unknown functional genes

compared to M. fortuitum complex members, and other RGM

and SGMmycobacterium species. Moreover, MF GZ001 included

more unique genes (333) than the reference genomeM. fortuitum

CT6 (264). The larger genome size of MF GZ001 may reveal the

diverse genomic structure of M. fortuitum complex. This diverse

structure was observed may be due to horizontal gene transfer,

CRISPR elements, and the prophage found in this species which

may have an important impact on the fitness and pathogenicity of

their bacterial hosts (Cote et al., 2022). According to previous

studies of prophage in NTM clinical strains, prophage was found

more likely in RGM than SGM (Dedrick et al., 2021; Senhaji-

Kacha et al., 2021). The clinical NTM prophages may have more

abundant virulence genes than the prophages from the

environmental mycobacteria (Glickman et al., 2020). Based on

an overview of the MF GZ001 genome, the prophage analysis

predicted that it contains a (39.521 kb) prophage region. The

prophage sequence is flanked by 13 bp phage attachment sites,

attL, and attR (Table S7). Though it has been studied that clinical

NTM exhibits various levels of virulence, but it is not thoroughly

verified yet that whether the prophage elements containing

virulence genes have any impact on treatment outcomes

(Gonzalez-Perez et al., 2013). The existence of virulence genes

does not imply that they are being actively expressed, and the

presence of a prophage in a genome does not prove that the virus

is excisable or functional (Glickman et al., 2020). According to the

literature contradictory review, it would be beneficial to conduct

further research to characterize the prophage of the M. fortuitum

complex. Mycobacterium species can also transfer DNA

intrinsically and incorporate DNA from foreign sources between
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species (Rabello et al., 2012; Wee et al., 2016). In addition to

comparative analysis based on genomes such as higher level of

colinearity, a Venn diagram, and a pan-genome study showed a

close relationship between MF GZ001 and M. fortuitum CT6.

Although the genome variation was also observed, more

characteristics were shared with M. fortuitum complex members

than other mycobacterium species. This investigation uncovered a

close link between MF GZ001 and M. fortuitum complex which

provides insight into the deep evolution of pathogenesis in

RGM species.

To our knowledge, this is the first report of SNV/INDEL

mutation based on de novo sequencing methods in M. fortuitum

complex members. In this report, we have detected SNV/INDEL

mutations compared to the reference strains and other

mycobacterium species. We have identified 74168 SNVs and

2001 INDEL mutations in the MF GZ001 strains compared to

the reference genome. Moreover, we have identified stop loss (33)

and stop gain (110) variants in the MF GZ001 strain. Most

putative resistance mutations were observed in nonessential

areas where hundreds of loss-of-function mutations might cause

resistance (Miotto et al., 2017). Several variants conferred in a loss

of function due to INDEL or stop codons (Richard et al., 2019).

Importantly, we have found 174 intragenic mutations in two genes

(1_3425, 1_3426) that are of unknown function. This study further

emphasizes investigating the role of genes and the therapeutic

resistance mechanisms in the RGM M. fortuitum complex.

Furthermore, the MF GZ001 drug resistance profile was

studied via in vitro DST and prediction of drug resistance genes

and variants with in silico analysis. M. fortuitum infected cases

resistant to clarithromycin and fluoroquinolones have also been

reported previously (Kurokawa et al., 2020). In vitro testing of

MF GZ001 showed high resistance to macrolides, clofazimine,

sulfamethoxazole, levofloxacin, streptomycin, and RIF. No

frequent studies have been conducted to investigate the M.

fortuitum complex. In this first report, drug resistance gene

prediction through in silico approaches showed 18.59% genes

associated with resistance to triclosan, 15.71% to macrolides, and

12.3% to fluoroquinolones. We have found SNPs in drug

resistance-related genes such as rpoB, arr, AAC(2’)-Ib, katG,

gyrA, gyrB, embB, blaF, thyA, embC and embR that are

previously reported in M. fortuitum and other mycobacterium

species (Nash et al., 2005; Ramon-Garcia et al., 2006). For

instance, among them recently reported, the ribosylation

ADP-ribosyltransferase arr gene in M. fortuitum 7G was

linked to the high level of RIF resistance which is consistent

with our findings (Morgado et al., 2022a). A mutation in the

rpoB gene’s particular region known as the rifampin-resistance-

determining region (RRDR) leads to the emergence of RIF

resistance in NTM and M. tuberculosis (Saxena et al., 2021).

Additionally, by expressing the arr gene, M. abscessus and M.

smegmatis intrinsically reduced the function of RIF (Brown-

Elliott et al., 2012). The erm gene may responsible for the

intrinsic resistance to macrolides in M. fortuitum strains. Erm
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is a member of a large family of proteins that are encoded by a

variety of alleles, some of which (erm37-41) are specifically

linked to Mycobacteriaceae species (Nash et al., 2005).

Furthermore, similar to our study the mutations in gyrA have

also been reported to be responsible for quinolone resistance in

M. fortuitum (Kamada et al., 2021).

Importantly, the SNPs found in genes of MF GZ001, for

example, iniA, iniC, pncA, and ribD conferring resistance to

isoniazid, ethambutol, pyrazinamide, para-aminosalicylic acid,

and isoniazid resistance respectively, are not commonly

observed in RGM. We have reported a mutation in a

distinctive gene aph (3”)-Ic that is related to streptomycin

resistance which is consistent with other studies (Morgado

et al., 2022a). The aph (3”)-Ic distinctive gene was first

reported in environmental M. fortuitum and later in clinical

isolates as well (Ramon-Garcia et al., 2006; Morgado et al.,

2022b). We anticipate that further investigation of the novel

SNPs in iniA, iniC, ribD, pncA, and aph (3”)-Ic detected in this

study are necessary to explore their role in the development of

resistance. Particularly, these well-known drug-resistant genes

are found in the MF GZ001 strain, which will be useful for

further study on strain identification and characterizations

enriching the genetic data sources for pathogenic diseases.

The genome of MF GZ001 comprises a variety of putative

virulence genes that may have enhanced its ability for intracellular

replication and persistence. M. fortuitum exhibits robust

pathogenicity linked to various virulence genes, for instance,

mce, nar, sigma, and antigen 85 complex clusters. These genes

could encode potential virulence factors associated with

mycobacterial cell envelope, inhibition of apoptosis, lipid and

protein metabolism, gene regulation as well as nitrate reductase

activity. The mce operons distributed across mycobacterium

species are responsible for mycobacterial invasion and

persistence in host macrophages and non-phagocytic

mammalian cells, with mce4 being associated with cholesterol

catabolism (Zhang and Xie, 2011). M. fortuitum contains the

nuoG gene, which encodes NADH dehydrogenase type I complex

protein in the mycobacterial membrane which is considered as an

emergent virulence factor in M. tuberculosis (Velmurugan et al.,

2007; Cossu et al., 2012). MF GZ001 genome contains an

important trpD gene which is also confirmed by the previous

study. Among RGM, a gene copy of trpD was only detected inM.

abscessus and M. fortuitum complex members (Gharbi et al.,

2021). It encodes an anthranilate phosphoribosyltransferase

associated with tryptophan biosynthesis which has contributed a

significant role during infection of patients for SGM (Zhang et al.,

2013). Particularly, the MF GZ001 genome has katG, sodA gene

for oxidative stress resistance which may be crucial for preventing

the oxidative burst that occurs during macrophage survival. These

genes have been shown byWee et al., inM. brisbanense which is a

member of the M. fortuitum complex (Wee et al., 2016).

Furthermore, in recent years it has been identified that the
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genes responsible for the biosynthesis of the many unique lipids

are found in the mycobacterial cell wall. For instance, MF GZ001

contains the acyl-coenzyme A (CoA) synthase gene (fadD28)

which is associated with the esterification of the acid to

phthiocerol to produce dimycocerosyl phthiocerol which is

involved in virulence (Fitzmaurice and Kolattukudy, 1997;

Sirakova et al., 2002; Brodin et al., 2010).

Furthermore, we reported novel putative virulence genes

that are homologous to Rv1837c, groEL2, Rv0926c, and Rv0204c,

and are related to malate synthesis, dendritic cell responses, an

unidentified hypothetical protein, and a transmembrane-related

protein, respectively. These genes may only be found in the MF

GZ001 strain and M. tuberculosis H37Rv. Recently, Luo et al.,

reported that the secretion proteins locus ESX-1, ESX-3, and

ESX-5 are crucial for virulence in M. tuberculosis (Luo et al.,

2022) and were found in the MF GZ001 strain which is consistent

with theprevious report (Gharbi et al., 2021;Morgadoet al., 2022b).

Therefore, the MF GZ001 genome sequence will provide insights

intoM. fortuitum complex potential pathogenesis. The existence of

the potential virulence determinants still requires experimental

evidence to detect whether the MF GZ001 strain is associated with

crucial human diseases or not.

In summary, we have sequenced and analyzed the genomeof the

MF GZ001 strain that might be a new member of theM. fortuitum

complex.Our comparative analysis indicated that it is a newmember

of theM. fortuitum complex and a human-pathogenic species. The

findings of this study will establish a foundation for further

investigations of the pathogenic mechanism ofM. fortuitum as well

as its diagnosis and treatment, especially in southern China.
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Strain belonging to an emerging,
virulent sublineage of ST131
Escherichia coli isolated in fresh
spinach, suggesting that ST131
may be transmissible through
agricultural products

Maria G. Balbuena-Alonso1, Manel Camps2,
Gerardo Cortés-Cortés1,2, Eder A. Carreón-León3,
Patricia Lozano-Zarain1 and Rosa del Carmen Rocha-Gracia1*

1Posgrado en Microbiologı́a, Centro de Investigaciones Microbiológicas, Instituto de Ciencias,
Benemérita Universidad Autónoma de Puebla, Puebla, Mexico, 2Departament of Microbiology and
Environmental Toxicology, University of California at Santa Cruz, Santa Cruz, CA, United States,
3Facultad de Ciencias Quı́micas, Universidad Autónoma de Chihuahua, Chihuahua, Mexico
Food contamination with pathogenic Escherichia coli can cause severe disease.

Here, we report the isolation of a multidrug resistant strain (A23EC) from fresh

spinach. A23EC belongs to subclade C2 of ST131, a virulent clone of

Extraintestinal Pathogenic E. coli (ExPEC). Most A23EC virulence factors are

concentrated in three pathogenicity islands. These include PapGII, a fimbrial

tip adhesin linked to increased virulence, and CsgA and CsgB, two adhesins

known to facilitate spinach leaf colonization. A23EC also bears TnMB1860, a

chromosomally-integrated transposon with the demonstrated potential to

facilitate the evolution of carbapenem resistance among non-carbapenemase-

producing enterobacterales. This transposon consists of two IS26-bound

modular translocatable units (TUs). The first TU carries aac(6’)-lb-cr, blaOXA-1,

DcatB3, aac(3)-lle, and tmrB, and the second one harbors blaCXT-M-15. A23EC also

bears a self-transmissible plasmid that can mediate conjugation at 20°C and that

has a mosaic IncF [F(31,36):A(4,20):B1] and Col156 origin of replication.

Comparing A23EC to 86 additional complete ST131 sequences, A23EC forms a

monophyletic cluster with 17 other strains that share the following four genomic

traits: (1) virotype E (papGII+); (2) presence of a PAI II536-like pathogenicity island

with an additional cnf1 gene; (3) presence of chromosomal TnMB1860; and (4)

frequent presence of an F(31,36):A(4,20):B1 plasmid. Sequences belonging to this

cluster (which we named “C2b sublineage”) are highly enriched in septicemia

samples and their associated genetic markers align with recent reports of an

emerging, virulent sublineage of the C2 subclade, suggesting significant

pathogenic potential. This is the first report of a ST131 strain belonging to

subclade C2 contaminating green leafy vegetables. The detection of this
frontiersin.org0124
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uropathogenic clone in fresh food is alarming. This work suggests that ST131

continues to evolve, gaining selective advantages and new routes of

transmission. This highlights the pressing need for rigorous epidemiological

surveillance of ExPEC in vegetables with One Health perspective.
KEYWORDS

ExPEC, ST131, food safety, virulence, mobile genetic elements, conjugative transfer
1 Introduction

Food products are a key source for transmission of pathogenic

bacteria, such as Salmonella and Escherichia coli. (Gizaw, 2019) E.

coli colonizes the human gastrointestinal tract as a commensal but

some pathotypes of E. coli can cause serious disease (Denamur et al.,

2021). Pathogenic strains of E. coli can be grouped into intestinal

(InPEC) and extraintestinal (ExPEC) pathotypes depending on

whether they cause primarily gastrointestinal symptoms or

whether they affect other organs, including urinary tract,

bloodstream, wounds, kidney, brain, and other internal organs

(Sora et al., 2021). ExPEC strains are responsible for a large

fraction of urinary tract and bloodstream infections in humans

(Sarowska et al., 2019) and can be classified into 4 pathotypes:

uropathogenic E. coli (UPEC, primarily associated with urinary

tract infections-UTIs), avian pathogenic E. coli (APEC, which

causes colibacillosis in poultry but that can also infect humans),

septicemia-associated E. coli (SEPEC) and neonatal meningitis-

causing E. coli (NMEC) (Meena et al., 2023).

Community and hospital ExPEC infections are generally treated

with 2nd and 3rd generation cephalosporins, fluoroquinolones, or

with trimethoprim-sulfamethoxazole (Pitout, 2012). Resistance to

cephalosporins can generally be attributed to the acquisition of

genes with extended-spectrum b-lactamase (ESBL) activity; in

ExPEC, the most frequent ones are blaCTX-M variants. Resistance

to fluoroquinolones is largely due to mutations that reduce the

affinity of these drugs for their targets (gyrase -gyrAB- and

topoisomerase IV -parCE-), although resistance can also be

provided or enhanced by a fluoroquinolone-degrading enzyme

(aac(6’)-lb-cr), by DNA-protecting enzymes (qnr genes), or by

efflux regulation mutations (marR, acrR and soxR) (Huseby et al.,

2017; Poirel et al., 2018). Resistance to dihydrofolate metabolism

inhibitors is generally provided by dihydrofolate synthetase genes
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that are insensitive to sulfonamides (sul) or by dihydrofolate

reductase mutants (dfr) that are insensitive to trimethoprim (Van

Duijkeren et al., 2000). Topoisomerase genes represent core

functions and are most frequently found in the chromosome. The

other resistance genes are accessory and tend to be found in

plasmids, which in turn facilitate their spread, mostly by

conjugation. Over time, plasmid-borne genes tend to get

incorporated into chromosomes with the assistance of mobile

genetic elements (MGEs) such as insertion sequences and

transposons (Wang Y. et al., 2022).

Sequence type 131 (ST131) is a globally-dominant multidrug

resistance (MDR) clone and a major driver of the current ExPEC

pandemic. Compared to other globally dispersed clones, ST131

stands out for its highly dynamic accessory genome (Decano et al.,

2021). Like most UPEC strains, ST131 resides in the human gut as a

commensal but can cause mild to severe infections of urinary tract

and asymptomatic urinary bacteriuria (Biggel et al., 2020;

Tchesnokova et al., 2020). The ST131’s genome exhibits a broad

range of known or suspected virulence factors that likely

contributed to its dominance in the clinic. These include

siderophores, adhesins, toxins, protectins and other elements

contributing to the successful establishment and persistence of an

infection. Some of these factors are specific to ST131 sublineages,

notably hly (hemolysin), iro (siderophore), AAF (aggregative

adherence fimbriae), and papGII (P fimbrial tip adhesin variant).

The complex population structure of ST131 has been elucidated

(Price et al., 2013; Petty et al., 2014). Two ancestral clades have been

identified, namely clade A (which carries the fimH41 allele) and

clade B (which carries the fimH22 and fimH35 allelic variants).

Strains belonging to these two clades, which are now infrequent, are

generally sensitive to fluoroquinolones and rarely carry ESBL

plasmids, although they occasionally have blaCTX-M genes

integrated in the chromosome. Clade C is an emerging epidemic

lineage characterized by multidrug resistance and higher virulence

(Denamur et al., 2021). This clade appears to have evolved from

clade B by the acquisition of the fimH30 allele and of several

prophages and it expresses serotype O25b:H4. Within clade C,

three subclades can be distinguished by divergent antimicrobial

resistance profiles: C0, which is sensitive to fluoroquinolones, and

C1 and C2, which have acquired fluoroquinolone resistance

mutations in gyrA and parC. C1 and C2 in turn, differ in the

blaCTX-M gene associated with them: subset C1 (with fimH30R1), is

typically associated with blaCTX-M-14 or with blaCTX-M-27, whereas
frontiersin.org
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subset C2 (with fimH30RX), is generally associated with blaCTX-M-

15. The blaCTX-M-15 gene was initially carried by IncF plasmids but

more recently the mobilization of this gene to the chromosome has

been reported through transposition events frequently involving

insertion sequences belonging to the IS26 family (Dhanji et al.,

2011; Stoesser et al., 2016). The C2 subclade has been found to be

enriched in highly virulent and multidrug resistance isolates, with

the virulence associated with the presence of the gene papGII

(Pajand et al., 2021; Biggel et al., 2022).

ST131’s main reservoir is thought to be the human intestine and

the usual route of transmission to be person-to-person contact

(Lopez et al., 2014; Pitout and Finn, 2020); however, an increasing

(although still small) number of studies are reporting its isolation

from non-human sources, such as food, food animals, pets, and

environmental sources, suggesting that these may represent vectors

for the transmission of this strain (Meena et al., 2023). ST131 strains

recovered from food have been associated primarily with meat

products, particularly pork and chicken (Meena et al., 2021);

because of ST131’s ability for long-time residence in the

gastrointestinal tract, animal carcasses contaminated with

intestinal content are considered the likely source in meat

products. It also needs to be noted that, in addition to

contaminating food, E. coli food strains can also function as

reservoirs of virulence and antibiotic resistance genes, which can

be frequently exchanged with clinical strains via horizontal gene

transfer (HGT) (Balbuena-Alonso et al., 2022).

Here we report the isolation, phenotypic characterization, and

genomic sequence of an E. coli isolate from a spinach sample that

we named A23EC. We describe the presence of a large number of

virulence factors, mainly located in three pathogenicity islands, that

suggest a uropathogenic pathotype. Also, we show that this strain

presents a multidrug resistance profile that is consistent with its

antibiotic resistance gene (ARG) content, and we describe a

conjugative plasmid that is capable of self-transmission even at

room temperature. Finally, we compare A23EC’s genomic sequence

with that of other fully-assembled ST131 genomes in GenBank and

find that A23EC belongs to a virulent, emerging sublineage of the

ST131 subclade C2. We identify genetic markers unique to this

sublineage and report on their alignment with earlier studies of

virulent sublineages of the C2 subclade that were based on partially

assembled sequences. These results highlight the pressing need for

rigorous epidemiological surveillance of ExPEC in vegetables with a

One Health perspective.
2 Materials and methods

2.1 Produce fresh sampling and
bacterial isolation

During the period from April 2017 to November 2018, ready-

to-eat raw vegetables were collected from fixed and mobile food

service establishments, in Puebla, Mexico (19.03 N, -98.20 W). A

total of 183 samples were obtained from 82 establishments with

lettuce (21%), tomato (17%), onion with coriander (13%),

cucumber (12%), onion (9%), carrot (6%), radish (6%), coriander
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(5%), brussels sprouts (3%), red onion (3%), celery (1%), spinach

(1%), a mix of tomato, onion and coriander (1%), squash (1%), and

green bell pepper (1%). All samples were stored at 4°C and

processed within 24 h. For bacterial isolation, 10g of food were

inoculated in 20 mL of sodium lauryl sulfate broth (BD Bioxon ®)
and incubated at 37°C with shaking at 30 rpm for 24 h.

Subsequently, the cultures were streaked onto MacConkey agar

plates (BD Bioxon) supplemented with cefotaxime (CTX) (2ug/ml).

Colonies were picked from the selective plates, subcultured and

streaked to obtain pure cultures. Putative strains were identified

according to biochemical tests with Vitek system (bioMérieux,

France) following the schemes in MacFaddin’s Manual of

Biochemical Tests for the Identification of Clinically Important

Bacteria (MacFaddin, 2003). Also, E. coli-specific ybbW and uidA

genes were used to confirm their identity by PCR (Silkie et al., 2008;

Walker et al., 2017).
2.2 Antimicrobial susceptibility testing and
detection of resistance genes

The antibiotic susceptibility profile was obtained by agar

dilution methods using criteria from Clinical and Laboratory

Standards Institute (CLSI) guidelines as a reference (CLSI, 2022);

as a control, the strain E. coli ATCC 25922 was used. Twenty-one

antimicrobial agents belonging to 12 antibiotic classes were tested:

amikacin (30 ug), gentamicin (10 ug), streptomycin (10 ug),

tobramycin (10 ug), ampicillin (10 ug), amoxicillin/clavulanic

acid (20/10 ug), cefuroxime (30 ug), cefotaxime (30 ug),

ceftazidime (30 ug), cefepime (30 ug), cefoxitin (30 ug),

aztreonam (30 ug), trimethoprim (5 ug), trimethoprim/

sulfamethoxazole (1.25/23.75 ug), nalidixic acid (30 ug),

ciprofloxacin (5 ug), chloramphenicol (30 ug), tetracycline (30

ug), meropenem (10 ug), imipenem (10 ug) and fosfomycin/G6P

(200/50 ug) (BBLTM Sensi-DiscTM; Becton Dickinson and Co).

Cefotaxime resistant (CTX-resistant) E. coli isolates were screened

for ESBL production by the double-disk synergy test using disks

containing cefotaxime, ceftazidime, aztreonam and cefepime, with a

centrally positioned disk of amoxicillin/clavulanic acid (20/10 ug).
2.3 DNA isolation and whole-genome
sequencing analysis

The ESBL-producing E. coli strain isolated from spinach was

selected for whole-genome sequencing (WGS). This strain (A23EC)

was cultured overnight at 37°C in brain heart infusion broth; total

DNA extraction was performed using the Wizard® genomic DNA

purification kit (Promega, United States) according to the

manufacturer’s instruction. Sequencing was perform using two

platforms: shorts reads were generated on the Illumina Nextseq

500 plataform using 75-bp paired-end (Ilumina, United States) and

long reads were generated on the Nanopore Minion plataform

depth 80x (Nanopore, United, States). Quality check of the raw

sequencing data was performed using Quast v0.11.5 (https://

www.bioinformatics.babraham.ac.uk/projects/fastqc/) (Wingett
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and Andrews, 2018). In the next step, hybrid genome assembly was

generated with SPAdes v3.9.0 and Unicycler v0.5.0 assemblers

(Bankevich et al., 2012; Wick et al., 2017). Finally, annotation was

performed by the Rapid Annotations using Subsystems Technology

(RAST) server (https://rast.nmpdr.org/rast.cgi (accessed on June 17,

2022) (Aziz et al., 2008) and using PROKKA v1.2 (Seemann, 2014).

Sequence type was characterized using MLST v2.0 (https://

pubmlst.org/organisms/escherichia-spp (accessed on June 25, 2022),

and pMLST (http://pubmlst.org/plasmid/) (Villa et al., 2010); the

serotypes (O:H) were predict with SerotypeFinder v2.0 (Joensen et al.,

2015) whereas phylogroup was determined using the ClermonTyping

1.4 (Clermont et al., 2013) (http://clermontyping.iame-

research.center), and finally the variant of the fimH gene was

determined using FimTyper v1.0 (https://cge.cbs.dtu.dk/services/

FimTyper) (Roer et al., 2017).
2.4 Plasmid analysis

PFGE with S1 nuclease (S1 Nuclease Thermo Scientific)

digestion of whole genomic DNA was used for determinate the

number and size of plasmids of strain A23EC (Ben Sallem et al.,

2014). PlasmidFinder 2.1 (Carattoli et al., 2014) (https://

cge.cbs.dtu.dk/services/PlasmidFinder/) (85% identity and 70%

minimum length) was used to identify the replicon present for

each plasmid and the replicase type. The presence of conjugation

elements in plasmids was performed by using the tool OriTfinder

1.1 (Li et al., 2018) (https://bioinfo-mml.sjtu.edu.cn/oriTfinder/)

with modificated parameters (Blast E-value 0.00001) and the

identity of relaxase was confirmed with MOBScan (Garcillán-

Barcia et al., 2020) (https://castillo.dicom.unican.es/mobscan).

Also, Plasmid Taxonomic Units (PTU) were identified by COPLA

(a taxonomic classifier of plasmids) using the recommended

pa rame t e r s (Redondo-Sa l vo e t a l . , 2 020 ) (h t tp s : / /

castillo.dicom.unican.es/copla/). The search for type I (pndAD,

srnBC and hok-sok) and type II (ccdAB, relEB, parDE, pemKI and

vagCD) addiction systems was performed by BLASTn alignment

with the parameters 90% coverage, 80% identity and E-value ≤

0.000001; the system was considered to be present if the Antitoxin-

Toxin (AT) sequences were adjacent. Finally, Blast Ring Image

Generator (BRIG) v0.95 was used with default settings to compare

our plasmid sequences to publicly available sequence (Alikhan et al.,

2011) and visualized using Proksee.ca 1.0 (Stothard et al., 2018).
2.5 Detection of virulence
and resistance genes

Antimicrobial resistance genes were detected using ResFinder

v4.1 (https://cge.cbs.dtu.dk/services/ResFinder/)(Bortolaia et al.,

2020) (with parameters 80% of coverage and 90% of identity) and

the Comprehensive Antibiotic Resistance Database (CARD) v3.2.5

(https://card.mcmaster.ca/analyze) (McArthur et al., 2013) by the

Resistance Gene Identifier (RGI) with the “strict” algorithm. The

virulence gene profile of the isolate was established based on the

detection of these genes in VirulenceFinder v2.0 (the cut-off values
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for genes identity was 90% and alignment coverage was 70%)

(https://cge.cbs.dtu.dk/services/VirulenceFinder/) (Tetzschner

et al., 2020), Virulence Factor database (VFDB) and VFanalyzer

with default parameters (http://www.mgc.ac.cn/cgi-bin/VFs/v5/

main.cgi, accessed on October 20, 2022) (Liu et al., 2019). The

virotype was assigned according to the presence of virulence genes

following the scheme described by Nicholas-Chanoine et al, and the

additional ones suggested by Barrios-Villa et al. (Nicolas-Chanoine

et al., 2014; Barrios-Villa et al., 2018). The Pathogenicity Islands

were predicted using IslandViewer 4, which uses three independent

methods for island prediction: IslandPick, IslandPath-DIMOB and

SIGI-HMM (https://www.pathogenomics.sfu.ca/islandviewer)

(Bertelli et al., 2017), sequence comparison of each island was

performed using Blastn v2.13.and Easyfig v2.2.5 (Sullivan et al.,

2011) using the sequences of the prototype strains reported by

Desvaux et al., 2020. Finally, PHASTER web server was used to

predict prophage regions in the genome of A23EC strain (https://

phaster.ca/) (Arndt et al., 2016). Insertion sequences and

transposons were identified with Mobile Element Finder v1.0.3

(https://cge.food.dtu.dk/services/MobileElementFinder/)

(Johansson et al., 2021) and the identity of the insertion sequences

was confirmed using ISfinder (Siguier et al., 2006); while VRprofile2

(https://tool2-mml.sjtu.edu.cn/VRprofile/) (Wang M. et al., 2022)

was used to identify the genetic environment of the resistance genes.

CD-HIT-EST (Li and Godzik, 2006) was used to cluster similar

structures with more than 99% coverage and similarity, and a

multiple genetic structural comparison was represented using

Easyfig v2.2.5 (Sullivan et al., 2011).
2.6 Phylogenetic analysis

We compared the E. coli strain A23EC with other 86 fully

assembled E. coli ST131 genomes deposited in GenBank, belonging

to clades A, B and C. The metadata collected was the source of

isolation, year of sampling, and country of origin (Table S1). All the

E. coli genomes referred to as “Clinical” (66 strains) were associated

with human infections recovered from urine, blood, sputum, and

feces. The category “Animal” (4 strains) represented samples of dog,

cat, and pig. The category “Environmental” (3 strains) includes

strains isolated from wastewater bodies. Thirteen strains were not

classified according to their sample type, and they were marked as

“No data available”. The unweighted Pair-Group Method using

Arithmetic averages (UPGMA) was performed based on SNPs,

using the newick graph obtained with CSI Phylogeny (https://

cge.cbs.dtu.dk/services/CSIPhylogeny-1.2/, accessed on June 27,

2022) (Kaas et al., 2014) with EC598 as reference genome

(accession number NZ_HG941718.1) (Forde et al., 2014). The

SNP tree was visualized using iTOL software (https://itol.embl.de)

(Letunic and Bork, 2021).
2.7 Conjugation assays

The two strains : donor (A23ECTet+) and recipient (C600Rif+):

donor (A23ECTet+) and recipient (C600Rif+) were cultured
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separately in 5mL Luria Bertani broth (LB) and incubated at 37°C

overnight. Subsequently, 1000 mL of the recipient and 250 mL of the

donor were mixed and inoculated into 20 mL of LB, incubated for

24 hours at 37°C and 20°C with shaking at 130 rpm. Finally, serial

dilutions from 100 to 10-6 or 1,000,000 were performed and plated

for selection of transconjugants (Cortés-Cortés et al., 2016).

Transconjugants were selected using MacConkey agar (BD

Bioxon) supplemented with rifampicin (100mg/mL) and

tetracycline (10mg/mL). To confirm the identity of the

transconjugants, PCR amplifications of the tetA (plasmid

location) and blaCTX-M-15 (chromosomal location) genes were

performed. Only tetA was expected to be amplified in the

transconjugants. Each experiment was performed in triplicate.

The plasmid transference under the two temperatures was

compared by t-student in Rstudio statistical software 1.4.1103.

The frequency of conjugation (Fc) is described in this study as

the ratio of the number of transconjugants divided by the number of

recipients (Huisman et al., 2022; Mota-Bravo et al., 2023), expressed

by the following equation:

FC =
Transconjugants=( CFUmL )

Recipient=( CFUmL )
2.8 Accession numbers

GenBank accession numbers of the strain A23EC genome

sequenced for this study are Chromosome CP118558.1 and

plasmid pA23EC CP118559.1 Bioproject: PRJNA936840.

BioSample: SAMN33377322.
3 Results

3.1 Isolation of an ExPEC
strain from spinach

As part of a study involving 183 vegetable samples, in 2017-

2018 we isolated a CTX-resistant strain from a spinach sample

obtained in a supermarket in the city of Puebla, Mexico. The

spinach sample came from a bulk-salad section that was not

contained in sealed packaging. The sample was collected into an

individual sterile bag, stored at 4°C and transported immediately to

the laboratory for processing. Biochemical tests identified the isolate

as being E. coli and this identity was confirmed using conventional

PCR amplification of two diagnostic markers for E. coli (ybbW and

uidA, not shown).

Next, we obtained the complete genomic sequence of this strain,

which we named A23EC, using the Illumina Nextseq 500 and

Nanopore Minion platforms, generating a hybrid assembly using

short and long sequences, respectively. According to its sequence,

A23EC belongs to phylogroup B2, sequence type ST131 and

serotype O25:H4. The presence of allelic variant fimH30Rx

identifies this strain as belonging to clade C, subclade C2, a

lineage that includes highly virulent clones (Stoesser et al., 2016;

Pajand et al., 2021; Biggel et al., 2022). The closest relative to A23EC
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in GenBank is the p4A strain (CP049085.2), isolated from a patient

suffering from bacteremia in the United States in 2015 (Table S2)

and reported in Shropshire et al., 2021. The genome features,

virulome and resistome of E. coli A23EC strain are summarized

in Table 1.

To see how A23EC relates to other ST131 strains, we performed

a phylogenetic analysis of A23EC along with all other complete

ST131 genomes of E. coli deposited in GenBank until June 2022.

The results, shown in the form of a cladogram are presented in

Figure 1. The 86 ST131 genomes included in this analysis group into

the three known ST131 clades, namely A, B, and C. Within the C

clade, they group into two main subclades (C1 and C2). Within

the C2 subclade, we see two distinct monophyletic clusters

(sublineages), that we named C2a (13 strains) and C2b (18

strains). A23EC belongs to sublineage C2b. Figure 1 also lists the

source of the samples (when known). Genomes corresponding to

sublineage C2b largely correspond to human clinical strains, with

three environmental strains isolated from wastewater. The

geographic origin of sublineage C2b samples is listed in Table S1,

and includes samples from Europe, Asia, Australia and North and

South America.
3.2 Pathogenicity molecular profile

Using IslandViewer 4, we identified three pathogenicity islands,

mapped to the chromosome in Figure 2. The first one was PAI I

A23EC (this PAI is similar to PAI II536), which contained the genes

hlyABCD (hemolysin encoding cluster), fimC (chaperone-like

periplasmic protein) and papABCDEHKX and papGII (P-fimbrial

tip adhesin). Unlike PAI II536, PAI IA23EC also carries cnf1

(cytotoxic necrotizing factor). The second pathogenicity island is

PAI II A23EC (which is similar to PAI ICFT073), which harbored the

iucABCD genes, members of a family of non-ribosomal peptide

synthetase-independent siderophore (NIS), sat (secreted

autotransporter toxin), kpsMII-K5 (capsular protein variant K5),

iha (iron-regulated gene homologue adhesin), and iutA (ferric

aerobactin receptor). Finally, the third pathogenicity island is PAI

III A23EC. This PAI is similar to PAI IICFT073 corresponding to

high pathogenicity island (HPI) (Schubert et al., 2004; Llyod et al.,

2009) including the siderophore yersiniabactin biosynthesis and

uptake genes irp1, irp2, fyuA and ybtAEPQSTX (Perry et al., 1999).

Virulencefinder identified twenty-four additional virulence

genes in the genome of A23EC. These genes can be grouped into

the following five functional categories: 1) bacterial adhesion

(csgAB, yfcV and operon fimABCDFGHI); 2) iron acquisition

(sitA, chuA, iucD and iutA); 3) serum resistance (iss, and traT); 4)

colonization and invasion (ompT, yehABCD and malX); and 5)

toxin genes (usp and senB) (Figures 2, S1).
3.3 Phenotypic and genotypic
antibiotic resistance profile

A23EC’s antibiotic resistance profile and ESBL status was

determined using the Kirby-Bauer method. Phenotypically,
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A23EC is a MDR strain (Magiorakos et al., 2012), exhibiting

resistance to at least one member of six different antibiotic

families: aminoglycosides, penicillin, cephalosporins, tetracyclines,

quinolones and monobactams. In addition, our A23EC strain

showed a positive ESBL phenotype and intermediate resistance

profile for amikacin and amoxicillin with clavulanic acid. The only

antibiotics tested that this strain remained susceptible to were

carbapenems, fosfomycin, chloramphenicol and trimethoprim

with sulfamethoxazole (Table S3).

Using Resfinder and RGI CARD, we found the following ARGs

(Table 1): two genes encoding b-lactamase (blaCTX-M-15 and blaOXA-

1), one aminoglycoside resistance gene (aac(3)-IIe) and an

aminoglycoside and quinolone resistance gene (aac(6’)-lb-cr), an

efflux pump (mdfA), a truncated chloramphenicol resistance gene

(DcatB3), a tunicamycin resistance determinant (tmrB) (Noda et al.,

1992), and the gene tetA associated with resistance to tetracycline

(alongside tetR, transcriptional repressor). The truncated DcatB3
gene harbors two in-frame deletions involving a total of 28 amino-

acids (see nucleotide alignment in Figure S3). These two deletions

reduce the size of this 210 amino-acid protein to 182 amino acids,

and result in a loss of homology with respect to theWT beginning at

amino acid position 147 (see amino acid alignment in Figure S3B),

thus deleting the entire C-terminal a-helical domain.

The gyrA subunit of gyrase and the parC subunit of

topoisomerase IV had three point mutations conferring

fluoroquinolone resistance: S83I, D87N in gyrase and S80L in

topoisomerase IV. The presence of blaCTX-M-15 and of
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fluoroquinolone resistance mutations in gyrA and parC are

consistent with the placement of this strain in subclade C2 of ST131.
3.4 Genomic structure of
chromosomal ARGs

Looking at the distribution of ARG genes in the chromosome,

we found TnMB1860, a 12,837 bp- IS26-bounded transposon

structure integrated in the chromosome, previously described by

Shropshire et al, 2021. TnMB1860 is made up of two discrete,

modular translocatable units (TUs): MB1860TU_A and

MB1860TU_B (Figure 3A). MB1860TU_A carries the aac(6’)-lb-

cr, blaOXA-1 and truncated DcatB3 genes flanked by two IS26

elements in opposite orientations, followed by two additional

antibiotic resistance genes (aac(3)-lle and tmrB) and is bordered

on the 3’ end by a DIS3, ISKpn11, IS26 and DTn2 cluster.

MB1860TU_B is bounded by two IS26 elements in the sense

orientation and it has a partial ISEcp sequence, a blaCXT-M-15 gene

and the wbuC gene (also known as orf477) in the opposite

orientation; its genetic organization is common for blaCTX-M-15

(Dhanji et al., 2011; Ludden et al., 2020).

Chromosomal TnMB1860 was previously reported in two non-

carbapenemase producing septicemia isolates by Shropshire et al.,

2021 (Shropshire et al., 2021), that (like A23EC) belonged to

subclade C2 of ST131. To establish the distribution of TnMB1860

(flanked by IS26) more widely, we looked for the presence of the
TABLE 1 Genome features, virulome and resistome of E. coli A23EC strain.

Feature Chromosome Plasmid pA23EC

Size (bp) 5,239,797 157,470

GC (%) 50.6 50.3

No. of genes 5253 217

Inc group (pMLST) NA FII : FIA:FIB : Col156

Virulome

Virulence genes csgAB, iss, sitA, malX, yehABCD, yfcV, chuA, fimABCDFGH, usp, ompT senB, iutA, traT, iucD

Pathogenicity island (PAI) CFT073 (I, II), 536 (II)

Resistome

Aminoglycosides aac(3)-IIe, aac(6’)-lb-cr

Betalactams blaCTX-M-15, blaOXA-1

Quinolones aac(6’)-lb-cr

QRDR quinolones gyrA (S83L, D87N), parC (S80I)

Macrolides mdfA

Phenicols DcatB3

Tetracyclines tetAR

Metals baeRS, cpxA, pmrF

Biocides acrABDFS, evgAS, mdtBCEFGHMNOP, sitA, marA, emrABEKRY, tolC, gadWX

Heat stress tolerance KpnEF
NA, not applicable; QRDR, quinolone resistance-determining region.
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complete sequence in 2,387complete genomes of E. coli. As a

threshold, we selected 98% sequence identity with a coverage

>70%, then further confirmed that it was a similar arrangement

by detecting the presence of the six relevant resistance genes within

a 20,000 bp window. Based on these criteria, we found 18 highly

significant hits, all of them chromosomal except for one (Table S2).

Remarkably, all the 17 chromosomal sequences belong to the C2b

sublineage of subclade C2 identified by our phylogenetic analysis

shown in Figure 1. This observation suggests that TnMB1860 was

captured during the evolution of the C2 subclade C2b and passed

down vertically, making it a good identifier for sublineage C2b

(Figure 1). In sixteen of these sequences (including that of strain
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A23EC) the insertion site of TnMB1860 is found ~4,400 bp away

from the gene encoding methionyl-tRNA synthetase, metG, in a

molybdopterin cofactor biosynthesis operon. In only one strain

(p4A; sequence CP049085.1) TnMB186 was located adjacent to the

gene encoding colicin I receptor, disrupting it (DcirA) (Figure 3C).
The consistency between insertion sites and the observed clustering

of this transposon’s representation in the cladogram (which points

to vertical transmission) suggests that this is likely the result of a

single capture event. The one exception in strain p4A presumably

appears to be the result of an additional IS26-mediated

intramolecular transposition event so it is still consistent with the

hypothesis of a single capture event (Shropshire et al., 2021).
FIGURE 1

Distribution of selected genetic elements across ST131 sublineages. Cladogram showing the phylogenetic relationships between the 87 genomes
included in this study. The first column indicates the source of isolation. The second column indicates the allelic variant of FimH identified. The third
column indicates the serotype. The fourth column shows lists the virotype assigned. The 5th to 8th columns indicate the virulence genes that define
virotype E. The 9th column indicates the tRNA insertion site of the pathogenicity island harbouring cnf1, papGII and hly genes. The 10th shows the
presence of the compound transposon TnMB1860. Columns 11-14 show the presence of DcatB3 and CTX-M-15 and whether they are found in a
plasmid or in the chromosome). The 15th column indicates the presence of plasmid (F31,36:A4,20:B1). Next column shows presence of the Col156
replicon. The last three columns indicate the presence the other frequent F plasmid replicons (those with a frequency of occurrence > 5 plasmids)
listed according to their pMLST classification. The asterisk next to the GenBank accession number indicates strains contained in the study of Biggel
et al., 2022 and those with a small triangle belong to the L1 sublineage. The circle indicates strains included in the study of Shropshire et al., 2021.
This graphical representation was generated using the CSI Phylogeny platform with EC598 (NZ_HG941718.1) as the reference genome.
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We also found a single TnMB1860 sequence located in a

plasmid. This plasmid was p11A_p2, a 180,962 bp plasmid

described by Shropshire et al, 2021. Plasmid p11A_p2 includes

the MB1860TU_A and MB1860TU_B TUs located downstream of

the class I integron carrying dfrA17, aadA5, qacED1 and sul1. The

two TnMB1860 TUs are not contiguous, though, but separated by a

large insertion sequence (18,314 bp in length) containing 9 ORFs

that include several virulence factors (Figure 3B). Plasmid p11A_p2

was found in strain 11A (CP049077.2), which also contained

TnMB1860 integrated in the chromosome (Shropshire et al., 2021).

A comparative analysis of the structure of the TnMB1860 region

in the sequences included in the C2b sublineage resulted in five

distinct clusters (clusters #1 to 5). The canonical gene arrangements

for each cluster are shown in Figures 3B, C and S4. The majority of

genomic sequences (n=12) belong to cluster 3; all strains in this

cluster show an identical structural profile of TnMB1860 (delimited

by IS26); as mentioned above, strain p4A (CP049085.2) differs from

the remaining eleven, including strain A23EC, in its insertion site

(DcirA), but it shows an otherwise identical structure (Figure 3C).

Cluster 1 contains the single plasmid TnMB1860 sequence

(described above). Cluster 2, with two sequences, has

MB1860TU_B translocated just upstream of MB1860TU_A in an

inverted orientation, as well as an inversion of the IS26 elements

flanking the composite transposon (Figure 3B). Cluster 4, with two

sequences, exhibits a loss of Tn2 (Figure 3C). Finally, cluster 5, also

with two sequences, exhibits a loss of IS26 flanking the 5’ end of the

MB1860TU_A region, as well as a Tn2 element (Figure 3B).
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3.5 Identification and characterization
of plasmid content

Whole genome sequencing identified a single plasmid in the

A23EC genome, which we named pA23EC. The presence of this

plasmid was confirmed using the S1-PFGE technique (Cortés-

Cortés et al., 2016). This plasmid is 157,470 bp in size, has a GC

content of 50.3% and contains 172 putative coding regions (CDS)

according to Prokka and RAST. Of these, only two CDSs (tetA and

tetR) corresponded to ARGs, both part of a tetracycline resistance

operon. These two genes were located contiguously and flanked by

TnAs1. VirulenceFinder and VFanalyzer identified four virulence

genes in pA23EC, namely iutA, iucD (related to iron uptake), traT

(associated with serum resistance) and senB (encoding

enterotoxin) (Figure 2).

In terms of plasmid regulatory elements, PlasmidFinder

identified four replicons, namely Col156, IncFII, IncFIA, and

IncFIB. The three IncF replicons are widely separated from each

other in the plasmid sequence and their alleles correspond to the F

(31,36):A(4,20):B1 subclassification proposed by Villa et al. (Villa

et al., 2010). The Col156 replicon is separated from the closest IncF

replicon by 30,748 bp. COPLA, which is the most accurate method

available for plasmid classification according to phylogenetic

relatedness (Redondo-Salvo et al., 2021), ascribed pA23EC to the

FE plasmid taxonomic unit (PTU-FE). We also found an

abundance of plasmid maintenance systems, these including three

type II toxin-antitoxin systems (ccdAB, vapBC and pemKI) and the
A B

FIGURE 2

Virulome of E. coli A23EC. The genome is shown, with GC content, + and – skew in the inner circles. The outer circle indicates the location of
individual virulence genes, labelled in their genomic positions. The labels corresponding to virulence factors serving as molecular markers of
uropathogenic strains are boxed in green. (A) Chromosomal virulome. The three PAI I pathogenicity islands identified in A23EC are shown. PAI I
A23EC (similar to PAI-II-536-pheU [PAI II536]), PAI II A23EC (similar to PAI-CFT073-pheV [PAI ICFT073]), and PAI III A23EC (similar to PAI-CFT073-asnT
[PAI IICFT073] and corresponding to pathogenicity island [HPI]) (Llyod et al., 2009). The virulence genes harbored in each PAIs are listed in blue boxes.
Virotype E-defining genes, all found within these PAIs, are highlighted in bold and pink. (B) Plasmid (pA23EC) virulome. Genes encoding virulence
factors are labeled and their position is shown in purple boxes.
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parAB genes coding for a partitioning system that ensures accurate

plasmid segregation (Figure 4, outer circle).

We looked for the presence of additional F(31,36):A(4,20):B1

plasmids in the 86 genomes shown in Figure 1 and found eleven other

examples, all within the C2 subclade C2b sublineage that includes

strain A23EC. These plasmids showed a 99% percentage of identity to

pA23EC, although the coverage (i.e. the degree of overlap) varied

between 76% and 99%. A comparison of the 12 pA23EC-like

plasmids identified is shown in Figure 4. The % coverage and

elements that are absent in other plasmids relative to pA23EC are

shown in Table 2. We see that two areas tend to get lost as the %

overlap decreases. The first area is located between 50 kb and 80 kb

and includes the genes nemR, nemA (involved in protection against

oxidative stress) (Gray et al., 2013), the virulence gene senB and the

Col156 replicase repA. The second area that is prone to deletion is

located between positions 110 and 120 kb and includes the iron

acquisition genes iucD, iutA, the partitioning system parAB and

vapBC, and the addiction systems ccdAB. Tetracycline resistance is

only lost in one of the plasmids (pTO217_2).
3.6 Mobilization properties

In terms of propagation, the plasmid pA23EC was classified as

self-transmissible (conjugative) based on the presence of a complete
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set of mobilization genes, which includes an oriT sequence, the type

F relaxase protein (MOBF) and the type IV secretion system (TSS4)

(Smillie et al., 2010). The type IV coupling protein (T4CP) showed

intact domains (Garcillán-Barcia et al., 2020). We tested the

conjugation ability of pA23EC at two temperatures, 20°C (the

approximate temperature in the field) and 37°C (body

temperature). As a recipient, we used a standard recipient strain

C600Rif+. We did detect a low frequency of conjugation and this

frequency did not differ significantly depending on the temperature,

with a frequency of 2.65 × 10−5 at 37°C and a frequency of 2.82 ×

10−5 at 20°C (t-student, p>0.05).
4 Discussion

Here we describe the isolation of a strain (A23EC) from a

spinach sample at point-of-sale in Mexico and present a detailed

genomic characterization of this isolate. Based on its sequence, this

strain belongs to the C2 subclade of ST131, which is recognized as a

pandemic clone that is highly virulent, multidrug resistant, and

widely distributed around the world (Petty et al., 2014).

A phylogenetic analysis of all complete genomes corresponding

to ST131 E. coli deposited in the Genbank database as of June 2022,

places A23EC in a monophyletic sublineage of subclade C2, which

we named C2b, clustered with seventeen other strains. These 18
B

CA

FIGURE 3

Genomic structure and genetic context of the TnMB1860 sequence in the C2b sublineage of the C2 subclade of ST131 genomes included in our study.
The different genetic elements are shown as arrows. Resistance genes are shown in red; IS26 insertion sequences in yellow, DIS3 in purple, ISKpn11 in
lilac, transposons in orange, metG in green, DcirA in blue and genes encoding hypothetical proteins in gray. Genes within and in the vicinity of
TnMB1860 are labelled. (A) Structure of TnMB1860. The genetic structure of TnMB1860 with its two transposable units and a total of six ARGs, as
described in Shropshire et al, 2021 (Shropshire et al., 2021) (B) Comparative genetic arrangement of TnMB1860 in genomes belonging to sublineage
C2b. The five clusters reflect distinct genetic distribution profiles of TnMB1860. The GenBank accession numbers for the genomic sequences included in
each group are shown in Table S2. The numbers on the left indicate the cluster corresponding to the set of sequences shown on the right, with number
of sequences in each cluster shown in parentheses. All sequences were chromosomal, except for the single sequence in Cluster 1. The comparison was
performed with Easyfig and the BLASTn algorithm. The percent sequence identity is shown in the form of a heatmap ranging between 99 and 100%, as
shown in the legend. (C) Comparative genetic arrangement of the sequences in cluster 3. In eleven of the sequences, including strain A23EC, the
insertion site of TnMB1860 was close to the gene encoding methionyl-tRNA synthetase, metG. A single sequence (CP049085.1) was instead inserted in
the gene encoding for the truncated colicin I receptor (cirA), as previously described by Shropshire et al., 2021 (Shropshire et al., 2021).
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genomes showed four unique commonalities, illustrated in Figure 1:

1) They carry a TnMB1860 transposon structure flanked by IS26

elements. This transposon is chromosomally integrated in all cases

and its chromosomal integration site in these genomes is consistent

with a single capture event. 2) They carry a PAI II536-like

pathogenicity island with an additional cnf1 gene. 3) They

consistently belong to virotype E. 4) Thirteen of the eighteen

isolates (including A23EC) also carry a F(31,36):A(4,20):B1

plasmid. We did not detect this pMLST type in any other ST131

sample included in our analysis, suggesting that it is specific for

sublineage C2b samples.

By contrast, strains belonging to the C2a sublineage included in

the analysis lack the TnMB1860 transposon and frequently carry

blaCTX-M-15 in plasmids, belong mostly to virotypes A or C (only

two out of thirteen belong to virotype E); and consistently have F2:

A-:B- plasmids when plasmids are present.

Note that all strains belonging to sublineage C2a were collected

before 2014 (mean isolation date, 2009), whereas 16 of the 18 strains

belonging to sublineage C2b were collected after 2014 (mean

collection date, 2017), suggesting that C2b represents an emerging

sublineage of the C2 subclade; this could be confirmed by further

analysis with a larger number of strains.

Recent studies of ST131 clade C clinical strain collections

already point to the emergence of new lineages of subclade C2

exhibiting higher virulence and antibiotic resistance. These virulent

lineages are consistent with C2b, although in these studies, the

identification of genomic markers was less comprehensive because

most of the sequences were not completely assembled. Specifically,
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one study looked into the association of the gene papGII with the

expansion of ST131 (Biggel et al., 2022). This report noted a large

expansion of papGII+ isolates within the C2 subclade and

distinguished three papGII+ sublineages: L1, L2 and L3. We

noticed that the three fully sequenced strains from that study

correspond to sublineage C2b in our analysis (marked with a

triangle next to the accession number in Figure 1) and carry all

the genetic markers that we defined as diagnostic for C2b. In that

study, these strains were ascribed to L1 sublineage of papGII+ C2

strains (along with 233 additional samples). The L1 sublineage was

defined by the dominant presence of F(31,36):A(4,20):B1 alleles in

IncF plasmids, and by the dominant presence of blaCTX-M-15 as

ESBL-encoding gene; further, the sub-branch they were ascribed to,

L1a, consisting of 184 sequences is (like C2b) characterized by the

insertion of TnMB1860 in the vicinity of the metG gene and by the

presence of the two virulence genes hly/cnf1 in the papGII+ PAI.

Thus, our proposed C2b sublineage appears to align perfectly with

the L1a sub-branch of the Biggle et al., 2022 study (Biggel et al.,

2022). They found two additional distinct papGII+ sublineages

within the C2 subclade. Given that these additional sublineages

(L2 and L3) were less frequent and more geographically restricted

(Ludden et al., 2020; Biggel et al., 2022), their absence in our study

can likely be attributable to our much smaller sample size.

A second study identified a monophyletic cluster of 22 C2

strains enriched for virulence and for ARGmarkers that was named

by the authors “C2 subset” (Pajand et al., 2021). Similar to our

proposed C2b sublineage, this C2 subset was characterized by the

presence of hlyABCD virulence genes found in a PAI II536-like
FIGURE 4

Comparative analysis of plasmid pA23EC with the other 11 F subtype FII_31/36:FIA_4/20:B1 plasmids identified within the sublineage C2b of
subclade C2. From inner to outer relative to the distance map, the circles represent the following: Circle 1-2: GC content and GC Skew. Circle 3:
plasmid pA23EC (highlighted in red). Circles 4-15: other plasmids belonging to subtype FII(31/36):FIA (4/20):B1 carried by the C2b sublineage of the
C2 subclade of E. coli ST131; the names of the plasmids are listed in the legend, with their year of isolation in parenthesis. The % identity and %
coverage are color-coded as indicated in the legend and shown in increasing coverage order. Circle 16: pA23EC gene content annotated with
Prokka, with virulence, resistance, replication, conjugation, addiction systems, insertion sequences/transposons, transcription factors and
hypothetical proteins in different colors, as indicated in the legend.
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genomic island containing cnf1, by largely belonging to virotype E

(therefore being papGII+), and by frequently carrying plasmids

with F31 or F36:A4:B1 replicons. This study also describes the

presence of aac(3)-IIa and of a IS15DIV-bounded transposon with

aac(6’)-lb-cr, blaOXA-1, DcatB3, although they report the frequent

presence of aac(3)-IId instead of that of aac(3)-IIe (an arrangement

similar to that of MB1860TU_A, given that IS15DIV is very closely

related to IS26), and blaCTX-M-15 with an ISEcp1 upstream of and in

the same orientation as blaCTX-M-15, the reversed wbuC and a Tn2

transposon (possibly MB1860TU_B). The concordance between the

markers associated with this “C2 subset” and our proposed C2b

sublineage, is striking.

We noted the presence of a plasmid in strain A23EC. This

plasmid (named pA23EC) was classified as PTU-FE by COPLA and

has four replicons, three of which belong to incompatibility group F:

F(31,36):A(4,20):B1, which can be annotated as F-:A-:B1. As it

happens, PTU-FE F-:A-:B1 is one of four PTU-replicon

combinations previously proposed to mediate most of the flow of

resistance and virulence genes between food and clinical strains, so

the present work supports the idea that the plasmid flow between

food and clinical strains is preferentially mediated by a specific

subset of plasmids (Balbuena-Alonso et al., 2022), although the

presence of A23EC in food may be incidental in this case. The

fourth replicon belongs to the Col156 type, which has been

previously described in isolates of the C1 subclade, carrying CTX-

M-14 or -27 (Kondratyeva et al., 2020) (seen also in Figure 1). The

presence of Col156 replicons, which are infrequent, in separate

subclades of ST131 raises the possibility of plasmid exchanges

across ST131 subclades.

Plasmid pA23EC had a complete set of mobilization genes,

suggesting that this plasmid is capable of conjugation. Indeed, we

detected conjugation at both 20 and 37°C. Conjugation frequencies

were similar at both temperatures, which is surprising, as lower

temperature slows growth down; however, it appears that the
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frequency of conjugation of A23EC to the C600Rif+ recipient

strain is not influenced by incubation temperature. Thus, our

report is the first to show efficient conjugation for a subclade C2

strain of ST131 at a temperature under 37°C. These observations

suggest that pA23EC has the potential to spread via conjugation,

not only in human hosts but also in environmental reservoirs. Also

note that pA23EC is classified as PTU-FE, which exhibits a host

range of III on a six-grade scale, with a level of promiscuity to the

level of family, and therefore has the potential to contribute to

genetic exchange across multiple species in the Enterobacteriaceae.

A23EC is a multidrug-resistant strain, with resistance to

aminoglycosides, penicillin, cephalosporins, tetracyclines,

quinolones and monobactam. The prevalence of strains that are

resistant to all first-line drugs is rising at an alarming rate (Manges,

2016), and multidrug-resistant ExPEC has been categorized by the

WHO as a high-risk pathogen of critical priority (Tacconelli et al.,

2018). Genotypically, we found nine ARGs in A23EC. Six of these

mapped to TnMB1860 in the chromosome, in two separate TUs.

The first TU (MB1860TU_A) carried aac(6’)-lb-cr, blaOXA-1,

DcatB3 , aac(3)-IIe and tmrB , whereas the second TU

(MB1860TU_B) carried blaCTX-M-15. Two additional ARGs were

found elsewhere in the chromosome >1 Mb away from TnMB1860,

namely aac(3)-IIa and mdfA; tetA/tetR were the only ARGs found

in the pA23EC plasmid.

The ARGs that we identified are likely responsible for the

observed resistance to penicillins and first-generation cephalosporins

(blaOXA-1 and blaCTX-M-15), to synthetic cephalosporins (blaCTX-M-15),

monobactams (blaCTX-M-15), (Zhu et al., 2022), fluoroquinolones (aac

(6’)-lb-cr, and mutations at position S83L, D87N of gyrase and

position S80L of ParC (Redgrave et al., 2014; Huseby et al., 2017),

to gentamicin (aac(3)-IIe), to tobramycin (aac(6’)-lb-cr and aac(3)-

IIe), to amikacin (aac(6’)-lb-cr, intermediate resistance) (Ojdana et al.,

2018; Stogios et al., 2022) and to tetracycline (tetA/tetR) (Møller

et al., 2016).
TABLE 2 Genetic elements that are absent relative to pA23EC; pA23EC-related plasmids are listed in decreasing order of overlap.

Plasmid % query cover RepA tetAR nemR nemA senB iucD iutA parAB vapBC pemIK ccdAB Tn3 IS150

pA23EC 100 + + + + + + + + + + + + +

pB16EC0725-2 99 + + + + + + + + + + + + +

pFDAARGOS_1265_1 99 + + + + + + + + + + + + +

pSCAID_1 98 + + + + + + + + + + + + +

pF17EC0083-1 96 + + - - + + + + + + + + -

pF17EC0098-1 96 + + - - + + + + + + + + -

pF16EC0653-2 93 + + - - + + + + + + + + -

pECAZ146 90 - + + + - + + - - + + + -

p11A_p2 86 + + - + + - - - + + + + +

pTO217_2 77 - - - - - + + + + - + - +

pF16EC0121-2 77 - + - - - - - - - + - + +

pF16EC0507-1 76 - + - - - - - - - + - + +

pF16EC0342-1 76 - + - - - - - - - + - + +
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The genes mdfA and tmrB could enhance resistance to a variety

of drugs rather than being primarily responsible for resistance to a

specific drug. MdfA (also known as cmlA or cmr) is a proton-

dependent pump with a very wide range of substrates that include

chloramphenicol, erythromycin, roxithromycin and certain

aminoglycosides and fluoroquinolones (Edgar and Bibi, 1997).

TmrB is an ATP-binding membrane protein that protects against

tunicamycin exposure, binding tunicamycin and functioning either

as an efflux pump or as a permeability barrier for this drug (Noda

et al., 1992; Noda et al., 1995). Given that tunicamycin is an

experimental drug not used as an antibiotic in the clinic or as

growth promoter for animals, the frequent presence of the tmrB

gene in resistance-determining regions (Grevskott et al., 2020;

Pungpian et al., 2022) is intriguing and points to a possible role

as modulator of resistance to other antibiotics.

Chloramphenicol acetyl transferases acetylate the antibiotic

chloramphenicol at the 30-hydroxyl position using acetyl

coenzyme as an acetyl donor (White et al., 1999). CatB3 is a B-

type acetyltransferase, which tends to have low activity against

chloramphenicol, and forms homotrimers. Trimer formation

requires the C-terminal a-helical domain and is important for

catalysis because the acetyl acceptor site of each protein is located in

a pocket formed between monomers of the trimer. Therefore, the

loss of the C-terminal a-helical domain in A23EC’s DcatB3 is

expected to destabilize the trimer (Alcala et al., 2020). Belonging

to a CAT family with low activity against chloramphenicol to begin

with and having a truncation that likely suppresses its catalytic

activity could explain the sensitivity of A23EC to chloramphenicol

despite carrying DcatB3. Indeed, in a previous report, a strain with

this exact truncation was reported as sensitive to chloramphenicol

(Hubbard et al., 2020). However, the fact that the two deletions

observed in DcatB3 of A23EC are in-frame, and that this allele is

fully conserved in our proposed C2b sublineage and even in other

STs (strain CP048934.1 is classified as ST315) suggests that DcatB3
might retain some residual function that is being maintained

through selection.

One of the C2b genomes (strain 11A CP049077.2) carries the

TnMB1860 transposon integrated in the chromosome and also in

plasmid p11A_2. This results in a gene dosage duplication for all the

genes encoded in TnMB1860 that likely makes this transposon

structure and all the ARGs that it contains redundant in strain 11A.

The concurrent presence of a given ARG in a chromosome and in a

plasmid within the same isolate is not uncommon and is interpreted

as an intermediate stage in the incorporation of genetic content

from a plasmid into the chromosome (Wang et al., 2022). This

interpretation is also consistent with the incomplete penetrance of

the F(31,36):A(4,20):B1 plasmid in sublineage C2b, which appears

to have been lost independently four times (Figure 1).

The A23EC strain bears the seven virulence markers that are

characteristic of ExPEC, as expected for ST131 (Figure S1) (Johnson

et al., 2003; van Hoek et al., 2016); the presence of chuA, fyuA, and

yfcV identifies A23EC as a potentially UPEC strain and its papGII+

status suggests it may be particularly virulent. Indeed, the PapGII

fimbrial tip adhesin was shown to promote inflammation in renal

tissue through transcriptional reprogramming of kidney cells
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(Biggel et al., 2020), and papGII+ strains have been reported to be

enriched in blood isolates relative to urine/UTI infections (Ambite

et al., 2019). Other virulence genes in A23EC including P fimbriae,

hemolysins, siderophores, toxins and capsular synthesis, all located

within PAIs, have previously been linked to the development of

invasive infections (Sabaté et al., 2006; Tsoumtsa Meda et al., 2022).

Outside PAIs, we identified fimH, which is associated with

adherence on biotic and abiotic surfaces (Cookson et al., 2002),

and iss, sitA and ompT, which are genes associated with serum

resistance and favoring colonization and invasion mainly described

in APEC strains (Olsen et al., 2012), as well as the presence of toxin

gene usp associated with strains causing pyelonephritis, prostatitis

and bacteremia (Nipič et al., 2013).

A high virulence of the C2b sublineage of the C2 subclade is also

supported by the sources of isolation of C2b samples. Out of

eighteen samples, ten were isolated from patients suffering from

septicemia (58.8%) and none from urine. For comparison, out of

thirteen C2a samples, five were isolated from urine (38.5%) and

only one was isolated from the bloodstream (7.7%). Consistent with

these observations, Pajand et al., 2021 report that the “C2 subset”

(which as explained above aligns with our proposed C2b

sublineage) accounted for the excess resistance and virulence of

subclade C2 relative to C1 subclade strains (Pajand et al., 2021).

However, the observed difference in sample origin between the C2a

and C2b sublineages of the C2 subclade could also be attributed to

unknown variables affecting the sampling and is based in both cases

on a small number of samples.

Based on epidemiological surveillance studies that have been

carried out in different parts of the world in the “One Health”

context, non-animal agricultural products have been proposed to be

important vectors for the circulation of multidrug-resistant ExPEC

strains between humans, animals and the environments (Meena

et al., 2023). Our report of an isolate belonging to the C2 subclade of

ST131 contaminating green leafy vegetables adds support to this

hypothesis. We searched for additional relevant reports in the

literature. Table S4 lists examples of E. coli strains isolated from

vegetables, along with their phylotypes (when known) and their

corresponding reference. A few sequence types stand out, namely

ST10, ST38, ST23, ST69 and ST155, which to our knowledge have

been independently reported 8, 4, 3, 3, and 3 times, respectively out

of a total of 36 annotated examples. Note that while most of the

isolates reported likely represent commensals (based on their

phylotype), about ⅓ of them (including ST69) belong to likely

ExPEC phylotypes (B2, and D), supporting the idea that agricultural

products can indeed serve as vectors for the transmission of

ExPEC strains.

Humans represent the main reservoirs of E. coli ST131 by

colonizing the intestine (Morales Barroso et al., 2018; Sarkar

et al., 2018; Johnson et al., 2022). When isolated in foods, the

source of ST131 E. coli are typically animal products such as meat

and dairy products (Platell et al., 2011; Liu et al., 2018) and the C2

(O25:H4/H30) subclade of E. coli is much less frequent in foods

other ST131 lineages such as H22 (Manges, 2016; Massella et al.,

2020). The isolation of a blaCXT-M-15-bearing ST131 strain from an

agricultural product has only been previously reported once, from a
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bitter cucumber imported from the Dominican Republic (Müller

et al., 2016), and we ignore further details about its molecular

classification. Thus, to our knowledge, this is the first report of an

ST131 clone belonging to the C2 subclade (O25:H4/H30)

contaminating green leafy vegetable. The isolation of an

emerging, potentially uropathogenic strain of ST131 from spinach

is relevant to public health because the consumption of fresh

produce has increased as a result of a healthier lifestyle (Castro-

Rosas et al., 2012).

Three other strains of the C2b sublineage described here were

isolated from wastewater (Figure 1). Further, ST131 clade C strains

have been observed to survive wastewater treatment and release to

surface water (Tausova et al., 2012; Zurfluh et al., 2013; Müller et al.,

2016). Thus, A23EC could have reached spinach via contaminated

water. Admittedly, the present study cannot determine the point at

which A23EC contaminated the spinach, and it is therefore possible

that contamination happened after the spinach was harvested

(during processing, transport or at the supermarket itself) but we

can say that this strain is able to persist in spinach long enough for

transmission. Whether the ability of A23EC and possibly other C2b

strains to persist in fresh vegetables represents a new adaptation or

it was simply previously missed is unclear. The presence of

virulence factors facilitating adherence to human and animal cells

(papABCD, papGII, iha, yfcV, kpsm-TII-k5, fimABCDEFGHI and

csgABCDEFG) (Sarowska et al., 2019) may be relevant. This is

particularly true of adhesins CsgA and CsgB, which have been

described to be significantly involved in adhesion and colonization

in spinach leaves (Saldaña et al., 2011; MacArisin et al., 2012), and

allow their proliferation on the food surface through the formation

of biofilms (Zhao et al., 2022). In addition, previous studies have

demonstrated the ability of E. coli strains to reside within the

internal cavity of stomata and internal tissues; this internalization

protects the bacteria from disinfecting and bactericidal products,

thereby increasing their survival. Internalization also contributes to

inefficient washing and sanitizing treatments in vegetables (Gullian-

Klanian and Sánchez-Solis, 2018; Querido et al., 2020). However,

these previous studies have focused on STEC and EHEC strains and

may have missed the presence of ExPEC in these foods.

Some reports interpret the occurrence of ST131 strain in different

hosts such as companion and food animals or in different

environmental niches such as sewage and other aquatic

environments as overflow from its main niche (Melo et al., 2019;

Finn et al., 2020); in contrast, other studies report specialization in

ST131 strains depending on their origin, suggesting that they are

adapting to different niches. This raises complex questions about the

role of reservoirs in ST131 evolution and spread (Bonnet et al., 2021;

Denamur et al., 2021). The isolation of ST131 strains in foods such as

A23EC paves the ground for understanding the epidemiology and

evolutionary dynamics of ST131 through rigorous and systematic

monitoring using selected molecular markers.

In conclusion, our results add to previous knowledge about the

global dissemination of ST131 by confirming the emergence of a

distinct sublineage of subclade C2 (C2b), that has the potential to be
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highly pathogenic and that bears a transposon structure that has the

potential to facilitate the evolution of carbapenem resistance among

non-carbapenemase-producing enterobacterales (Shropshire et al.,

2021). The genetic content of virulence and resistance genes and

associated mobilization elements described here for the A23EC

strain, together with the plasticity of E. coli ST131 genome, suggests

that this ExPEC strain has the potential to evolve persistence in new

environments and to infect humans and/or animals through new

routes of transmission. These observations call for a more

comprehensive surveillance and monitoring system for ExPEC

strains in non-clinical settings.
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virulence gene associations
in bloodstream infections
using whole-genome
sequencing and clinical data
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Brenda Atangcho1,4, Sandra Unsleber5, Ulrike Neder5,
Silke Grumaz5 and Marijo Parčina1
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Bonn, Bonn, Germany, 3Bioinformatics and Systems Biology, Justus Liebig University Giessen,
Giessen, Germany, 4Institute for Functional Gene Analytics, Bonn-Rhein-Sieg University of Applied
Sciences, Sankt Augustin, Germany, 5Noscendo GmbH, Duisburg, Germany
Background: Bloodstream infections (BSIs) remain a significant cause of

mortality worldwide. Causative pathogens are routinely identified and

susceptibility tested but only very rarely investigated for their resistance genes,

virulence factors, and clonality. Our aim was to gain insight into the clonality

patterns of different species causing BSI and the clinical relevance of distinct

virulence genes.

Methods: For this study, we whole-genome-sequenced over 400 randomly

selected important pathogens isolated from blood cultures in our diagnostic

department between 2016 and 2021. Genomic data on virulence factors,

resistance genes, and clonality were cross-linked with in-vitro data and

demographic and clinical information.

Results: The investigation yielded extensive and informative data on the

distribution of genes implicated in BSI as well as on the clonality of isolates

across various species.

Conclusion: Associations between survival outcomes and the presence of

specific genes must be interpreted with caution, and conducting replication

studies with larger sample sizes for each species appears mandatory. Likewise, a

deeper knowledge of virulence and host factors will aid in the interpretation of

results and might lead to more targeted therapeutic and preventive measures.

Monitoring transmission dynamics more efficiently holds promise to serve as a

valuable tool in preventing in particular BSI caused by nosocomial pathogens.

KEYWORDS

bloodstream infections, whole-genome sequencing, clonality patterns, virulence
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Introduction

Bloodstream infections (BSIs) pose a substantial global health

threat, leading to increased morbidity and mortality rates

(McNamara et al., 2018). While identifying the causative

pathogen and its antibiotic susceptibility remains a clinical

priority, exploring additional factors such as genetic relatedness,

virulence genes, and antibiotic resistance genes can significantly

enhance patient outcomes and alleviate the overall burden (Wren,

2000; Leavis et al., 2006; Wyres et al., 2020; Allen et al., 2021).

Whole-genome sequencing (WGS) studies have revolutionized our

understanding of pathogen identification, antibiotic resistance, and

epidemiology (Wren, 2000). Insights into clonality patterns can

guide interventions to curtail the dissemination of specific strains

and inform targeted prevention strategies (Wren, 2000; Leavis et al.,

2006; Wyres et al., 2020). Furthermore, studying pathogen clonality

provides valuable insights into the evolutionary dynamics of BSI

pathogens, facilitating the prediction of future trends in antibiotic

resistance and virulence (Wren, 2000; Allen et al., 2021).

Virulence factors play a crucial role in the colonization,

invasion, and evasion of the host immune system by pathogens.

Understanding the specific virulence factors associated with BSI-

causing bacteria provides insights into disease mechanisms,

severity, and potential therapeutic targets (Wren, 2000; L Thomas

and Lee, 2012; Wyres et al., 2020). In-depth investigations of

bacterial virulence factors associated with BSI have yielded

significant findings concerning pathogenesis and host–pathogen

interactions (Wren, 2000; Leavis et al., 2006; L Thomas and Lee,

2012; Wyres et al., 2020). Studying resistance genes and correlating

them with phenotypical susceptibility are of paramount importance

for addressing key research questions in the field of antimicrobial

resistance leading to a comprehensive understanding of the

interplay between genotype and phenotype (Wren, 2000; L

Thomas and Lee, 2012; Mahfouz et al., 2020; Allen et al., 2021). It

enables the validation and verification of resistance mechanisms

and provides a more accurate assessment of the clinical implications

of specific genetic variants.

In this study, we conducted a comprehensive whole-genome

sequencing of over 400 randomly selected common BSI-causing

pathogens to elucidate clonality patterns and assess the clinical

significance of virulence and resistance genes, including their

association with mortality. Our study findings advance the

understanding of BSI pathogenesis and hold implications for

more targeted therapeutic interventions.
Methods

Study design and data collection

For this study, over 400 bacterial isolates of common pathogens

detected in blood cultures between January 2019 and December 2021

in our microbiological diagnostic unit, which services a tertiary referral
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and maximum care hospital and other hospitals in the area, were

randomly selected for the genera Acinetobacter, Bacteroides,

Citrobacter, Enterobacter, and Serratia and the species Enterococcus

faecalis, Enterococcus faecium, Escherichia coli, Klebsiella pneumonia,

Proteus mirabilis, Pseudomonas aeruginosa, Staphylococcus aureus,

Stenotrophomonas maltophilia, Streptococcus pneumoniae, and

Streptococcus pyogenes from cryo-storage. These were thawed,

subcultured twice on Columbia 5% sheep blood agar (Becton

Dickinson, Heidelberg, Germany), and inspected by two experienced

operators prior to sequencing. Isolate information was complemented

by accessible laboratory information on phenotypical susceptibility,

growth of additional bacteria in the same blood culture, and routine

diagnostic resistance gene detection, as well as accessible patient

information on age, sex, hospitalization, 30-day mortality, and

outcome. We constructed a database that was password-protected

and accessible by only three operators who ensured that all patient data

were fully de-identified prior to analysis. Unless specifically mentioned

or reported, the minimum inhibitory concentrations (MICs) were

determined by the VITEK 2 system (bioMérieux, Marcy-l’Etoile,

France). Isolate susceptibility was inferred based on EUCAST Cl. Br.

Tables v. 13.0.
DNA preparation and sequencing

DNA isolation, library preparation, sequencing, and sequence

assembly were carried out by Noscendo GmbH, Germany. Genomic

DNA was prepared from pellets obtained from 5 ml of culture in a

brain heart infusion (BHI) medium (Becton Dickinson, Heidelberg,

Germany). Cell pellets were prepared, shipped on dry ice, and stored at

−80°C until further processing. DNA was isolated with the

ZymoBIOMICS DNA Miniprep Kit (Zymo Research, Irvine, CA,

USA) according to the manufacturer’s instructions with a Vortex

Genie 2 device equipped with an SI-H524 horizontal tube holder

(Scientific Industries, Bohemia, NY, USA) to perform mechanical cell

disruption for 10 min. DNA concentration was measured with the

Qubit 1X dsDNAAssay-Kit on a Qubit 2.0 instrument (Thermo Fisher

Scientific,Waltham,MA, USA), and size distribution was checked with

the Agilent Genomic DNA 50 kb Kit on a 5200 Fragment Analyzer

System (Agilent Technologies, Santa Clara, CA, USA). The libraries

were prepared using the Ligation Sequencing Kit SQK-LSK109 with

Native Barcoding Expansion 1–12 (PCR-free) EXP-NBD104 and

Native Barcoding Expansion 13–24 (PCR-free) EXP-NBD114

according to the manufacturer’s instructions (Oxford Nanopore

Technologies, Oxford, UK) together with NEB Blunt/TA Ligase

Master Mix and NEBNext Companion Module for Oxford

Nanopore Technologies Ligation Sequencing (New England Biolabs,

MA, USA). Then, the libraries were prepared, pooled in equimolar

ratio, quality checked, loaded on a MinION Flow Cell (R9.4.1), and

finally sequenced on a MinION benchtop sequencer (Mk1B). For each

batch preparation, a pellet of a 1.5-ml overnight culture (BHI medium)

of DSM 1576–Escherichia coli was used as an internal quality control

during the whole process, starting with DNA isolation.
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Bioinformatics analysis

After sequencing, fast5 data were basecalled using the Oxford

Nanopore Technologies neural-network-based basecalling software

Guppy (version 5.0.7) applying a high accuracy mode (config

dna_r9.4.1_450bps_hac.cfg). Fastq statistics on read length

distributions, expected coverages, and N50 values were calculated.

Following closely the manual of the tool Trycycler (Wick et al., 2021)

(https://github.com/rrwick/Trycycler, version 0.4.2), long-read

consensus assemblies were produced from multiple input

assemblies of the same input data set by using the following

assemblers: Flye (https://github.com/fenderglass/Flye, version 2.8.3),

Miniasm and Minipolish (https://github.com/rrwick/Minipolish,

version 0.1.3), and Raven (https://github.com/lbcb-sci/raven,

version 1.4.0). Before assembly, reads below a length of 1,000 bp

were removed using the tool Filtlong (https://github.com/rrwick/

Filtlong, version 0.2.0), at most removing 5% of the original data

set. Nine subsamples were created, providing a minimum read depth

of 100×. In cases in which average coverages were below 100×, the

minimum read depth after subsampling was lowered to 50×.

Subsampled data sets were then forwarded to the assemblers,

producing nine assemblies in total, three of every assembler. The

Trycycler then clustered similar contigs to detect spurious,

incomplete, or misassembled contigs. After manual inspection, the

conspicuous clusters were removed. The remaining clusters were

further processed to result in circular chromosomes and plasmids.

Consensus sequences were polished using Medaka (https://

github.com/nanoporetech/medaka, version 1.4.3) to increase base

accuracy and minimize assembly and sequencing errors.

Assembly quality was finally evaluated by Busco (https://

busco.ezlab.org/, https://gitlab.com/ezlab/busco/-/releases/5.2.1,

version 5.2.1). Furthermore, reads were mapped to the consensus

sequence by using Minimap2 (https://github.com/lh3/

minimap2, version 2.18) and Flye-samtools to get coverage

values of every consensus base. Assemblies having a Busco

completeness value above 95% and every consensus base

covered with at least 5× coverage were regarded as high

quality. All isolates with valid results and sufficient coverage

were included in the analysis.

Detection of antimicrobial resistance (AMR) genes, stress

response genes, and virulence factors was detected with

AMRFinderPlus (3.11.4) “–plus” option/NCBI reference gene

database (2023-02-23.1) (Feldgarden et al., 2021; Feldgarden

et al., 2022). If species were present in the list of curated

organisms, the “–organism” option was used to ignore universal

species mutations and resistance genes and to screen for known

point mutations. Only results with identity and coverage >90% were

included. For further analysis, assemblies were imported into

bactopia (Shen, ; Ewels et al., 2020; Petit and Read, 2020).

FastANI (v1.33) was used to calculate the average nucleotide

identity within species (Jain et al., 2018). MLST types were

determined with the PubMLST database using MLST (2.23.0,

https://github.com/tseemann/mlst) (Jolley et al., 2018). For

Enterobacterales, plasmids were detected using plasmidFinder

(2.1.6) (Camacho et al., 2009; Carattoli et al., 2014).
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Strain-specific tools were used to obtain more in-depth

information: E. coli—ECTyper (1.0.0) (Iguchi et al., 2015), K.

pneumoniae—Kleborate (2.3.2) (Lam et al., 2021), P. aeruginosa—

pasty (1.0.2, https://github.com/rpetit3/pasty) (Camacho et al.,

2009; Thrane et al., 2016), and S. pneumoniae—Seroba (1.0.2)

(Epping et al., 2018).

Phylogenetic trees and ANI values in supplementary data were

created with Anvi’o v7.1 (Eren et al., 2021) using “anvi’o

pangenomics workflow” (Edgar, 2004; Hyatt et al., 2010; Buchfink

et al., 2015; Pritchard et al., 2016; Chan and Lowe, 2019). All

detected resistance genes, stress response genes, and virulence

factors for each species can be found in the Supplementary

Material. (Sequence names are mentioned yellow for findings

with shared gene symbol but multiple possible alleles. These were

merged for our purposes if the genes belong to the same subclass.)

All data relevant to the study are included in the article or

uploaded as supplementary information. Due to collaboration

agreements, genomes have not been uploaded to any publicly

accessible platform but can be shared upon reasonable request.

The Ethics Committee of the University Hospital Bonn

confirmed that no ethics approval was required for this study.
Results

Isolate and patient information

The 364 isolates for which genomes were available with

satisfactory coverage and quality belonged to 364 different

patients of which the majority were men (60.16%). Detailed

information on patients and isolates is listed in Table 1. In 55

cases (15.11%), the pathogen under study was not the only one

isolated from the respective blood culture. In 7, there were 2

additional pathogens, and in another three, 3. Fourteen isolates

were methicillin-resistant S. aureus (MRSA), 10 were vancomycin-

resistant enterococci (VRE), and 26 were gram-negative rods falling

into the German guideline classification of multidrug-resistant

gram-negative rods on the basis of resistance against three

(3MRGN) or four (4MRGN) of the following antibiotic groups:

acylureidopenicillins, third- and fourth-generation cephalosporins,

carbapenems, and fluoroquinolones.
Species characteristics

The most frequently detected AMR genes were fosA (107), oqxA

(73), and emrD (70). These were, however, only detected in

Enterobacterales and P. aeruginosa that made up a large part of

all isolates. An overview of detected virulence, stress response, and

AMR genes can be found in the Supplementary Material. Figure 1

displays to what degree the average nucleotide identity could vary

across different pathogens and the number of virulence genes, AMR

genes, stress response genes, and plasmids that different pathogens

carried. The 30-day and 90-day mortality did not correlate with the

number of resistance, AMR, or stress response genes but with
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patient age (rpb = 0.22, n = 248, p = 0.001 and rpb = 0.25, n = 201,

p = <0.001, respectively).

Enterococcus faecalis
The majority of the isolates originated from patients in intensive

care units (ICUs) with eight cases, followed by the emergency center

(EC) with four cases. None of the isolates were identified as VRE

either phenotypically or genotypically. There were 11 unique

multilocus sequence typing (MLST) types represented once and
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four types represented twice. The isolates showed an average

nucleotide identity of 98.78% to each other, ranging from 98.40%

to 98.97%. Notably, patients infected with E. faecalis isolates

encoding dfrF, gyrA_S83I, and parC_S80I exhibited significantly

lower 30-day (all p = 0.015) and 90-day survival rates (all p = 0.047),

although the assumptions for the c2 test were not met due to low

cell frequencies. Out of all the isolates, only two showed higher

MICs for trimethoprim/sulfamethoxazole than the threshold of

≤10, and both of these isolates tested positive for the dfrG gene.

Enterococcus faecium
Out of the E. faecium isolates, 10 were classified as VRE, but

their presence was not associated with a lower 30-day or 90-day

survival rate. Among these isolates, the MLST types of seven could

not be determined, while six belonged to ST117 and three to ST80.

Five ST117 isolates and two ST80 isolates were identified as VRE.

No significant differences were observed in the 30-day and 90-day

survival rates based on the presence or absence of specific genes.

However, a positive correlation was found between survival and

younger age (rpb = 0.71, p = 0.001). The isolates displayed an

average nucleotide identity of 98.84% to each other, with a range of

94.29% to 99.27%.

Staphylococcus aureus
Fourteen isolates were MRSA, of which all were mecA-positive.

Two isolates were resistant to tetracycline, while tet(k) was only

encoded by one of them and by one phenotypically susceptible

isolate; tet(38) was encoded by both resistant ones but also by all but

one of those susceptible. Out of four that were resistant to

rifampicin, only one was found to have genes conferring

resistance to it (rboB_H481Y, rboB_L466S, and rpoB_S486L).

Resistance to levofloxacin well matched the presence of resistance

genes gyrA_S84L, parC_E84G, parC_E84K, parC_S80F, and/or

parE_P585S. While all isolates were susceptible to linezolid, in

nine, 23S_C2220T was found. Out of 23 resistant to

erythromycin, 11 encoded erm(A), 4 erm(C), 2 erm(T), and

another 2 msr(A) and mph(C); in 4, no macrolide resistance genes

were detected. For 40 isolates, information on the 30-day survival

could be retrieved, as well as for 37 on 90-day survival and 30-day

and 90-day outcomes. The only significant difference that was

found was that of a lower 30-day survival in patients with S.

aureus isolates that encoded splE (p = 0.045; Cramér’s V 0.32) but

without meeting c2 test assumptions due to low cell frequencies and

without significant Fisher exact test (p = 0.072). Isolates had an

average nucleotide identity to each other of 98.36, ranging from

97.73 to 98.75 (see also Figure A1 in the Supplementary Material).

The two most represented MLST types were 225 (10) and 22 (9).

Streptococcus pneumoniae
In 11 out of 13 cases in which S. pneumoniae grew, blood

cultures were collected in the EC. The available data were

insufficient to perform statistical analyses pertaining to

hypotheses involving 30-day and 90-day outcomes and survival

rates. Only three isolates had MICs to penicillin sufficiently high to

be considered susceptible only at increased dosage (I). Of these, two
TABLE 1 Patient and isolate information.

Age (years)
Mean (min, max)

62.15 (0, 95)

Sex

Female
Male

145
219

39.84%
60.16%

Ward type

Emergency center
ICU
Non-ICU ward
Outpatient clinics

92
112
154
6

25.28%
30.77%
42.31%
1.65%

Clinic

Anesthesiology
Emergency departments
General surgery
Rehabilitation
Gynecology
Heart surgery
Internal medicine
Neonatology
Neurosurgery
Neurology
Oncology
Orthopedics
Pediatrics
Urology
Others

20
89
19
49
8
10
77
6
8
17
40
5
10
4
2

5.49%
24.45%
5.22%
13.46%
2.2%
2.75%
21.15%
1.65%
2.2%
4.67%
10.99%
1.37%
2.75%
1.1%
0.55%

Year

2016
2017
2018
2019
2020
2021

77
71
83
62
61
10

21.15%
19.51%
22.80%
17.03%
16.76%
2.75%

Isolates

Acinetobacter spp.
Bacteroides spp.
Citrobacter spp.
Enterobacter spp.
Enterococcus faecalis
Enterococcus faecium
Escherichia coli
Klebsiella pneumoniae
Proteus mirabilis
Pseudomonas aeruginosa
Serratia spp.
Staphylococcus aureus
Stenotrophomonas maltophilia
Streptococcus pneumoniae
Streptococcus pyogenes

12
4
15
45
19
19
40
40
20
38
27
48
5
13
18

3.3%
1.1%
4.12%
12.36%
5.22%
5.22%
10.99%
10.99%
5.5%
10.44%
7.42%
13.19%
1.37%
3.57%
4.95%
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encoded pbp1a and pbp2b. Two out of three isolates resistant to

erythromycin encoded erm(B). Three out of four isolates resistant to

tetracycline encoded tet(M). Isolates had an average nucleotide

identity to each other of 98.71, ranging from 98.63 to 98.84.

Isolates belonged to 10 different serotypes, the most frequent

being 8, with 16F and 17F having two isolates each, and these

isolates had 13 different MLST types.

Streptococcus pyogenes
In 12 out of 18 cases in which S. pyogenes grew, blood cultures

were collected in the EC. Here, too, the available data were insufficient

to perform statistical analyses pertaining to hypotheses involving 30-
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day and 90-day outcomes and survival rates. Both isolates resistant to

tetracycline carried tet(M). Isolates had an average nucleotide identity

to each other of 98.82, ranging from 98.60 to 99.01. The two most

represented MLST types were ST28 (5) and ST39 (4).

Bacteroides fragilis
The four B. fragilis isolates had an average nucleotide identity of

98.97 to each other that ranged from 98.91 to 99.03. One MLST type

could not be determined, while the remaining were ST40, ST67, and

ST129. The only isolate resistant to clindamycin was also the only

one to encodemef(A), as well as the only isolate to have an increased

MIC to meropenem was the only one to encode cfxA.
B C

D E

A

FIGURE 1

Mean average nucleotide identity by pathogen. For each isolate, the average nucleotide identity it had to all the other isolates within the same group
in percent (x-axis) was calculated and displayed as a raincloud plot (A). Boxplots on the number (x-axis) of virulence genes (B), AMR genes (C), stress
response genes (D), and plasmids (E) that pathogens carried.
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Escherichia coli
The mean nucleotide identity of E. coli isolates ranged from

96.74 to 98.42 (see also Figure A2 in the Supplementary Material)

with an average of 97.63, with MLST type ST69 being the most

frequent (6). Four isolates belonged to ST12, ST73, and ST131 each,

and two isolates to ST88 and ST95 each. Two isolates could not be

assigned and the remaining isolates all belonged to different MLST

types. The most represented O-antigen types were O4, O6, and O25,

with four isolates each, and the most represented H-antigen type

was H4 (9). The majority of isolates carried one or more plasmids

with the most frequent being IncFIB(APoo1918) (32), Col156 (17),

IncFll (14), and IncFlA (13). The significant differences found were

only that of a lower 30-day and 90-day survival in patients with

isolates encoding IncFll(pSE11) and p0111 (p = 0.001, Cramér’s V =

0.69) but without c2 test assumptions being met due to low

cell frequencies.

Klebsiella pneumoniae
For three K. pneumoniae isolates, the MLST type could not be

determined, and another three belonged to ST147. Six MLST types

were represented twice (ST14, ST15, ST20, ST78, ST661, and

ST3328), and another 22 just once. With Kleborate, the missing

MLSTs were identified as ST307, ST223-1LV, and ST1013-1LV.

Isolates had an average nucleotide identity of 99.03 to each other,

ranging from 98.93 to 99.12 (see also Figure A3 in the

Supplementary Material), and carried an average of 2.4 plasmids,

ranging from two isolates carrying none to three carrying five. The

number of encoded stress tolerance, AMR, and virulence genes

varied from none to 36, from none to 27, and from none to 12,

respectively, with only one isolate encoding neither of each.

significant differences found were that of a lower 30-day and 90-

day survival in patients with isolates encoding iucA, iucB, and iucC

(p = 0.039, Cramér’s V = 0.35) and iroB and iroN (p = 0.039,

Cramér’s V = 0.35), but all violating c2 test assumptions due to low

cell frequencies, and for aac(3)-IId, aph(3′)-VI, gyrA_D87G, and

phoQ_R16C (p = 0.046, Cramér’s V = 0.34) and blaSHV, dfrA1,

iucC, and ompK36_D135DGD (p = 0.039, Cramér’s V = 0.35),

additionally without significant Fisher exact test. The four isolates

encoding blaOXA-48 and the three isolates encoding blaNDM-1

were all correctly identified as such in routine diagnostics.

Enterobacter spp.
The sequenced Enterobacter isolates were all reported in routine

diagnostics as Enterobacter cloacae complex isolates, but WGS

rev e a l ed the s e t o b e E . qua s i ho rmae ch e i ( 31 ) , E .

quasiroggenkampii (4), E. sichuanensis (3), E. cloacae (2), E.

chengduensis (2), and E. wuhouensis (1). Isolates either encoded

no virulence genes or three (iroB, iroC, iroN), with all isolates

encoding three being E. quasihormaechei isolates. The number of

carried AMR and stress response genes varied significantly among

the isolates, ranging from 1 to 15 for AMR genes and 1 to 35 for

stress response genes. Isolates encoded between none and four

plasmids, the most frequent being IncFII(pECLA) (12), IncFIB

(pECLA) (10), and Col440I (8). The one blaVIM-1-positive isolate

was phenotypically susceptible to imipenem and meropenem and
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was, hence, not investigated for carrying carbapenemases in routine

diagnostics. MLST type could not be determined in 11 cases; in

seven, ST50 was identified, and in three, ST118 was identified.

Other MLST types were only represented once or twice. No

significant differences were found regarding the 30-day and 90-

day survival and the presence or absence of investigated genes.

Citrobacter spp.
Four Citrobacter isolates were C. freundii, another four were C.

braakii, and seven were C. koseri. The average nucleotide identity of

C. koseri (98.88) and C. freundii (98.59) isolates was higher than

that of C. braakii (94.41) isolates, despite C. freundii isolates

belonging to four different MLST types. Among all eight C.

freundii and C. braakii isolates, there was only one isolate

carrying virulence genes (ybtP and ybtQ), whereas all C. koseri

isolates encoded the same virulence factors (iucA, iucB, iucC, ybtP,

and ybtQ) with the exception of senB, which was only encoded by

four. Isolates encoded between one and three AMR genes. The most

significant variation was observed in the number of stress response

genes encoded by the isolates. Two C. braakii isolates and six C.

koseri isolates only encoded a single stress response gene, which was

fief, while the remaining C. koseri isolates encoded six, the

remaining C. braakii isolates encoded 17, and C. freundii isolates

encoded between 24 and 35. Isolates carried from none to four

plasmids with not a single plasmid carried by more than one isolate.

The only two Citrobacter isolates encoding qnrB38 were the only

ones to have MICs to moxifloxacin above the lowest

measurable level.
Proteus mirabilis
Proteus mirabilis isolates had an average nucleotide identity of

99.12 to each other, ranging from 98.83 to 99.25. The significant

differences found were that of a lower 30-day survival when isolates

encoded aph(3′)-la (p = 0.028; Cramér’s V 0.63); however, c2 test
assumptions were violated due to low cell frequencies and the Fisher

exact test was not significant (p = 0.091). All isolates carrying

blaTEM-1 were resistant to ampicillin and all but one isolate to

ampicillin/sulbactam. All isolates resistant to trimethoprim/

sulfamethoxazole carried dfrA1 and in addition either sul1 or

sul2. Four isolates carried an IncQ1 plasmid.
Serratia marcescens
More than half of the isolates were isolated from patients in the

ICU, but isolates only had an average nucleotide identity to each

other of 95.79, ranging from 95.18 to 96.00 (see also Figure A4 in the

Supplementary Material). No significant differences were found in

the 30-day and 90-day survival linked to the presence or absence of

certain genes, age, or ward type. Four isolates carried a pSM22

plasmid and another three isolates either Col440I, IncX5, or IncX6.

The IncX5 carrying isolate carried a blaVIM-1 alongside it that was

neither specifically investigated nor detected in routine diagnostics.

That isolate was resistant to piperacillin–tazobactam, tested

cephalosporins, and imipenem but had a MIC to meropenem of

0.19 as determined by the gradient strip test (Liofilchem, Roseto degli
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Abruzzi, Italy). It was also the only one to be sul1-positive although it

was just as susceptible to trimethoprim/sulfamethoxazole as all the

other isolates. Isolates carried four or five out of 10 stress response

genes and either five or six out of 13 AMR genes. The most frequent

AMR genes were ssmE, smdB, smdA, sdeY, sdeA (27 each), smfY, sdeB

(26 each), aac(6′) (25), blaSRT (22), and tet(41) (21).

Acinetobacter baumannii complex
Among the isolates of the A. baumannii complex, four were A.

baumannii isolates and eight were A. pittii. Among the A. baumannii

isolates, the MLST types represented were ST1, ST40, and ST213,

with one isolate unassigned and with an average nucleotide identity to

each other ranging from 97.54 to 97.69 and from 96.52 to 98.03

among the A. pittii isolates. No virulence genes were identified;

however, between one and five stress tolerance genes were

identified in all isolates and either five or six AMR genes in A.

pittii and between 3 and 12 inA. baumannii. In both species, the most

frequently encoded stress tolerance genes were nreB (12), clpK (6),

yfdX2 (5), trxLHR (5), and hdeD-GI (5), while the most frequent

AMR genes were amvA (12) and ant(3″)-IIa (10). The available data

were insufficient to perform statistical analyses pertaining to

hypotheses involving 30-day and 90-day outcomes and survival rates.

Pseudomonas aeruginosa
The average nucleotide identity of P. aeruginosa isolates was 98.85

and ranged from 98.66 to 98.94. For 11 isolates, noMLST type could be

determined, while three belonged to ST234, ST253, and ST823 each,

two to ST308, ST316, and ST446 each, and all the remaining isolates to

differentMLST types. Isolates belongedmainly to serogroups O11 (13),

O6 (9), O1 (5), and O10 (4). No virulence genes were detected, and

stress response genes were only detected in less than half of the isolates

in which they ranged from 2 to 14 in number. The most frequently

encoded weremerE (14),merT (12), merR (12),merP (12),merD (11),

and merA (11). No isolate had fewer than 8 AMR genes with some

carrying up to 18. By far, themost frequent weremexE (38),mexA (38),

fosA (38), aph(3′)-llb (38),mexX (37), catB7 (37), and crpP (29). Thirty-

five isolates carried blaOXA genes and four blaVIM (three blaVIM-2

and one blaVIM-11). Five isolates were classified as 4MRGN and three

as 3MRGN. One blaVIM-2 encoding isolate did not previously classify

as 4MRGN as it had below-resistant MICs to piperacillin–tazobactam

and cefepime and the blaVIM-2 gene was neither investigated nor

detected in routine diagnostics. It was resistant to imipenem,

meropenem, ciprofloxacin, and ceftazidime. No significant

differences were found in the 30-day and 90-day survival linked to

the presence or absence of certain genes. Isolates exhibited a distinct

clustering pattern, roughly partitioning into three distinct branches.

Notably, one of these branches encompassed all but one isolate from

patients with negative 30-day survival (see Figure A5 in the

Supplementary Material) (p = 0.038).
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia isolates only had an average

nucleotide identity of 93.15 to each other, ranging from 92.09 to 94.17.

One MLST type could not be determined, while all remaining were of

different ones: ST4, ST23, ST224, and ST233. Only one did not have any
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stress response genes, the others had from three to nine, and all isolates

carried either seven or eight antimicrobial resistance genes. Those shared

among all isolates were aph(6), emrA, emrB, emrC, and smeF.
Discussion

The present study aimed to conduct a comprehensive analysis

of blood culture isolates’ genomes, with a retrospective correlation

between the detected virulence genes, resistance genes, and stress

tolerance genes with the phenotypical susceptibilities and patient

outcomes. The findings of this investigation yielded extensive and

informative data on the distribution of genes implicated in

bloodstream infections across various species. However, the

interpretation of these results necessitates careful consideration

due to several noteworthy factors. The intriguing observed

associations between survival outcomes and the presence of

specific resistance genes warrant caution, particularly given the

limited knowledge regarding many of the identified virulence

factors. The c2 test assumptions were persistently violated due to

the relatively small sample sizes in the groups of patients with

negative 30-day and 90-day survival available for each species,

making it imperative to validate and strengthen these associations

by replicating the study with larger sample sizes for different species.

One key consideration is the possibility that host factors may play a

more significant role than pathogen factors in determining the

outcomes of bloodstream infections and the inherent difficulty in

fully accounting for such factors in studies of this nature (Hekker

et al., 2000; Casadevall and Pirofski, 2001; Tseng et al., 2002; Beck

et al., 2004; Tseng et al., 2005; Newman et al., 2017).

For example, research on splE in S. aureus still aims to uncover

its precise functions and mechanisms. It seems that splE plays a

significant role in S. aureus pathogenesis by promoting immune

evasion through the degradation of immune components and

facilitating tissue invasion by breaking down extracellular matrix

proteins (Stach et al., 2018). Confirming its role in survival would

further emphasize the importance of understanding splE for

developing effective strategies against staphylococcal infections.

The IncFll(pSE11) and p0111 plasmids that were linked to lower

survival in E. coli are known for disseminating AMR genes (Tasleem

Jan and Tiwari, 2017; Wang et al., 2022), and their likely correlation

with factors such as prolonged hospitalizations cannot be excluded

to confound results, emphasizing that interpretation of the results

warrants considered caution. The lower survival in aph(3′)-la

encoding P. mirabilis isolate is probably the most questionable

finding, because aside from resistance to aminoglycosides, it is not

reported to contribute to virulence (Shaw et al., 1993), and

aminoglycosides are infrequently used in our setting.

The study highlights important differences in genetic variation

across different species and might be representative to some degree for

these pathogens involved in BSI, while it is certainly important to

exercise caution in generalizing these findings or applying them to

other settings. The identity and coverage values for E. faecium ST117

and E. coli ST131 were both 100% for their exact alleles. Notably, ECO

131 has been highlighted in several studies as a rapidly expanding

multidrug-resistant pathogen with high receptivity and the potential to
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develop resistance to last-resort antibiotics such as carbapenems and

colistin (Pitout and Finn, 2020; Li et al., 2021; Taati Moghadam et al.,

2021; Brumwell et al., 2023). Serotypes H4 and O25 were found to

match all isolates in our investigation, consistent with previous studies

(Brumwell et al., 2023), but none of the isolates exhibited the

antimicrobial MDR profile of 3MRGN or 4MRGN. Enterococcus

faecium ST117 was previously identified as a rising factor in

vancomycin-resistant enterococci (VRE) (Weber et al., 2020), and

five out of six isolates in our study were found to carry vanB genes.

A comparison with this recent comprehensive study involving 120

isolates revealed that all the genes mentioned in the study (msrC, efmA,

erm(B), dfrG, aac(6′)-Ii, gyrA, parC, and pbp5) matched those present

in our isolates, except for efmA, which was absent in the NCBI database

used. The notable clustering of ST50 E. quasihormaechei isolates calls

for focused investigations, given the escalating local and global issue of

sewage-related clonal colonization in hospital sanitary facilities

(Babouee Flury et al., 2016; Kehl et al., 2022; Stokes et al., 2022).

Similarly, the recurring identification of ST147 K. pneumoniae and

ST235 and ST823 P. aeruginosa isolates, even in wards geographically

distant from those assumed to have a contamination source in our

setting (Kehl et al., 2022; Neidhöfer et al., 2023a), urges us to

implement transmission dynamics monitoring networks (Bohl et al.,

2022; Ko et al., 2022; Neidhöfer et al., 2023b).
Conclusion

Conducting replication studies with larger sample sizes for each

species is imperative to cautiously interpret associations between

survival outcomes and the presence of specific genes, emphasizing

the need for further research in this area. A deeper understanding of

virulence and host factors will not only aid in the interpretation of

results but also pave the way for the development of more targeted

therapeutic and preventive measures, thus enhancing patient

outcomes. In addition, implementing more efficient transmission

dynamics monitoring holds significant promise as a valuable tool in

preventing bloodstream infections caused by certain pathogens,

highlighting the importance of establishing robust surveillance systems.
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Universitätsmedizin Berlin, 2008 to 2018. Antimicrob. Resist. Infect. Control 9 (1),
109. doi: 10.1186/s13756-020-00754-1
Frontiers in Cellular and Infection Microbiology 1049
Wick, R. R., Judd, L. M., Cerdeira, L. T., Hawkey, J., Méric, G., Vezina, B., et al.
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Pandrug-resistant
Acinetobacter baumannii from
different clones and regions in
Mexico have a similar plasmid
carrying the blaOXA-72 gene
José Luis Fernández-Vázquez1,
Ismael Luis Hernández-González2,
Santiago Castillo-Ramı́rez2, Ma Dolores Jarillo-Quijada1,
Catalina Gayosso-Vázquez1,
Valeria Eréndira Mateo-Estrada2, Rayo Morfı́n-Otero3,
Eduardo Rodrı́guez-Noriega3,
José Ignacio Santos-Preciado1

and Marı́a Dolores Alcántar-Curiel1*

1Laboratorio de Infectologı́a, Microbiologı́a e Inmunologı́a Clı́nica, Unidad de Investigación en
Medicina Experimental, Facultad de Medicina, Universidad Nacional Autónoma de México,
Ciudad de México, Mexico, 2Programa de Genómica Evolutiva, Centro de Ciencias Genómicas,
Universidad Nacional Autónoma de México, Cuernavaca, Mexico, 3Hospital Civil de Guadalajara
“Fray Antonio Alcalde” e Instituto de Patologı́a Infecciosa y Experimental, Centro Universitario de
Ciencias de la Salud, Universidad de Guadalajara, Guadalajara, Mexico
Background: Multidrug-resistant Acinetobacter baumannii is a common

hospital-acquired pathogen. The increase in antibiotic resistance is

commonly due to the acquisition of mobile genetic elements carrying

antibiotic resistance genes. To comprehend this, we analyzed the

resistome and virulome of Mexican A. baumanniimultidrug-resistant isolates.

Methods: Six clinical strains of A. baumannii from three Mexican hospitals

were sequenced using the Illumina platform, the genomes were assembled

with SPAdes and annotated with Prokka. Plasmid SPAdes and MobRecon

were used to identify the potential plasmid sequences. Sequence Type (ST)

assignation under the MLST Oxford scheme was performed using the

PubMLST database. Homologous gene search for known virulent factors

was performed using the virulence factor database VFDB and an in silico

prediction of the resistome was conducted via the ResFinder databases.

Results: The six strains studied belong to different STs and clonal complexes

(CC): two strains were ST208 and one was ST369; these two STs belong to

the same lineage CC92, which is part of the international clone (IC) 2.

Another two strains were ST758 and one was ST1054, both STs belonging

to the same lineage CC636, which is within IC5. The resistome analysis of the

six strains identified between 7 to 14 antibiotic resistance genes to different

families of drugs, including beta-lactams, aminoglycosides, fluoroquinolones

and carbapenems. We detected between 1 to 4 plasmids per strain with sizes

from 1,800 bp to 111,044 bp. Two strains from hospitals in Mexico City and
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Guadalajara had a plasmid each of 10,012 bp pAba78r and pAba79f,

respectively, which contained the blaOXA-72 gene. The structure of this

plasmid showed the same 13 genes in both strains, but 4 of them were

inverted in one of the strains. Finally, the six strains contain 49 identical

virulence genes related to immune response evasion, quorum-sensing, and

secretion systems, among others.

Conclusion: Resistance to carbapenems due to pAba78r and pAba79f

plasmids in Aba pandrug-resistant strains from different geographic areas

of Mexico and different clones was detected. Our results provide further

evidence that plasmids are highly relevant for the horizontal transfer of

antibiotic resistance genes between different clones of A. baumannii.
KEYWORDS

Acinetobacter baumannii, pandrug-resistant, blaOXA-72 gene, plasmid, Mexico
Introduction

Acinetobacter baumannii is a Gram-negative, non-spore-forming,

strictly aerobic, non-flagellated exhibiting twitching motility catalase

positive, oxidase negative bacterium (Wilharm et al., 2013). It is an

opportunistic pathogen that can colonize the skin and cause various

healthcare-associated infections (HAIs); predominantly pneumonia

and catheter-associated bacteremia but can also cause soft tissue and

urinary tract infections (Wong et al., 2017). Infections caused by A.

baumannii commonly occur in immunocompromised patients with a

high incidence in hospital settings. These infections contribute to

attributable mortality rates that range from 5% in general hospital

wards to as high as 54% in ICUs (Shahryari et al., 2021).

Due to its intrinsic resistance to numerous antimicrobial agents

and its ability to efficiently acquire various resistance mechanisms,

A. baumannii isolates are frequently multi-drug-resistant (MDR) or

extensively drug-resistant (XDR). In this regard, carbapenem-

resistant A. baumannii (CRAB) has been recognized as a critical

priority pathogen in the World Health Organization´s priority list

of antibiotic-resistant bacteria (Kabic et al., 2023). This species

belongs to the so-called “ESKAPE group”, which also includes

Enterococcus faecium , Staphylococcus aureus , Klebsiella

pneumoniae, Pseudomonas aeruginosa, and Enterobacter species

(Karlowsky et al., 2017). These bacteria not only cause the

majority of HAIs but also represent different paradigms of

pathogenicity, transmission, and antimicrobial resistance, posing

a serious threat to hospitals (Jie et al., 2021).

One significant mechanism of carbapenem resistance involves the

hydrolysis of carbapenems by carbapenemase enzymes, which are

predominantly encoded on plasmids and, in some cases, on the

chromosome, such as oxacillinases. The enzymes carbapenemases

exhibited a high degree of transmissibility (Nordmann and Poirel,

2013; Nordmann and Poirel, 2019; Graña-Miraglia et al., 2020).

Among carbapenem-resistant A. baumannii strains from Latin
0251
American countries, the most widely disseminated carbapenemases

belong to the class D enzymes (Rodrıǵuez et al., 2018), which include

OXA-23, OXA-58, OXA-72, OXA-143 and OXA-253; however,

NDM-1, VIM-1, IMP-1, and IMP-10 have also been detected

(Nordmann and Poirel, 2019).

Several studies have demonstrated that A. baumannii has a

natural ability to incorporate exogenous DNA through horizontal

gene transfer (HGT), including antibiotic resistance determinants

(Traglia et al., 2014). The frequent identification of foreign DNA in

its genome explains the genomic plasticity of this pathogen (Lee

et al., 2017); HGT is the main mechanism for acquiring new traits,

such as antimicrobial resistance genes, allowing the survival of

bacterial species with high genetic plasticity (Partridge et al., 2018).

Currently, there is a particular interest in studying plasmids

carrying genes encoding OXA-type beta-lactamases, which are the

primary mechanism of carbapenem resistance in A. baumannii

(Salgado-Camargo et al., 2020).

Whole-genome sequencing techniques, combined with

bioinformatic tools, have been of great help not only to identify

the entire gene background that a strain possesses but also to

determine different replicons and the genes encoded within them

(Graña-Miraglia et al., 2020). Here, we sequenced six Mexican

strains of A. baumannii sampled from three hospitals to obtain

information about the resistome, virulome, and structural dynamics

of antimicrobial resistance plasmids.
Materials and methods

Study design, settings, and isolates

We selected six A. baumannii strains isolated from patients with

healthcare-associated infections (HAIs) from three tertiary referral

hospitals in different geographic areas in Mexico: four strains were
frontiersin.org
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collected at Hospital Regional General Ignacio Zaragoza (HRGIZ),

Instituto de Seguridad y Servicios Sociales de los Trabajadores del

Estado (ISSSTE) in Mexico City, Mexico; one strain at Pediatric ward

of the Hospital General de México Eduardo Liceaga (HGM-P) in

Mexico City, Mexico and one strain at Hospital Civil de Guadalajara,

Fray Antonio Alcalde (HCG) in Guadalajara Jalisco, Mexico

(Alcántar-Curiel et al., 2019b). Strains were grown in LB medium

overnight at 37°C and stored in glycerol 20% at -80°C until analysis.
Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was done by the automated

VITEK®-2 System. Microdilution broth method was used to

determinate MICs of colistin according to Clinical and

Laboratory Standards Institute guidelines (CLSI) (Lewis and

Pharm, 2023) using Escherichia coli ATCC 25922 as quality

control strain. We employed the antimicrobial categories as

proposed by Magiorakos including the multidrug-resistant

(MDR), extensively drug-resistant (XDR), and pandrug-resistant

(PDR) phenotypes (Magiorakos et al., 2012).
Pulsed-field gel electrophoresis

Genotyping of A. baumannii strains was determined by Pulsed-

Field Gel Electrophoresis (PFGE) as described previously (Naas et al.,

2005; Alcántar-Curiel et al., 2014). Briefly, genomic DNA from all

strains was digested with ApaI (New England Biolabs, Beverly, MA)

embedded in 1% agarose plugs and then subjected to PFGE with a

Gene Path system (BioRad) and using lambda ladder PFGE marker

(New Englands Biolabs, Beverly) as molecular marker. The PFGE

patterns were analyzed using the GelJ Software (Heras et al., 2015),

and individual pulse type (PT) were defined according to the

interpretative criteria proposed by Tenover (Tenover et al., 1995).

The similarity between profiles was calculated using the Dice

coefficient (Dice, 1945), every strain with a correlation greater than

85% was considered as member of the same PT.
Plasmids characterization

Plasmids content in A. baumannii isolates was detected using a

gentle lysis procedure for both chromosomal and plasmid DNA,

followed by separation through electrophoresis using the Eckhardt

technique (Eckhardt, 1978; Alcántar-Curiel et al., 2019a). As a

source for the high molecular weight DNA bacterial artificial

chromosomes (BAC) of 67, 86, 101, 122, 145, and 195 Kb were

used (González et al., 2006). 1Kb Plus DNA Ladder (ThermoFisher

Scientific) was used as low molecular weight markers.
Whole-genome sequence analysis

Total DNA from an isolated colony was extracted using the

QIAamp® DNA Mini Kit (Qiagen, Hilden, Germany) according to
Frontiers in Cellular and Infection Microbiology 0352
the manufacturer’s instructions. DNA quality and quantity were

evaluated by agarose gel electrophoresis. The genome sequencing of

the isolates was carried out at of Instituto Nacional de Medicina

Genómica (https://www.inmegen.gob.mx/) in Mexico City, Mexico.

Samples were sequenced on the Illumina MiSeq platform at 2 x 250

base pair-end read (Mateo-Estrada et al., 2021). Data were

assembled using SPAdes 3.13.1 (Bankevich et al., 2012), and

genome annotation was performed using Prokka v.1.14.6

(Seemann, 2014). The Multi Locus Sequence Typing (MLST) was

performed according to Oxford MLST scheme, as previously

described by Bartual et al. (2005) and Pasteur MLST scheme, as

previously described by Diancourt et al. (2010). The ST was

designated according to the allelic profiles in the PubMLST

database (http://pubmlst.org/abaumannii/). Based on the eBURST

and neighbour-joining diagram approach generated by the Phyloviz

2.0 program, MLST clonal complexes (CC) and evolutionary

relationships between A. baumannii strains were defined

(Toledano-Tableros et al., 2021). Antibiotic resistance genes

(ARGs) were identified using ResFinder 4.1 (Bortolaia et al.,

2020). Virulence-associated genes were identified using the

virulence factor database VFDB 2.0 (Darmancier et al., 2022).

The mobile genetic elements were characterized using

plasmidSPAdes v3.11.1 (Antipov et al., 2016) y MOB-suite v3.0.3

(Robertson and Nash, 2018; Robertson et al., 2020).
Data access

The whole genome sequences have been deposited at GenBank

under the accession numbers JAUPJZ000000000, JAUPJY000000000,

JAUPJX000000000, JAUPJW000000000, JAUPJV000000000,

JAUPJU000000000 (BioProject PRJNA997334). The accession

number of the plasmids is OR436916, OR436917, OR436918,

OR436919, OR436920, OR436921, OR436922, OR436923.
Results

Clinical data and antibiotic
susceptibility pattern

The six A. baumannii strains investigated in this study were

obtained from clinical samples. The strains Aba/76 and Aba/78

were isolated from cerebrospinal fluid, while Aba/75, Aba/77, Aba/

79, and Aba/80 were derived from blood samples. Aba/76, Aba/77,

and Aba/78 were isolated from patients who were admitted to the

Intensive Care Unit, Aba/75 from a patient in the Internal Medicine

department, Aba/79 from a Cardiology patient, and Aba/80 from a

Pediatrics patient. Regarding comorbidities, Aba/79 and Aba/80

were isolated from patients with catheter-associated bacteremia,

Aba/75 from a patient with septic shock, Aba/76 from a patient with

an aneurysm, Aba/77 from a patient who had suffered traumatic

brain injury, and Aba/79 from a patient with a pituitary

microadenoma. Strains Aba/75, Aba/78 and Aba/79 exhibited a

PDR profile demonstrating resistance to aminoglycosides, second-

and third-generation cephalosporins, fluoroquinolones,
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tetracyclines, carbapenems and colistin. The remaining three strains

Aba/76, Aba/77 and Aba80 displayed an XDR profile, with one of

them showcasing resistance to colistin (Table 1).
The isolates belong to IC2 and IC5

The isolates were genotyped using PFGE. Among the four

strains obtained from ISSSTE, Aba/75 and Aba/76 exhibited

macrorestriction patterns with over 85% similarity, both assigned

to PT1. We further evaluated the genomic similarity between Aba/

75 and Aba/76 using CJ Bioscience’s online Average Nucleotide

Identity (ANI) calculator, which revealed a remarkable 99.97%

identity in their genomic sequences. Strain Aba/77 was

categorized as PT2, while strain Aba/78 was assigned to PT3.

Notably, Aba/78 was associated with a nosocomial outbreak.

Strain Aba/79 from HCG was designated as PT4, and the strain

from HGM, Aba/80, was classified as PT5 (Figure 1).

Pasteur MLST analysis identified that isolates Aba/75, Aba/76,

and Aba/78 belonged to ST2, whereas isolates Aba/77, Aba/79, and

Aba/80 belonged to ST156. Using the Oxford MLST data, we

ascertained that Aba/75 and Aba/76 PT1 strains belonged to

ST208, which is part of CC92 within IC2. The strain Aba/77 PT2

and Aba/79 PT4 belonged to ST758, CC636, a member of IC5. The

strain Aba/78 PT3 belonged to ST369, CC92, a member of IC2, and

strain Aba/80 PT5, belonged to ST1054, CC636, a member of IC5

(Table 2). Interestingly, three strains belonged to CC92, a member

of IC2, and the other three strains belonged to CC636, a member of

IC5 (Table 2; Figure 2).
Resistome and virulome of
A. baumannii strains

Molecular analysis identified the highest number of ARGs in strain

Aba/78 with 14 genes. The strains of the same PT1 Aba/75 and Aba/76

harboured the same number of the ARGs, with 10 genes. Strains Aba/

77 and Aba/79 (both ST758) harboured 8 and 7 genes respectively,

while strain Aba/80 harboured 8 genes (Table 2). The identified ARGs

mainly belonged to the families of macrolides, fluoroquinolones, and

aminoglycosides. Additionally, genes for resistance to carbapenems

(last-line drugs against A. baumannii) were identified in all strains.

Analysis of the virulome of six strains revealed the presence of 49

similar genes in all clinical isolates. These genes are involved in

adherence, biofilm formation, enzymes, immune evasion, iron uptake,

regulation, serum resistance, and stress adaptation (Supplementary

Table 1). These findings underscore the pathogenic potential exhibited

by the majority of strains within the A. baumannii complex.
Plasmids identification, genome
rearrangements, and carriage of ARGs

Experimental assays showed that strain Aba/79 had the highest

number of replicons, with four plasmids of sizes 14,000 bp, 6,500
Frontiers in Cellular and Infection Microbiology 0453
T
A
B
LE

1
A
n
ti
m
ic
ro

b
ia
l
su

sc
e
p
ti
b
ili
ty

p
ro

fi
le
s
o
f
si
x
is
o
la
te
s
o
f
A
.
b
au

m
an

n
ii
fr
o
m

M
e
xi
ca

n
h
o
sp

it
al
s.

N
o
.I
so

la
te
-

H
o
sp

it
al

C
at
e
g
o
ri
e
sa

an
ti
m
ic
ro
b
ia
l

re
si
st
an

ce

M
IC

mg
/m

Lb

A
m
ik
ac

in
G
e
n
ta
m
ic
in

C
e
fo
ta
xi
m
e

C
e
fe
p
im

e
Le

vo
fl
o
xa

ci
n

T
e
tr
ac

yc
lin

e
Im

ip
e
n
e
m

M
e
ro
p
e
n
e
m

C
o
lis
ti
n

A
ba
/7
5-

H
R
G
IZ

P
D
R

>1
28

(R
)

>1
28

(R
)

>1
28

(R
)

64
(R
)

32
(R
)

>1
28

(R
)

8
(R
)

8
(R
)

16
(R
)

A
ba
/7
6-

H
R
G
IZ

X
D
R

>1
28

(R
)

>1
28

(R
)

>1
28

(R
)

32
(R
)

8
(R
)

>1
28

(R
)

4
(I
)

8
(R
)

1
(S
)

A
ba
/7
7-

H
R
G
IZ
/

X
D
R

32
(I
)

2
(S
)

>1
28

(R
)

>1
28

(R
)

16
(R
)

16
(R
)

64
(R
)

16
(R
)

32
(R
)

A
ba
/7
8-

H
R
G
IZ

P
D
R

>1
28

(R
)

>1
28

(R
)

>1
28

(R
)

>1
28

(R
)

16
(R
)

>1
28

(R
)

12
8
(R
)

>1
28

(R
)

32
(R
)

A
ba
/7
9-

H
C
G

P
D
R

32
(I
)

32
(R
)

>1
28

(R
)

32
(R
)

16
(R
)

32
(R
)

64
(R
)

12
8
(R
)

32
(R
)

A
ba
/8
0-

H
G
M
-P

X
D
R

>1
28

(R
)

>1
28

(R
)

>1
28

(R
)

12
8
(R
)

32
(R
)

>1
28

(R
)

>1
28

(R
)

12
8
(R
)

2
(S
)

a M
ul
ti
dr
ug

re
si
st
an
ce

cr
it
er
io
n
pr
op

os
ed

by
M
ag
io
ra
ko
s
et

al
.,
20
12
;M

D
R
,m

ul
ti
dr
ug
-r
es
is
ta
nt
;X

D
R
,e
xt
en
si
ve
ly

dr
ug
-r
es
is
ta
nt
;P

D
R
,p

an
dr
ug
-r
es
is
ta
nt
.

b
M
IC
,M

in
im

um
In
hi
bi
to
ry

C
on

ce
nt
ra
ti
on

;I
,i
nt
er
m
ed
ia
te
su
sc
ep
ti
bi
lit
y;
R
,r
es
is
ta
nt
;S
,s
us
ce
pt
ib
le
;H

R
G
IZ
,H

os
pi
ta
lR

eg
io
na
lG

en
er
al
Ig
na
ci
o
Z
ar
ag
oz
a,
In
st
it
ut
o
de

Se
gu
ri
da
d
y
Se
rv
ic
io
s
So
ci
al
es
de

lo
s
T
ra
ba
ja
do

re
s
de
lE

st
ad
o,
M
ex
ic
o
C
it
y;
H
G
M
-P
,P
ed
ia
tr
ic
w
ar
d
of
th
e

H
os
pi
ta
l
G
en
er
al
de

M
éx
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bp, 3,200 bp and 1,800 bp. Strain Aba/77 harbour two plasmids with

sizes of 14,000 bp and 3,200 bp. Strain Aba/80 harboured three

plasmids with sizes of 14,000 bp, 3,200 bp and 2,100 bp. Finally

strains Aba/75, Aba/76 and Aba/78 do not harbor plasmids

(Table 3; Figure 3). Based on in silico analysis and genome

assemblies, four plasmids of sizes 16,610 bp, 10,012 bp, 5,358 bp,

and 2,803 bp were identified in the Aba/79 strain. In the Aba/77

strain, two plasmids of sizes 15,362 bp and 5,358 bp were identified,

while in the Aba/80 strain, two plasmids of sizes 15,365 bp and

5,358 bp were identified. Additionally, a plasmid of 111,044 bp was

detected in the Aba/75 and Aba/76 strains and a plasmid of 10,012

bp in Aba/78 strain (Table 3). However, as previously indicated, no

plasmids were identified in these three strains through

experimental assays.

Using ResFinder, the ARGs carried in each replicon were

identified. In the case of strain Aba/79, which had four replicons,

only the 10,012 bp plasmid harbored the blaOXA-72 gene, conferring

carbapenem resistance, we named this plasmid pAba79f. The

plasmid of the same size 10,012 bp in strain Aba/78 also

contained the blaOXA-72 gene (ID GenBank: AY739646), which we
Frontiers in Cellular and Infection Microbiology 0554
named pAba78r. The nucleotide sequence alignment of these two

plasmids of the same size that contained the blaOXA-72 gene showed

a 73% close relationship. In these two plasmids, we identified an

IS701 sequence located 433 base pairs upstream of the blaOXA-72
gene. It was found that the plasmids in strains Aba/75, Aba/76 and

Aba/80 did not contain any ARGs.

The analysis of the sequences of both plasmids pAba79f and

pAba78r strains using BLASTN (https://blast.ncbi.nlm.nih.gov/

Blast.cgi) showed that these plasmids have matched with the

circular plasmid pAba10042a of 10,062 bp from A. baumannii

strain 10042 (ID Gen Bank: NZ_CP023027.1). The analysis of the

genome information revealed that both plasmids had 13 coding

sequences (CDS) (Figure 4A). Among these, six encode

hypothetical proteins, one encodes an IS701 transposase, one

encodes the carbapenemase blaOXA-72, one encodes a plasmid

mobilization protein MobA/MobB, one encodes a replication

inhibitor protein RepM, one encodes a Mer regulatory protein,

one encodes a DNA-binding protein Arc, and one encodes a MarR

transcriptional regulator.

Although the plasmids pAba79f and pAba78r have the same

size and the same number of CDS, their structures are different. A

region of 4 CDS which includes a hypothetical protein, MobA,

RepM and Mer, is inverted between the two plasmids (Figure 4A).

The nucleotide sequence of the pAba10042a plasmid obtained from

Gen Bank exhibits the same genetic organization as the pAba79f

plasmid from Aba/79 strain (Figure 4A).

To delve deeper into the dynamics and persistence of plasmids,

resistance gene transfer and genetic rearrangements, we selected the

genome sequences of five A baumannii strains belonging to ST369

(53, 58, 64, 70, 73), from Mateo 2021 et al. and three strains

belonging to ST758 (43, 63, 69) sharing the same ST as strains Aba/

78 y Aba/79, respectively. Plasmid analysis was conducted in these

strains, revealing that strain 73 possesses the pAba10042a plasmid

of 10,062 bp, while strain 58 has a plasmid with the same size but a

lower number of CDS (13 and 12, respectively), which we named

pAba58. Strain 70 harbours a plasmid of 5,464 bp, which we named

pAba70F. However, strains 53 and 64 do not have any replicons. As

for the three ST758 strains, the pAba10042a of 10,062 bp was

identified in all of them. Interestingly, the search for ARGs revealed

that all the 10,062 bp and 5,464 bp plasmids harbour the blaOXA-72
gene (Figure 4B). From the analysis of gene structure in the

plasmids, we observed that, except for strains 58 and 70, which

lack one or more genes, all other strains retained the same structure

and orientation as the pAba10042a plasmid (Figure 4B). Finally, it is

noteworthy that no virulence genes were found in the sequence of

the pAba10042a plasmids in each strain.
Discussion

A. baumannii is a bacterium of significant interest and concern

in the hospital environment due to its ability to cause HAIs. This

pathogen has become a global public health problem due to its

increasing antimicrobial resistance, which hinders its treatment and

control. One of the main features of A. baumannii is its capacity to

acquire antimicrobial resistance genes through the lateral transfer of
FIGURE 1

Electrophoretic PFGE pattern of A. baumannii strains. l:
Molecular marker.
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genetic material between different strains, with diverse geographical

origins (Graña-Miraglia et al., 2020). In this study, conducted on A.

baumannii PDR and A. baumannii XDR strains from three

hospitals and two geographic areas in Mexico, the dissemination

of strains with similar PFGE patterns was observed (Figure 1). For

example, PT1 detected in 2 strains from ISSSTE (Aba/1 and Aba/2),

corresponds to clone G previously reported by Alcántar-Curiel in

2019 at ISSSTE, México City, from where these isolates originated.

It also corresponds to clone 22 previously reported by Alcántar-

Curiel in 2014 strains from HCG, Guadalajara. The distance

between these two hospitals is 540 Km. Therefore, we can

conclude that this pulse type has been disseminated for at least

five years in Mexico.

The eBURST and ST assignment analyses of the strains

identified two groups. Group IC2 comprises Aba/75 and Aba/76

of ST208, and Aba/78 of ST369, all of which are members of CC92

(Figure 2). Group IC5 includes Aba/77 and Aba/79 of ST758, and
Frontiers in Cellular and Infection Microbiology 0655
Aba/80 of ST1054, all of which are members of CC636 (Figure 2).

Although ST208 was identified in a strain from ISSSTE in Mexico

City, it has been previously identified in San Luis Potosı,́ México

(Tamayo-Legorreta et al., 2016), Guadalajara, Jalisco, México

(Mateo-Estrada et al., 2021), and Mexico City (Alcántar-Curiel

et al., 2019b; Alcántar-Curiel et al., 2023). Similarly, ST369

identified in a strain from ISSSTE in Mexico City, has been

previously described in Nuevo León, Mexico (Bocanegra-Ibarias

et al., 2015), Guadalajara, Jalisco, Mexico (Mateo-Estrada et al.,

2021), and by our group (Alcántar-Curiel et al., 2019b; Alcántar-

Curiel et al., 2023).

The IC5 strains were identified in all three hospitals included in

the study. The strains Aba/77 from ISSSTE and Aba/79 from HCG

belong to ST758, which has been previously described in four

hospitals in Mexico City (Tamayo-Legorreta et al., 2014; Graña-

Miraglia et al., 2017; Mancilla-Rojano et al., 2019) and Guadalajara,

Jalisco, México (Alcántar-Curiel et al., 2019b; Mateo-Estrada et al.,
TABLE 2 Antibiotic resistance genes in A. baumannii strains.

No. strain Aba/75 Aba/76 Aba/77 Aba/78 Aba/79 Aba/80

Pulse Type/Sequence Type/Clonal Complex/
International Clonal

PT1/ST208/
CC92/IC2

PT1/ST208/
CC92/IC2

PT2/ST758/
CC636/IC5

PT3/ST369/
CC92/IC2

PT4/ST758/
CC636/IC5

PT5/ST1054/
CC636/IC5

Total resistance genes 10 genes 10 genes 8 genes 14 genes 7 genes 8 genes

Antibiotic resistance gene

blaADC-25 blaADC-25 blaADC-25 blaADC-25 blaADC-25 blaADC-25

blaOXA-66 blaOXA-66 blaOXA-66

blaOXA-65 blaOXA-65 blaOXA-65

blaOXA-239 blaOXA-239

blaOXA-72 blaOXA-72 blaOXA-72

blaTEM-1

aph(3’’)-Ib aph(3’’)-Ib aph(3’’)-Ib aph(3’’)-Ib aph(3’’)-Ib aph(3’’)-Ib

aph(6)-Id aph(6)-Id aph(6)-Id aph(6)-Id aph(6)-Id aph(6)-Id

aph(3’)-Ia aph(3’)-Ia

aph(3’)-VIa

aac(6’)-Ib-cr

aac(6’)-Ib3

aadA1

armA armA arma

aac(6’)-Ian aac(6’)-Ian aac(6’)-Ian

mph(E) mph(E)

msr(E) msr(E)

sul2 sul2 sul2 sul2 sul2

sul1

catB8

tet(B) tet(B) tet(B)

qacE
blaADC-25, Cephalosporinase. blaOXA-66 and blaOXA-65, Beta-lactam resistance. blaOXA-239, and blaOXA-72, Carbapenem resistance. blaTEM-1, Beta-lactam resistance. aph(3’’)-Ib, aph(6)-Id, aph(3’)-
Ia, aph(3’)-vIa, aac(6’)-Ib3, aadA1, armA, and aac(6’)-Ian, aac(6’)-Ib-cr, Aminoglycoside resistance.mph(E), Macrolide resistanc.msr(E), Macrolide, Lincosamide and Streptogramin B resistance.
sul1 and sul2, Sulphonamide resistance. catB8, Phenicol resistance. tet(B), Tetracycline resistance; qacE, Disinfectant resistance.
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2021). Recently, in 2020 Graña-Miraglia described that ST758 is an

endemic clade that emerged recently within IC5 and exhibits

considerable variation in terms of antibiotic resistance genes in

Mexican strains. According to the PubMLST database, several

studies have reported isolates of this ST in Canada (Loewen et al.,

2014), Mexico and Honduras (Graña-Miraglia et al., 2017; López-

Leal et al., 2019), and in Colombia (Vanegas et al., 2015). Regarding

the Aba/80 strain from HGM, it belongs to ST1054, which has been

previously described in other hospitals in Mexico City by Alcántar-

Curiel in 2019.

The geographic distribution of IC2 is worldwide, including

countries in Latin America (Levy-Blitchtein et al., 2018) and the
Frontiers in Cellular and Infection Microbiology 0756
United States of America (Hujer et al., 2017), which share borders

with Mexico. Although this clone has not been described as one of

the most relevant in Mexico (Graña-Miraglia et al., 2017; Graña-

Miraglia et al., 2020), our results highlight its importance in Mexico.

As for IC5, it has mainly spread in Latin America. Studies

conducted in Brazil, Argentina, Chile and Paraguay (Nodari et al.,

2020) report that the main carbapenemase-producing clones belong

to CC15 and CC79, corresponding to IC4 and IC5, respectively

(Chagas et al., 2014). Due to its presence in North, Central, and

South America, IC5 is considered a Pan-American clone, although

it has been described in southeastern Europe (Graña-Miraglia et al.,

2020). Our results confirm the dissemination of IC2 and IC5 strains
FIGURE 2

eBurst diagrams for Oxford MLST schemes of A. baumannii strains with clonal complexes and STs of close-up.
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in Mexico, often exhibiting XDR and PDR (Nodari et al., 2020).

Therefore, it is suggested to maintain close surveillance in the

hospital environment.

A. baumannii strains with XDR and PDR are becoming

increasingly prevalent in hospital settings. Therefore, it is becoming

more crucial to identify the types of ARGs these pathogens harbor to

provide targeted and effective therapies that promote patient health.

To address the increasing problem of antimicrobial resistance

and safeguard the effectiveness of antimicrobials, studying the

resistome is essential. Our data showed significant diversity in the

number of ARGs (Table 2), highlighting that IC2 strains harbored

the highest number of AGRs Aba/78 having 14, and Aba/75 and

Aba/76 having 10 each. While IC5 strains contained a lower

number of AGRs, Aba/77 had 8, Aba/79 had 7 and Aba/80 had 8.

Hernández-González et al. (2022) conducted a genomic study of the

resistome using complete genomes of baumannii published and

reported an average of 29.38 ARGs per genome using the CARD

program. This number is higher to the number of AGRs detected in

the IC2 strains in this study, a clone that has a longer divergence

time and is globally distributed. However, the number of AGRs is

lower in the ST758 and ST1054 strains belonging to IC5. The first

one has recently expanded as reported by Graña-Miraglia in 2017,

while there are few reported cases of the second ST.

Another significant finding was the presence of genes encoding

carbapenemases. All strains contained blaOXA-51-like genes, which are

intrinsic resistance genes, but the allele, differed for each IC; IC2

strains harbored blaOXA-66, while IC5 strains carried blaOXA-65. IC5

strains Aba/77 and Aba/80 carried blaOXA-239 in the chromosome,

which belongs to the blaOXA-23-like family. Particularly, IC2 strain

Aba/78 and IC5 strain Aba/79 shared the presence of the blaOXA-72
gene, which belongs to the blaOXA-40-like family. Notably, the presence

of the IS701 element 433 base pairs upstream of blaOXA-72 strongly

supports its association with the carbapenem resistance phenotype.

Except for the consistent presence of the blaOXA-72 gene in both IC

groups, these findings imply a selective pattern of cephalosporinases

and carbapenemase genes within the strains of IC2 and IC5. This

selective trend could serve as a potential determinant in tracing their

lineage. Our findings align with Ingti et al.’s study (Ingti et al., 2020),

highlighting the coexistence of ADC-type and OXA genes in A.

baumannii, collectively contributing to resistance against extended-

spectrum cephalosporins and carbapenems. Nevertheless, the

resistance profile of strain Aba/75 to both carbapenems, and the

resistance of strain Aba/76 to meropenem in the absence of

carbapenemases, suggests the potential involvement of an

alternative resistance mechanism, possibly associated with efflux

pump activity or the loss of porins.

The virulome of the A. baumannii strains was found to be highly

conserved in this study. Forty-nine virulence genes were identified in

all strains, and the main categories in which they were grouped

included biofilm formation, lipopolysaccharide production,

acinetobactin synthesis, and regulatory systems. These mechanisms

coincide with those described by (Wong et al., 2017; Harding et al.,

2018; Ibrahim et al., 2021), which enable the bacteria to persist in

adverse environmental conditions.

The acquisition of genetic material through horizontal transfer

in A. baumannii is a highly successful process that allows the
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bacteria to make changes in its genome, even faster than the

mutation process (Graña-Miraglia et al., 2017). The diversity in

plasmid sizes found in strains of this study is consistent with the

sizes described in various studies, ranging from 1.8 kb to over 100
Frontiers in Cellular and Infection Microbiology 0958
kb, with smaller plasmids being carriers of ARGs generating the

most interest (Lean and Yeo, 2017). Gel electrophoresis and in silico

analysis showed that the number and size of small plasmids are

quite similar. However, in the gel electrophoresis assay, the
FIGURE 3

Electrophoretic pattern of plasmids in A. baumannii strains. BACs, Bacterial Artificial Chromosome used as reference markers for high molecular
weight. MW, Molecular Weight (1KB plus DNA Ladder).
A

B

FIGURE 4

Genetic structure in A. baumannii plasmids. (A)- Genetic structure of plasmids pAba10042a (CP023027.1), pAba78r and pAba79f. (B)- Genetic
structure of plasmids identified in A. baumannii strains from Mateo-Estrada et al., 2021, pAba10042a, pAba58 and pAba70f.
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megaplasmids that were identified through in silico analysis were

not visualized. The limitations of gel electrophoresis lie in the non-

identification of large-sized plasmids, probably due to the low copy

numbers of the replicon. On the other hand, the limitations of

bioinformatic techniques include the updating of program

databases, genome coverage, read depth, as well as the presence of

repetitive regions that make genome assembly challenging, among

others. Significantly, we managed to identify concordances between

both methodologies, enabling us to gain insight into the mobile

elements contain in A. baumannii and determine the resistance

genes they harbor.

This is one the first studies where the size of plasmids was

compared using both experimental and bioinformatic

methodologies, which proved to be complementary. In the

Eckhardt method, gel electrophoresis allows each plasmid to be

obtained in its linearized form due to the denaturing properties of

the system. Meanwhile, the bioinformatic power of in silico analysis

enabled the identification of plasmids in the genome content. This

approach can be of great assistance in future studies concerning

plasmid dynamics.

The sequence analysis for ARGs within each of the identified

replicons revealed that strains Aba/78 and Aba/79, belonging to

ST369/CC92/IC2 and ST758/CC636/IC5, respectively, contained a

10,012 bp plasmid harboring the carbapenem resistance gene

blaOXA-72 in both strains. This plasmid contains 13 coding

regions, including the replication and mobilization machinery,

allowing it to undergo horizontal transfer to these strains

(Figure 4A). Despite the significant identity in size and number of

identified CDS, these plasmids were not identical to each other. In

their structure, they exhibited the inversion of four of their genes

involved in plasmid mobilization. The inverted locus is composed

of hypothetical protein, followed by MobA, which enables plasmid

mobilization, the RepM protein, which serves as an initiator of

replication, and the regulatory protein Mer (Figure 4A). The

sequence of these plasmids showed that the plasmid pAba79f

from Aba/79 strain, ST758/CC636/IC5, exhibited 100% identity

with plasmid pAba10042a (NZ_CP023027.1) of 10,062 bp

(Salgado-Camargo et al., 2020).

To determine whether the genetic structure of these plasmids

had been previously identified in reported strains, we selected

genomes from a study conducted by Mateo-Estrada in 2021. We

included five strains belonging to ST369/CC92/IC2 and three

strains from ST758/CC636/IC5, corresponding to Aba/78 and

Aba/79 strains respectively. In these genomes, we identified two

ST369 strains with a 10,062 bp plasmid and one strain with a 5,464

bp plasmid, and both plasmids contained the blaOXA-72 gene. As for

ST758, we identified three strains carrying a 10,062 bp plasmid with

the blaOXA-72 gene. The sequence of each plasmid showed that four

strains harboured the plasmid pAba10042a with identical

structures. However, strain 58 had almost the same structure but

lacked a hypothetical protein. The plasmid had the same size of

10,062 bp, but in the gene annotation, it only presented 12 of the 13

CDS that strain Aba/79 had. Likewise, strain 70, which carried the

5,464 bp plasmid, lacked the entire locus that was inverted in strains

Aba/78 and Aba/79, although the rest of the sequence remained

unchanged, including the remaining 9 CDS. This analysis revealed
Frontiers in Cellular and Infection Microbiology 1059
significant plasticity of this plasmid, as it exhibited various

structural rearrangements and lengths in several strains. However,

in all cases, it retained the blaOXA-72 resistance gene, which belongs

to the serine carbapenemases family blaOXA-24-like. This gene

represents one of the predominant mechanisms for carbapenem

resistance in A. baumannii (Salgado-Camargo et al., 2020). It is

noteworthy that the Aba/78 strain with the inverted locus in the

resistance plasmid harboured the highest number of ARGs, totalling

14, including a cephalosporinase and two carbapenemases, and was

responsible for a nosocomial outbreak. The epidemiological

surveillance of this particular clone is crucial to prevent its

spread; importantly, the plasmid it carries can be transferred to

strains of different IC.

Our study highlighted the significant ability of A. baumannii to

persist in the hospital environment for extended periods. Moreover,

it revealed the broad range of resistance determinants that A.

baumannii possesses and the structural versatility of certain

plasmids capable of transmitting resistance genes among different

clones. Epidemiological studies supported by genetic-molecular

data will be increasingly necessary to comprehend the extent of

genetic diversity and monitor the transmission of resistance

determinants in A. baumannii populations.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.
Author contributions

JF-V: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Software, Writing – original draft. IH-

G:Writing – review & editing, Data curation, Software, Methodology.

SC-R: Formal analysis, Supervision, Writing – review & editing. MJ-

Q: Writing – review & editing, Methodology, Validation. CG-V:

Methodology, Formal analysis, Writing – review & editing. VM-E:

Methodology, Software, Writing – review & editing. RM-O: Writing

– review & editing, Data curation, Methodology. ER-N: Data

curation, Methodology, Writing – review & editing. JS-P: Formal

analysis, Writing – review & editing. MA-C: Formal analysis,

Funding acquisition, Supervision, Writing – original draft, Writing

– review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by Programa de Apoyo a Proyectos de Investigación e

Innovación Tecnológica (UNAM-PAPIIT-DGAPA) grant number

IN217721 and Consejo Nacional de Ciencia y Tecnologı ́a
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hospital in China: serotype
diversity, multidrug resistance,
and genetic insights
Wanshan Ma1†, Xiaodi Cui2†, Xiutao Dong1, Xinpeng Li3, Ke Liu1,
Yujiao Wang1, Xiaohong Shi1, Liang Chen4,5 and Mingju Hao1*

1Department of Clinical Laboratory Medicine, The First Affiliated Hospital of Shandong First Medical
University & Shandong Provincial Qianfoshan Hospital, Shandong Medicine and Health Key Laboratory
of Laboratory Medicine, Jinan, China, 2School of Clinical Medicine, Jining Medical University,
Jining, China, 3Department of Bacterial Infectious Disease Control and Prevention, Shandong Center
for Disease Control and Prevention, Jinan, China, 4Center for Discovery and Innovation, Hackensack
Meridian Health, Nutley, NJ, United States, 5Department of Medical Sciences, Hackensack Meridian
School of Medicine, Nutley, NJ, United States
Objective: Nontyphoidal Salmonella is a significant public health concern due to

its ability to cause foodborne illnesses worldwide. This study aims to characterize

the nontyphoidal Salmonella strains isolated from patients in China.

Methods: A total of 19 nontyphoidal Salmonella strains were characterized

through serovar identification, antimicrobial susceptibility testing (AST), biofilm

formation assessment. Genetic relatedness was determined using pulsed-field gel

electrophoresis (PFGE). WGSwas employed to decipher the resistancemechanism

and to contextualize the S. serovar Mbandaka strains among previously sequenced

isolates in China. The biofilm associated mrkA gene was examined by PCR.

Results: The predominant serovar identified was S. Enteritidis, followed by S.

Mbandaka, S. Thompson, S. Livingston, S. Alachua, and S. Infantis. PFGE analysis

indicated a notable genetic similarity among the S.Mbandaka isolates. Phylogenetic

analysis suggested that these strains were likely derived from a single source that had

persisted in China for over five years. One multidrug resistance (MDR) S. Enteritidis

isolate carried a highly transferable IncB/O/K/Z plasmid with blaCTX-M-15. One S.

Thompson strain, harboring the mrkABCDF operon in an IncX1 plasmid, isolated

from cutaneous lesions, demonstrated robust biofilm formation. However, no

mrkABCDF loci were detected in other strains.

Conclusion: Our study emphasizes the importance of persisted surveillance and

prompt response to Salmonella infections to protect public health. The

dissemination of blaCTX-M-15-harboring IncB/O/K/Z plasmid and the spread of

virulent mrkABCDF operon among Salmonella in China and other global regions

warrant close monitoring.
KEYWORDS

nontyphoidal Salmonella, antibiotic resistance, mrkABCDF operon, phylogenetic
analysis, biofilm
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Introduction

Nontyphoidal Salmonella (NTS) is one of the most common

agents of gastrointestinal disease globally (Amuasi and May, 2019).

It is estimated that NTS cause about 129.5 million cases each year,

resulting in about 100,000 to 1 million deaths per year worldwide

(Wen et al., 2017; Branchu et al., 2018). Salmonella infections

frequently occur in humans when they consume contaminated

foods, including poultry, eggs, beef, pork, milk, seafood, and fresh

fish products. Additionally, direct interactions with animals can

lead to the transmission of Salmonella to humans (Zhao et al.,

2003). While most infections result in self-limiting gastroenteritis,

individuals such as infants, the elderly or those with compromised

immune systems are susceptible to life-threatening invasive

infections (Marchello et al., 2022).

To date, over 2600 Salmonella serovars have been identified, of

which only a few NTS serovars are responsible for most human

infections (Akinyemi et al., 2023). S. Typhimurium and S.

Enteritidis accounts for the majority of NTS infections in humans

(Wang et al., 2023). Alarmingly, the emergence of multi-drug-

resistant (MDR) Salmonella serovars, particularly against 3rd-

generation cephalosporins and fluoroquinolones, is having a great

impact on the efficacy of antibiotic treatment, and an increasing

prevalence of MDR strains may lead to an increase in mortality

rates of Salmonella infections (Crump et al., 2015). Of note, MDR

strains can carry specific virulence factors which are more virulent

than their susceptible counterparts (Gebreyes et al., 2009).
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In China, surveillance data spanning from 2006 to 2019 reveals

an average of 62 serovars are detected annually from human origin

(Wang et al., 2023). S. Typhimurium and S. Enteritidis were the

most common serovar causing human infections in China.

Moreover, the proportion of antimicrobial-resistant Salmonella

isolates occur with increasing frequency during 2006–2019,

especially beta-lactam, quinolone, tetracycline, and rifampicin

resistance (Wang et al., 2023). These findings highlight the need

for continuous monitoring of Salmonella infection with particular

emphasis on MDR Salmonella strains.

In this study, we identified and examined a total of 19 NTS

isolates from patients at a tertiary hospital in eastern China in

2022. The majority of cases were reported between July and

October, with the peak incidence occurring in October. Through

a combination of phenotypic and molecular analyses, we aimed to

gain comprehensive insights into the characteristics of these

Salmonella strains.

Materials and methods

Bacterial isolates

During the period from March 20, 2022, to December 16, 2022,

a total of 19 isolates of NTS were investigated in this study

(Figure 1). All strains were the first isolates collected from each

patient. Ten of the isolates were obtained from feces. Other clinical

specimens included blood cultures, bronchoalveolar lavage fluid,
FIGURE 1

Time frame of stays in hospitalization for the 19 patients involved in NTS infection. Horizontal bars represent the duration of hospitalization for each
patient, with distinct colors indicating the respective ward departments. Circles represent the time of isolation for each patient with colored circles
representing the specimen source. Colored stars represent different serovars.
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cutaneous ulcer, ascitic fluid, joint fluid. For routine use samples

were inoculated on Blood Agar (TSA w/5% Sheep Blood) and

selective SS Agar (Salmonella-Shigella agar) and were grown at

37°C overnight.
Patient information

The median age of infected patients was 35.5 years (range: 1-78

years). 17 of the patients were males. The median duration of illness

was 9 days (range: 5-89 days). Predominant symptoms included

diarrhea (68.4%), fever (47.4%), abdominal pain (47.4%). Lower

respiratory tract infection-related symptoms and signs are

prominent in a patient with lung infection (patient Sal18). All the

patients were administered antimicrobial agents, with 14 (73.7%)

patients showing effective outcomes. Short descriptions of the

investigated isolates are presented in Table 1.
Antimicrobial susceptibility testing

AST was performed using the disk diffusion method or

microdilution method as recommended by the Clinical and

Laboratory Standards Institute guidelines (CLSI, 2021).

Antimicrobial discs were manufactured by Oxoid in UK. The
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following antimicrobial agents were tested: ampicillin (AMP, disk

content 10mg), ceftazidime (CAZ, 30mg), ciprofloxacin (CIP, 5mg),
ceftriaxone (CRO, 30mg), trimethoprim-sulfamethoxazole (TMP-

SMZ, 1.25/23.75mg), meropenem (MEM, 10mg). Levofloxacin

(LEV) was tested by microdilution method. Results were

interpreted using the CLSI breakpoints (CLSI M100, 2021).

MDR was defined as acquired non-susceptibility to at least one

agent in three or more antimicrobial categories (Magiorakos et al.,

2012). Each of the antibiotics was tested with 3 duplicates. ATCC

25922 (E. coli) were used as quality control strains for

susceptibility testing.
Salmonella serotyping

The isolated Salmonella were serotyped on slides by slide

agglutination as described in the manufacturer’s instructions

(Statens Serum Institut, Copenhagen, Denmark). Briefly, the

Salmonella strains were grown overnight on Blood Agar then

colonies were transferred to the drop of antiserum. The “O”

antigen type was determined based on oligosaccharides associated

with lipopolysaccharide. Then the “H” antigen was determined based

on flagellar proteins. The reaction was read with the naked eye by

holding the slide in front of a light source against a black background.

A positive reaction was seen as a visible agglutination. A negative
TABLE 1 Overall strain features collected in this study.

Patient
ID

Strain Gender Age
(Year)

Specimen
type

Serovar Ward
department

Main Diagnosis

Sal1 JNQH952 Male 25 Blood Enteritidis nephrology Post-renal transplantation

Sal2 JNQH951 Male 40 Blood Enteritidis nephrology Systemic vasculitis

Sal3 JNQH950 Male 58 Skin secretion Thompson Plastic surgery Diabetes mellitus

Sal4 JNQH948 Male 78 Blood Mbandaka Neurology Encephalitis

Sal5 JNQH947 Male 67 Feces Mbandaka Haemology Lymphoma

Sal6 JNQH946 Male 58 Feces Mbandaka Oncology Cholangiocarcinoma

Sal7 JNQH936 Male 39 Ascites Mbandaka Hepatology Acute pancreatitis

Sal8 JNQH945 Male 40 Blood/Joint fluid Enteritidis Haemology Acute lymphocytic leukemia

Sal9 JNQH934 Male 1 Feces Thompson Pediatric-Haemotology Acute myeloid leukemia

Sal10 JNQH944 Female 39 Feces Livingstone Haemology Aplastic anemia

Sal11 JNQH932 Male 10 Feces Livingstone Pediatric-Haemotology Aplastic anemia

Sal12 JNQH933 Male 12 Feces Alachua Pediatric-Haemotology Aplastic anemia

Sal13 JNQH942 Male 71 Feces Mbandaka Neurology Cerebral infarction

Sal14 JNQH940 Male 10 Feces Enteritidis Pediatric-Haemotology Hematopoietic stem
cell transplantation

Sal15 JNQH954 Female 3 Feces Infantis Pediatric-Haemotology Acute lymphocytic leukemia

Sal16 JNQH935 Male 11 Blood Enteritidis Pediatric-Haemotology Acute lymphocytic leukemia

Sal17 JNQH941 Male 32 Blood Enteritidis Haemology Thrombocytopenia

Sal18 JNQH953 Male 65 BALF Enteritidis ICU Pneumoniae

Sal19 JNQH938 Male 5 Feces Enteritidis Pediatric Gastroenteritis
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reaction was persistence of the homogeneous milky turbidity. The

serovar was assigned according to the Kauffmann-White scheme,

which is a comprehensive system employed for the discrimination of

serological variations within the Salmonella genus.
Pulsed-field gel electrophoresis

All isolates were analyzed for genetic relatedness by PFGE.

PFGE of Xbal-digested genomic DNA samples were performed with

a CHEF MAPPER XA apparatus (Bio-Rad, USA), as previously

described (Ma et al., 2023). In brief, genomic DNA was prepared by

embedding cells in agarose plugs, followed by XbaI digestion for 2 h

at 37°C. Electrophoresis conditions consisted of one phase from 2.2

to 63.8 s at a run time of 17 h. Salmonella serovar Branderup H9812

strain was used as the reference strain. PFGE patterns were analyzed

and compared using GelJ software 2.0v (Heras et al., 2015).
Biofilm formation

The process of biofilm formation was assessed using crystal

violet staining as described previously with minor modifications

(Hao et al., 2021a). Briefly, overnight cultures of the bacteria were

diluted 1:1,000 in LB medium. A total volume of 200 ml of the
diluted culture was then transferred to each well of a microtiter

plate. The plate was incubated at 37°C for 24 hours. After

incubation, the wells were washed four times with distilled water

to remove any planktonic (free-floating) bacteria. The remaining

adherent bacteria were then stained with 125 ml of a 0.1% crystal

violet dye solution. Following incubation for 10 minutes, the crystal

violet solution was carefully removed, and the wells were washed six

times with distilled water. After that, 150 ml of a 30% glacial acetic

acid in water solution was added to each well. The plate was

incubated for an additional 10 minutes at room temperature,

allowing the acetic acid to dissolve the crystal violet-stained

biofilms. The optical density (OD) of the solubilized biofilms was

then measured at a wavelength of 590 nm using a microplate reader

(Thermo Scientific). At least three replicates were performed for

each sample. Statistical significance in biofilm assays was calculated

using Student’s t-test and any differences between strains with a P

value of <0.05 were considered significant.
Whole-genome sequencing

Complete sequencing was performed on four selected strains,

which included a strong biofilm-forming S. Thompson strain

(JNQH950), S. Mbandaka (JNQH948), as well as two resistant S.

Enteritidis strains (JNQH940 and JNQH952). Genomic DNA was

isolated using a WizardR Genomic DNA Purification Kit as

described in the manufacturer’s instructions (Promega, Madison,

WI, USA). The DNA samples were subject to next generation

sequencing using the Illumina HiSeq (Illumina, San Diego, CA,

USA) and Oxford Nanopore (MinION system). The hybrid
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assembly was performed by Unicycler v0·5.0 (Wick et al., 2017).

The whole-genome sequences were annotated by Prokka (Seemann,

2014) automatically followed by manual curation.
Genomic analysis

In silico multi-locus sequence typing was performed using

MLST 2.0 (Larsen et al., 2012). Seven housekeeping genes,

including aroC, dnaN, hemD, hisD, purE, sucA, and thrA, were

chosen for MLST analysis. The antibiotic resistome(s) were

predicted by the Resistance Gene Identifier (RGI) (https://

github.com/arpcard/rgi) to query the CARD database (https://

card.mcmaster.ca) (Alcock et al., 2020). The virulence genes and

plasmid replicons in the sequenced isolates were identified using

VFDB (Liu et al., 2022) and PlasmidFinder 2.0 (Carattoli et al.,

2014) respectively. In order to contextualize our isolates among the

corresponding strains in China, genomes of S. Mbandaka were

downloaded from EnteroBase in combination with the genomes

reported in a large-scale one-health study (Wang et al., 2023). SNPs

were detected using Snippy v3.2 (https://github.com/tseemann/

snippy) based on recombination filtration by Gubbins v. 2.4.1

(Croucher et al., 2015) and core SNP extraction by SNP-sites v.

2.5.1 (Page et al., 2016). SNPs located in phage regions, repetitive

and recombinogenic regions, were removed before phylogenetic

analysis. Genomic coordinates corresponding to phage sequences

and repetitive elements in the reference genome were determined

using Phast (http://phaster.ca) and Mummer (Kurtz et al., 2004),

respectively. All extracted SNPs in core genome regions were

concatenated as pseudosequences. The approximately-maximum-

likelihood phylogenetic tree was inferred from alignments of

nucleotide sequences with FastTree (Price et al., 2009). The

visualization and annotation of the phylogenetic tree were carried

out using R ggtree package (Yu et al., 2017).

OriT Finder was used to determine the conjugation module (Li

et al., 2018). ISFinder was used to identify ISs (https://

isfinder.biotoul.fr/). Plasmid similarity was examined comparing

against the PLSDB plasmid database (Schmartz et al., 2022).

Comparison between homologous plasmids were performed using

BLASTn and illustrated by Easyfig v2.2.2 (Sullivan et al., 2011). To

examine the distribution and features of mrkABCDF operon in

global plasmids, plasmid reference sequences were downloaded

from NCBI (https://ftp.ncbi.nlm.nih.gov/refseq/release/plasmid)

and compared using Mashtree (Katz et al., 2019). Serovars

assigned from Kauffmann-White scheme were confirmed by

SeqSero2 v1.1.1 (Zhang et al., 2019).
Conjugal transference of blaCTX-M-15
harboring plasmid

In order to examine the conjugal transference of blaCTX-M-15

harboring plasmid in JNQH940, conjugation experiments were

conducted using E. coli J53AziR as recipients, following a

previously described method (Hao et al., 2021b). Overnight
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cultures of JNQH940 and E. coli J53AziR were mixed in a 1:1 ratio

and applied separately onto 0.45-mm filter paper. The filter papers

were then placed on LB agar plates and incubated overnight at 37°C.

Transconjugants were selected on Mueller–Hinton agar containing

sodium azide (100 mg/L) and ceftazidime (16 mg/L). The presence

of transconjugants was confirmed using PCR targeting the blaCTX-

M-15 gene. Conjugation frequency was determined by dividing the

number of transconjugants by the number of recipient cells.
Detection of mrkABCDF loci by PCR

The mrkABCDF virulence loci were identified via a colony

Polymerase Chain Reaction (PCR) assay, wherein the target gene

mrkA was amplified using specific primers (mrkAF: 5’-

ACCAGCAAACAACAGGGCTA-3’, mrkAR: 5’-TGATTTTGTT

GGTCAGCGCG-3’). The occurrence of a positive outcome in

this assay was determined by the generation of a DNA fragment

with a length of 106 base pairs. For the purpose of assay validation, a

well-characterized K. variicola isolate JNQH473, which had

previously undergone comprehensive sequencing in our prior

research (Wang et al., 2021a), was utilized as a positive control.
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Nucleotide sequence accession numbers

Complete sequences of the chromosomes and plasmids of strain

JNQH940, 948, 950 and 952 have been deposited in the GenBank

databases under accession numbers CP136141-CP136151.
Results

Serovar identification and
antimicrobial susceptibility

Six different serovars were assigned according to the Kauffmann-

White scheme. S. Enteritidis was the most common serovar,

accounting for 42.1% of the isolates, followed by S. Mbandaka

(26.3%), Thompson (10.5%), Livingston (10.5%), Alachua (5.3%),

Infantis (5.3%) (Figure 1). Antimicrobial-susceptibility testing results

showed that isolates of S. Mbandaka, Infantis, Livingston, and

Alachua exhibited susceptibility to the tested antibiotics. In

contrast, JNQH934 (S. Thompson) and JNQH940 (S. Enteritidis)

demonstrated significant resistance to AMP, CIP, and TMP-SMZ,

displaying multidrug resistance (Table 2).
TABLE 2 Antimicrobial susceptibility testing for NTS isolates collected from this study.

No. Strains (Serovar)
Antibiotic agents

AMPa CAZa CIPa CROa LEVb TMP-SMZa MEMa

JNQH933 (Alachua) 22 30 35 32 0.125 30 29

JNQH952 (Enteritidis) 6 22 34 32 0.06 22 30

JNQH953 (Enteritidis) 6 27 31 27 0.125 16 31

JNQH935 (Enteritidis) 6 24 38 30 1 20 31

JNQH941 (Enteritidis) 23 27 35 30 1 20 35

JNQH945 (Enteritidis) 6 25 31 30 0.25 20 35

JNQH940 (Enteritidis) 6 6 21 6 2 6 30

JNQH938 (Enteritidis) 6 25 27 30 0.25 17 32

JNQH951 (Enteritidis) 6 25 31 30 0.03 6 38

JNQH954 (Infantis) 24 29 30 29 0.125 30 32

JNQH944 (Livingstone) 19 25 36 27 0.125 26 30

JNQH932 (Livingstone) 19 27 36 29 0.125 27 31

JNQH946 (Mbandaka) 22 22 34 30 0.06 27 33

JNQH948 (Mbandaka) 23 26 38 30 0.125 24 31

JNQH936 (Mbandaka) 23 24 39 30 0.125 20 30

JNQH947 (Mbandaka) 22 25 35 30 0.125 27 30

JNQH942 (Mbandaka) 20 21 35 30 0.125 25 30

JNQH950 (Thompson) 6 28 31 34 0.125 6 36

JNQH934 (Thompson) 6 22 6 30 1 6 32
aDisk infusion method (mm); bMicrodilution method (mg/ml). AMP, ampicillin; CAZ, ceftazidime; CIP, ciprofloxacin; CRO, ceftriaxone; LEV, levofloxacin; TMP-SMZ, trimethoprim-
sulfamethoxazole; MEM, meropenem. All tests were performed in duplicate, and each test included three biological replicates.
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Genetic relatedness of Salmonella isolates

PFGE analysis utilizing XbaI restriction enzyme was

employed to evaluate the genetic relatedness among the isolates.

The PFGE patterns of S. Enteritidis isolates were similar but

distinguishable except JNQH941 and JNQH935. Two S.

Thompson isolates (JNQH950, 934) had notably different PFGE

patterns, indicative of genetic diversity. However, two S.

Livingston isolates (JNQH932, 944) demonstrated similar PFGE

patterns, suggesting a potential genetic relatedness between these

isolates. Of note, the S. Mbandaka serovar isolates displayed very

similar PFGE patterns, suggesting a closer genetic relationship

(Figure 2). Interestingly, SNP-based phylogenetic tree uncovered

a close relationship between S. Mbandaka JNQH948 and a strain

(GCA_030099325.1) obtained from human feces in Zhejiang in

2017 (Figure 3), with only 8 SNP differences. These results

highlight the occurrence of small-scale clonal spread of S.

Mbandaka in China.
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Genomic and phenotypic characterization
of Salmonella strains

Whole-genome sequences were obtained for four strains

(JNQH948, 950, 952, 940). S. Enteritidis strains JNQH940 and

JNQH952 harbored three and two plasmids respectively. S.

Thompson strain JNQH950 carried two plasmids whereas no

plasmids were identified in S. Mbandaka strain JNQH948. The

serovars of all isolates predicted to be consistent with Salmonella

serotyping by slide agglutination. MLST revealed the S. Mbandaka

isolate (JNQH948) belonged to ST413. S. Enteritidis (JNQH940,

952) and S. Thompson (JNQH950) were classified as ST11 and

ST26 respectively. The resistance genotypes predicted by RGI

revealed ampicillin resistance were mediated by blaTEM-1. For the

MDR JNQH940, resistance to quinolone (CIP) was conferred by

qnrS1. The resistance of TMP-SMZ was associated with the

presence of trimethoprim resistant sul1/sul2 genes. JNQH940 was

found to carry the blaCTX-M-15 gene. Notably, the virulence cluster
FIGURE 2

Dendrogram of the pulsed-field gel electrophoresis (PFGE) patterns of NTS isolates collected from this study. M, PFGE marker strain (S.
Braenderup H9812).
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of mrkABCDF was detected in S. Thompson strain JNQH950 but

absent in other strains.
blaCTX-M-15 was carried by a highly
transferrable IncB/O/K/Z plasmid in
S. Enteritidis strain JNQH940

The blaCTX-M-15-harboring plasmid in strain JNQH940 was

determined to be an IncB/O/K/Z plasmid type, with a length of

127,061bp base pairs. The plasmid contains genes associated with

plasmid conjugation, as well as a region comprising genes to encode

a type IV pilus system. The conjugation elements included the

origin of transfer site (oriT), type IV coupling protein gene (T4CP),

and genes encoding the relaxase and some type IV secretion

components (T4SS) (Figure 4). Conjugation assays showed the

IncB/O/K/Z plasmid was successfully transferred into E. coli J53
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from JNQH940 strain. The conjugation frequency was 10-3 per

recipient cell, which was further confirmed by PCR targeting the

blaCTX-M-15 gene and IncB/O/K/Z replicon. In addition to blaCTX-M-

15, the plasmid also harbored 9 additional antimicrobial resistance

genes encoding resistance to fluroquinolone (qnrS1), macrolide

(mphA, mrx), sulfonamide (sul1/sul2), antiseptics (qacE) and

aminoglycoside [aadA5, APH(3’)-Ib, APH(6)-Id].
JNQH950 exhibited significantly higher
biofilm-forming capabilities mediated by
mrkABCDF operon in an IncX1 plasmid

We investigated the biofilm-forming capabilities of various

Salmonella strains. The OD590 for JNQH950 was determined to be

1.187, while the other strains exhibited an OD590 measurement below

0.29. ATCC14028, which served as a reference, was measured to be
FIGURE 3

Phylogenetic relationships within S. Mbandaka strain JNQH948 and publicly available sequences from EnteroBase and a Chinese study. Phylogeny
(left) showing the relationships. The strain source, collection year, location and specimen types were shown for each isolate. Subclade containing
the JNQH948 and the closely related S. Mbandaka strain were indicated in light green shade.
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0.284. These results underscore the unique biofilm-forming potential of

JNQH950 when compared to other tested strains (Figure 5). Further

WGS analysis revealed the backbone structure of mrkABCDF cluster

harboring plasmid belonged to an IncX1 plasmid, with a length of

40,394 base pairs. ThemrkABCDF cassettes were contained within two

IS1A elements of the IS1 family, constituting a transposon of Tn6011.

These mrkABCDF cassettes encode the main structural subunit and

assembly machinery of type 3 fimbriae, which are associated with

biofilm formation. In addition, the MGEs associated with plasmid

replication, stability, transfer integration was predicted. BLAST query

against GenBank database showed that plasmid was closely related to

plasmid pCP8-3-IncX1 (NZ_CP053740.1, with 90% coverage and

99.65% identity), pOLA52 (NC_010378.1, with 95% coverage and

99.47% identity), and some others plasmids hosted by

Enterobacterales (Figure 6).
Tracking key virulence loci encoding
mrkABCDF operon in global plasmids
revealed their prevalence
in Enterobacteriaceae

A total of 195 plasmids harboring mrkABCDF operon were

identified in the reference plasmids in NCBI database, most
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of which are carried by Enterobacteriaceae. K. pneumoniae is

the dominant host strain, followed by E. coli, E. hormaechei, K.

quasipneumoniae. These plasmids belong to several incompatibility

groups, predominant by IncFIB, IncFII, IncFIA, IncX, IncR.

Plasmid sequence analysis by oriTfinder revealed the presence of

four crucial conjugation elements (oriT, T4SS, T4CP, relaxase gene)

in 31.2% (61/195) of the plasmids. The majority of these plasmids

were found in host strains isolated in the environmental sources.

The top 5 countries were UK, China, USA, India and Austria.

Notably, plasmids originating from homo sapiens were most

commonly detected in urine samples. It is noteworthy that 60 of

the analyzed plasmids coharbored antibiotic resistance genes,

including 6 carbapenem resistance genes and 17 mcr genes.

mrkABCDF operon harboring plasmids has been present in E.

coli strains dating back to the 1950s. Eight plasmids comprised of

a cluster which had a close relationship with our plasmids, all of

which belonged to IncX1 plasmid type and were carried by E. coli

strains (Figure 7).
Discussion

During the year 2022, our hospital diagnosed a total of 19

patients with Salmonella infections, as determined through
FIGURE 4

A circle map of the blaCTX-M-15-bearing IncB/O/K/Z type plasmid pJNQH940-1 in strain JNQH940. Open reading frames (ORFs) of pJNQH940-1 are
shown as the outermost ring, with plasmid replicons, transconjugation elements (T4CP, T4SS, oriT, relaxase), type IV pilus system and antimicrobial
resistance genes highlighted.
frontiersin.org

https://doi.org/10.3389/fcimb.2023.1327092
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Ma et al. 10.3389/fcimb.2023.1327092
microbiologic cultures. The most commonly identified serovar was

S. Enteritidis, closely followed by S. Mbandaka and some other

sporadic serovars including S. Thompson, Livingston, Alachua and

Infantis. The majority of cases were reported between the months of

July and October, with the highest peak occurring in October.

Genetic relatedness analysis suggested that S. Mbandaka isolates

were part of a single clonal expansion whereas S. Enteritidis strains

were composed of diverse clonal linages. A significant observation

was that S. Alachua was isolated from the feces of a patient suffering

from a gastro-infection, marking the first observation of this

particular serovar in China.
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Non-typhoidal Salmonella infections typically manifest as mild and

self-limiting acute enterocolitis in the majority of individuals (Crump

et al., 2015). Parenteral infections, resulting from the dissemination of

the bacterium beyond the gastrointestinal tract, are infrequent

complications of gastroenteritis (Graham et al., 2000). However,

reports of nontyphoidal Salmonella causing intravascular, bone, and

joint infections are widespread on a global scale. In Africa, NTS strains

cause invasive disease with bacteraemia more often in children, with

4100 deaths per year (Crump et al., 2015; Akinyemi et al., 2023). Such

invasive infections are particularly associated with various forms of

immunocompromise, with individuals at the extremes of age or those
FIGURE 6

Genetic comparison of mrkABCDF harboring plasmid pJNQH950-2 and two closely related to plasmid pCP8-3-IncX1 (NZ_CP053740.1), pOLA52
(NC_010378.1). mrkABCDF transposon (Tn6011) are shown as the outermost ring. The genes are exhibited in arrows with different colors to note on
their functional classes. Shades indicate shared regions of homology. The plasmid accession numbers are listed below the plasmid names.
FIGURE 5

Biofilm formation of NTS strains. Data are represented as mean ± standard deviation from at least three independent experiments.
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with compromised immune systems (Crump et al., 2011; Parry et al.,

2013; Crump et al., 2015; Akinyemi et al., 2021). In our study, nine of

our patients experienced extra-intestinal infections, underscoring the

potential severity of the encountered Salmonella strains. Our cases

demonstrated a heightened vulnerability to these infections, possibly

due to the presence of multiple comorbidities, including acute

leukemia, diabetes, autoimmune diseases, and organ transplantation.
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Given the impaired immunity in these patients, swift and

comprehensive clinical intervention is essential. This is because

Salmonella can penetrate the compromised intestinal barrier and

disseminate to multiple organs, potentially leading to sepsis and

severe complications. Therefore, proactive and diligent medical

management is crucial for these individuals to minimize

adverse outcomes.
FIGURE 7

Distance tree of plasmids harboring mrkABCDF operon in reference NCBI database. Phylogeny (left) showing the relationships between 195
mrkABCDF operons harboring plasmids. The presence of mrkABCDF virulence loci, plasmid conjugation elements (oriT, T4SS, T4CP, relaxase), top
five plasmid types, host strain properties (collection year, country, source), as well as the plasmid size and number of resistance genes were
illustrated for each isolate. Grey tiles indicate gene’s absence. The isolates’ tip points are colored by the host species.
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Cutaneous infections caused by Salmonella are exceedingly rare

occurrences. Only a few reports have documented cutaneous

manifestations in patients with S. enterica infection (Marzano

et al., 2003; Desikan et al., 2009; Wiegand et al., 2009; Alfouzan

et al., 2017). In our study, we observed that S. Thompson strain

JNQH950 isolated from the skin secretion displayed a remarkable

capacity for robust biofilm formation. Notably, this strain persisted

for three months in the toe secretion of a 58-year-old male patient

with type 2 diabetes mellitus. Despite antibiotic treatment and

undergoing three operations of toe amputation and skin grafting,

the condition worsened, leading to the necessity of foot amputation

due to progressive tissue necrosis. Phenotypic analysis showed the

S. Thompson strain JNQH950 could form strong biofilm compared

with other strains. It is suspected that bacteria are difficult to

eradicate when protected within biofilms, thus acquire the

enhanced ability to persist and spread in the human body or the

environment (Lamas et al., 2018; Gual-De-Torrella et al., 2022).

Salmonella sp. has the capability to develop biofilms, and

bacteria within these biofilms exhibit increased resistance to

drugs, chemicals, physical and mechanical stresses, as well as

evasion of host immune responses (Lamas et al., 2018). The

primary constituents of Salmonella biofilms are curli fimbriae and

cellulose (Lamas et al., 2018). Interestingly, genetic analysis revealed

an intact mrkABCDF operon in strain JNQH950, which had been

demonstrated associated with type 3 fimbriae expression, surface

attachment, and biofilm formation in K. pneumoniae (Norman

et al., 2008; Ong et al., 2009). The mrkABCDF operon harboring

plasmid had highly conserved plasmid synteny and structure with a

previously reported pOLA52 plasmid in E.coli, which also is an

IncX1 plasmid and showed a high conjugative capability (Norman

et al., 2008). In addition, the gene cluster had acquired mobility

flanking by IS1 (Tn6011) compared to its original gene cluster

(Norman et al., 2008). Further genetic analysis showed the

mrkABCDF gene cluster has now spread among various

enterobacterial species, but was not reported in S. enterica strains

(Figure 7). In this study, although the conjugation was not

performed due to the lack of selective marker, we can suspect the

mrkABCDF loci could be mobilized through plasmid conjugation or

genetic loci transposon. Taken together, to the best of our

knowledge, this was the first report of mrkABCDF operon within

S. enterica responsible for human infection. The emergence of such

Salmonella strain emphasizes the urgent need for meticulous

monitoring and surveillance to address potential public health

implications. Nevertheless, the molecular mechanism responsible

for the contribution of mrkABCDF to biofilm formation and

enhanced antibiotic treatment resistance in S. enterica is yet to

be elucidated.

The increasing prevalence of antibiotic resistance, particularly

towards fluoroquinolones and third-generation cephalosporins,

presents formidable challenges in clinical management (Fierer,

2022). Infections caused by antimicrobial-resistant Salmonella,

especially those resistant to quinolones, pose a significant threat

to human populations, leading to higher morbidity and mortality

rates (Varma et al., 2005; Xia et al., 2009). Of particular concern is

the emergence of nontyphoidal Salmonella strains that exhibit
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resistance to extended-spectrum cephalosporins, such as

ceftazidime and ceftriaxone, which raises substantial public health

concerns (Crump et al., 2015; Fakorede et al., 2023). These third-

generation cephalosporins play a crucial role in managing invasive

Salmonella infections, especially in vulnerable populations like

children, for whom fluoroquinolones may not be the preferred

treatment. Our study identified two MDR isolates that were

resistant to AMP, CIP and TMP-SMZ, one of which exhibited

resistance to third-generation cephalosporins. The presence of

blaCTX-M-15 gene, conferring cephalosporin resistance, was located

on a transferable IncB/O/K/Z plasmid. The plasmid carried all

essential elements necessary for conjugation and, importantly, also

harbored the type IV pilus system, known to significantly enhance

conjugation both in vivo and in vitro (Neil et al., 2020).

Consequently, the combination of fluoroquinolone and

cephalosporin resistance, carried on a highly transferable plasmid

in these Salmonella isolates, raises serious concerns about the

potential dissemination of these resistance traits. Vigilant

monitoring and the implementation of comprehensive strategies

are urgently needed to address this pressing public health issue.

Our data also showed that S. Enteritidis were the most common

serovars detected in our hospital, which is consistent with the

findings in other studies in China (Wang et al., 2015; Wang et al.,

2023). In addition, the proportion of S. Mbandaka was reported to

be 0.25% of the total NTS collection, most of which were from non-

human origin (Wang et al., 2023). Genetic analysis revealed that the

S. Enteritidis strains in this study displayed significant genetic

diversity, in line with findings from an epidemiological study in

China (Wang et al., 2015). On the other hand, our analysis of S.

Mbandaka isolates revealed a different scenario. These isolates

formed a single clonal lineage, indicating a common origin. A

recent study in China had reported S. Mbandaka could be clonally

transmitted between broiler farm and slaughterhouse (Wang et al.,

2021b). Further comparison with a large-scale collection of S.

Mbandaka in China identified one closely related strain, which

was isolated from human feces in Zhejiang in 2017. Given previous

studies suggesting S. Mbandaka’s adaptation to survival in the farm

environment (Hayward et al., 2016), our findings suggest that this

clone in this study likely originated from a single source that

persisted over 5 years in China.

In summary, our research provides the phenotypic and

molecular overview of current serovar prevalence of NTS strains

isolated from human origins in China. S. Enteritidis strains

displayed significant genetic diversity while S. Mbandaka strains

were suspected to derive from a single clonal expansion. The further

spread of the blaCTX-M-15 harboring IncB/O/K/Z plasmids and

spread of virulent mrkABCDF operon into Salmonella in China

and other global regions should be closely monitored.
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Aguilar-Rodea P, López-Marceliano B,
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Gut colonization and subsequent
infection of neonates caused by
extended-spectrum beta-
lactamase-producing Escherichia
coli and Klebsiella pneumoniae
Verónica Jiménez-Rojas1*, Dina Villanueva-Garcı́a2,
Ana Luisa Miranda-Vega2, Rubén Aldana-Vergara1,
Pamela Aguilar-Rodea1, Beatriz López-Marceliano1,
Alfonso Reyes-López3 and Marı́a Dolores Alcántar-Curiel4*

1Unidad de Investigación en Enfermedades Infecciosas, Hospital Infantil de México Federico Gómez,
Ciudad de México, Mexico, 2Departamento de Neonatologı́a, Hospital Infantil de México Federico
Gómez, Ciudad de México, Mexico, 3Centro de Estudios Económicos y Sociales en Salud, Hospital
Infantil de México Federico Gómez, Ciudad de México, Mexico, 4Laboratorio de Infectologı́a,
Microbiologı́a e Inmunologı́a Clı́nica. Unidad de Investigación en Medicina Experimental, Facultad de
Medicina, Universidad Nacional Autónoma de México, Ciudad de México, Mexico
The gut microbiota harbors diverse bacteria considered reservoirs for

antimicrobial resistance genes. The global emergence of extended-spectrum

beta-lactamase (ESBL)-producing Enterobacterales (ESBL-PE) significantly

contributes to healthcare-associated infections (HAIs). We investigated the

presence of ESBL-producing Escherichia coli (ESBL-PEco) and ESBL-producing

Klebsiella pneumoniae (ESBL-PKpn) in neonatal patients’ guts. Furthermore, we

identified the factors contributing to the transition towards ESBL-PEco and ESBL-

PKpn-associated healthcare-associated infections (HAIs). The study was

conducted from August 2019 to February 2020, in a Neonatal Intensive Care

Unit of the Hospital Infantil de México Federico Gómez. Rectal samples were

obtained upon admission, on a weekly basis for a month, and then biweekly until

discharge from the neonatology ward. Clinical data, culture results, and infection

information were gathered. We conducted antimicrobial tests, multiplex PCR

assay, and pulsed-field gel electrophoresis (PFGE) to determine the antimicrobial

resistance profile and genetic relationships. A comparison between the group’s

controls and cases was performed using theWilcoxon and Student t-tests. Of the

61 patients enrolled, 47 were included, and 203 rectal samples were collected,

identifying 242 isolates. In 41/47 (87%) patients, colonization was due to ESBL-

PEco or ESBL-PKpn. And nine of them developed HAIs (22%, 9/41). ESBL-PEco

resistance to cephalosporins ranged from 25.4% to 100%, while ESBL-PKpn

resistance varied from 3% to 99%, and both bacteria were susceptible to

carbapenems, tigecillin, and colistin. The prevalent blaCTX-M-group-1 gene

accounted for 77.2% in ESBL-PEco and 82.2% in ESBL-PKpn, followed by

blaTEM 50% and blaOXA-1 43.8% in ESBL-PEco and blaTEM 80.2% and blaSHV

76.2% in ESBL-PKpn. Analysis of clonality revealed identical colonizing and
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infection isolates in only seven patients. Significant risk factors included hospital

stay duration, duration of antibiotic treatment, and invasive device usage. Our

findings suggest high ESBL-PEco and ESBL-PKpn rates of colonization often lead

to infection in neonates. Attention should be paid to patients with ESBL-PE.
KEYWORDS

Escherichia coli, Klebsiella pneumoniae, ESBL - extended-spectrum beta-lactamase, gut
colonization, HAI - healthcare-associated infection, neonates
Introduction

Immediately fol lowing birth, the establishment of

microorganisms begins, shaping the microbiota of newborns

(Groer et al., 2014). The composition of this microbiota is

influenced by various factors, including the mode of delivery,

gestational age, birth weight, among others (Collado et al., 2012;

Groer et al., 2014; Prince et al., 2014).

Unfortunately, hospitalized newborns are exposed and

vulnerable to acquiring an altered microbiome due to the atypical

care environment they experience in a Neonatal Intensive Care Unit

(NICU) (Hartz et al., 2015). Coupled with their nascent immune

system and multiple invasive procedures, they become susceptible

to healthcare-associated infections (HAIs) (Calva et al., 1996; Groer

et al., 2014). A significant influencing factor is medical treatment,

particularly antibiotics, which have led to the emergence of bacteria

capable of evading their action through various resistance

mechanisms (Bäckhed et al., 2012; Vangay et al., 2015).

Notably, among these resistant strains are ESBL-producing

Escherichia coli (ESBL-PEco) and ESBL-producing Klebsiella

pneumoniae (ESBL-PKpn), these Gram-negative rod-shaped

bacteria are classified within the Enterobacteriaceae family of the

order Enterobacterales. They are responsible for a wide array of

infections that exacerbate healthcare challenges due to their

remarkable ability to develop resistance against multiple drugs,

severely limiting available treatment options. Consequently, the

World Health Organization (WHO) has categorized them as

“pathogens with critical priority” due to their escalating

prevalence as causative agents of HAIs, underscoring the urgent

need for research and the development of novel antibiotics

(Tacconelli et al., 2018; CDC, 2019).

The presence of ESBL-PE in the gut microbiota could be a risk

to both colonized patients and those who share the hospital

environment (Armand-Lefèvre et al., 2018; Souverein et al., 2019;

Denkel et al., 2020; Campos-Madueno et al., 2023).

The aim of this study was to prospectively investigate the

incidence of neonates intestinally colonized with ESBL-PEco or

ESBL-PKpn and the factors enabling the progression from

colonization to infectious disease. Furthermore, we sought to

characterize the ESBL genes and the clonality of the isolates.
0276
Materials and methods

Study design, period, and area

A prospective case-control study was conducted between

August 1, 2019, and February 28, 2020, in patients of both

genders admitted to the NICU of the Federico Gómez Children’s

Hospital (HIMFG), a tertiary pediatric hospital in Mexico City,

Mexico. The hospital has 229 beds across various specialties, with 30

beds specifically located in the neonatology hospitalization area.

The Research, Ethics, and Biosafety Committees evaluated the study

design and data sources for the HIM/2018/073, SSA 1522 study

protocol, which involved a review of medical records generated

during routine patient care. This study did not involve the

performance of medical intervention or intentional modification

of physiological variables by their searcher on patients or their legal

guardians. Therefore, this project was classified as risk-free research

for the study subjects. The informed consent emphasized the

researchers’ obligation to protect the identity and privacy of the

patients included in the study.
Population, sample size, and
data collection

After informed consent was obtained, rectal swabs were

collected from all newborns admitted to the NICU for active

surveillance and purposeful search of colonizing extended-

spectrum beta-lactamases-producing ESBL-PEco and ESBL-PKpn.

Demographic and clinical information of the patients was collected.

Subsequently, rectal samples were collected weekly until the

patients completed one month of hospitalization. Afterward,

samples were collected every two weeks until discharge from the

neonatology ward. All patient-related healthcare-associated

infections (HAIs) were prospectively followed. HAIs were

classified if the isolate was obtained after 48 h of NICU

admission. When a patient presented an infectious event, the

cultures identified as causing HAIs and the clinical data

were collected.
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Sample processing, bacterial isolation, and
ESBL-PEco and ESBL-PKpn detection

Rectal samples were obtained using cotton swabs soaked in

Cary-Blair transport medium, followed by inoculation and

overnight culturing on MacConkey and 5% sheep blood agar

plates. Subsequently, distinctive colonies of E. coli and K.

pneumoniae were chosen and transferred to the VITEK 2 AST

automated system (bioMérieux, Marcy-l’Étoile, France) for

bacterial identification (with an accuracy range of 98-99% for E.

coli and 95-97% for K. pneumoniae) and antimicrobial susceptibility

testing. Strains from infectious processes were subculture on 5%

sheep blood agar and incubated at 37°C for 18-24 h. The antibiotics

evaluated included amikacin (AN), ampicillin-sulbactam (AMS),

cefepime (FEP), cefoxitin (FOX), ceftazidime (CAZ), ceftriaxone

(CRO), ciprofloxacin (CIP), colistin (COL), doripenem (DOR),

ertapenem (ETP), gentamicin (GM), imipenem (IPM),

meropenem (MEM), piperacillin/tazobactam (TZP), and

tigecycline (TGC). Antibiotic susceptibility was interpreted using

the Clinical and Laboratory Standards Institute (CLSI) guidelines

(CLSI, 2023), and ESBL categorization was determined based on the

susceptibility pattern to different cephalosporins.

The confirmation of ESBL-producing isolates was conducted

using the combination disc method. A comparison of the zone of

inhibition was made between ceftazidime (30 µg) and cefotaxime

(30 µg) discs alone versus those of ceftazidime and cefotaxime discs

containing clavulanic acid (10 µg). Following the incubation period,

isolates displaying an increase in the zone diameter of ≥5 mm

around either of the clavulanate combined discs compared to that of

the disc alone were considered ESBL producers, according the

criteria recommended by CLSI (CLSI, 2023). E. coli ATCC 25922

and K. pneumoniae ATCC 700603 strains were used as negative and

positive controls for ESBL production, respectively.
ESBL gene detection

The total genomic DNA was extracted from an isolated colony

of the strains using the Wizard Genomic DNA Purification kit

(Promega, Madison, WI) following the manufacturer’s instructions.

The ESBL genes were detected using specific primer sets in PCR

assays as previously described (Dallenne et al., 2010). The first assay

involved a multiplex PCR targeting blaTEM, blaSHV, and blaOXA-1-like
genes, while the second assay focused on blaCTX-M genes, covering

phylogenetic groups 1, 2, and 9. Within these groups, specific

variants were probed, including CTX-M-1, CTX-M-3, and CTX-

M-15 from CTX-M group 1, CTX-M-2 from CTX-M group 2, and

CTX-M-9, CTX-M-14 from CTX-M group 9. The third assay

utilized simplex PCR for blaCTX-M-8/25 groups, detecting CTX-M-

8, CTX-M-25, CTX-M-26, and CTX-M-39 to CTX-M-41. Lastly,

the fourth assay was conducted to detect minor ESBLs (VEB, PER,

GES, ACC, MOX, and DHA). Additionally, we identified OXA b-
lactamases (Groups OXA 1, 2, 51, and 58) using the primers

previously described (Voets et al., 2011). For all samples, PCR

was performed using Multiplex PCR Master containing Hot Start
Frontiers in Cellular and Infection Microbiology 0377
Taq polymerase (Jena Bioscience, Jena Germany) and 100 ng of

DNA extracted from the samples, in a final volume of 25 µL.

Amplification was carried out in a Cetus Thermal Cycler (Perkin-

Elmer, Ueberlingen, Germany) under the specific conditions for

each resistance gene to be detected. Amplified DNA fragments were

separated on 1.5% agarose gels with 0.5X TBE (Tris-Borate-EDTA)

buffer containing ethidium bromide (1 mg/ml). Gels were visualized

using an iBright CL1000 imaging system (Invitrogen, Thermo

Fisher Scientific). As a reference, DNA samples of previously

reported isolates of K. pneumoniae carrying blaCTX-M-15

(GenBank ID: AGE61862.1) and blaTEM-1 (GenBank ID:

ALJ57215.1) were utilized (Alcántar-Curiel et al., 2023). A clinical

isolate of E. coli was employed as a positive control for blaOXA-1
(GenBank ID: CP13738.1), while a clinical isolate of K. pneumoniae

was utilized as a positive control for blaSHV (GenBank ID:

AWD75419.1). E. coli ATCC 25922 was employed as the

negative control.
Clonal relationship between colonizing and
invasive strains

Genetic relationships were determined by pulsed-field gel

electrophoresis (PFGE) (Swaminathan et al., 2001). Genomic

DNA was prepared in 1.2% agarose blocks and enzymatically

digested with XbaI at 37°C for 2.5 h. DNA fragments were

separated using the CHEF-DR II system (Bio-Rad Laboratories)

with 1.1% agarose (SeaKem Gold®) at 5.5 V/cm, an initial pulse of

3.5 s, a final pulse of 30 s, and 14°C for 22 h. After staining and

washing, the gel was visualized using an iBright CL1000 imaging

system (Invitrogen, Thermo Fisher Scientific). Generated

electrophoretic patterns were analyzed through visual inspection,

detecting the position and number of bands. A dendrogram was

constructed using simple matching and the unweighted pair-group

method with arithmetic mean (UPGMA) clustering method using

NTSYSpc. 2.1 software (Rohlf, 1998).
Prevalence and risk factors for ESBL-PEco
and ESBL-PKpn colonization
and occurrence

The prevalence of fecal colonization and invasive HAIs caused

by ESBL-PEco or ESBL-PKpn was determined. To identify the risk

factors for HAIs due to ESBL-PEco or ESBL-PKpn in patients

colonized by these bacteria, the characteristics of colonized patients

who developed HAIs (cases) were compared with those of colonized

patients who did not develop HAIs due to ESBL-PEco or ESBL-

PKpn (controls). Variables related to gestational weeks, birth

weight, admission weight, previous hospitalization, prior

antibiotic use, repeated antibiotic use, duration of antimicrobial

treatment, early sepsis, invasive device use, and nutrition type were

recorded. The comparison between groups in the case of variables

on a continuous scale was carried out either using the Wilcoxon test

for a distribution other than normal or the Student t-test for a
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normal distribution (McElduff et al., 2010). In the case of categorical

variables, the chi-square and Fisher’s exact tests were used

(Nowacki, 2017). The alpha significance level used in all statistical

tests was 5%.
Results

Study population, identification of the
bacterial isolates, incidence of ESBL-PEco
and ESBL-PKpn carriage

During the study period, 61 patients were enrolled. However, 14

patients were excluded from the study as they provide only a single

rectal sample and could not continue with the follow-up. Among

the remaining 47 patients, a total of 203 rectal samples were

collected. In 45 of these patients (95.7%) and in 166 samples

(81.7%), we identified 126 E. coli isolates and 111 K. pneumoniae.

Specifically, 99 (78.6%) were categorized as ESBL-PEco, and 97

(87.4%) as ESBL-PKpn originating from a total of 41 patients (38

patients with ESBL-PEco, 39 patients with ESBL-PKpn, and 35

patients with both bacteria).

Nine out of these 41 patients experienced HAIs (22%) during

their hospitalization, with six cases attributed to ESBL-PEco and

three to ESBL-PKpn. These infectious events resulted in the

isolation of 15 and 4 strains of each species (respectively), derived

from different culture samples.

The peak colonization by ESBL-PEco and/or ESBL-PKpn was

detected during the second week of hospitalization with a total of

18/41 (44%) patients, and the highest number of HAIs was also

observed during the second week of hospitalization, with 6/12

(50%) cases (Supplementary Figure 1).
Demographical and clinical characteristics

Slightly more of the colonized patients with ESBL-PEco and/or

ESBL-PKpn were male 24/41 (58.5%), born by cesarean section 25

(60.9%), and premature born before 37 weeks of gestation 21/41

(51.2%), with an average weight at hospital admission of 2,076 g (SD ±

835.4, minimum 648 g, maximum 3,490 g). The use of antibiotics

prior to admission was reported in 28 patients (68.2%), same as

hospital unit, 28 patients (68.2%) required antibiotics, with an average

duration of treatment of 7.5 days (SD± 8.7, minimum 5, maximum 45

days) (Table 1). The relationship between the admission diagnosis of

patients colonized with ESBL-PEco and/or ESBL-PKpn and the

progression of ESBL-PEco or ESBL-PKpn-HAIs is shown

in Figure 1A.

Upon admission of the newborns to the NICU, clinical data

indicated suspicion of early sepsis in 16/47 (34%) cases, but none

was corroborated by cultures. Throughout the follow-up period,

after 48 hours of admission, 12 HAIs were clinically diagnosed in 41

of the patients included in the study, representing a prevalence of

29.3%. The types and frequency of HAIs are shown in Figure 1B, the

most common infectious diagnosis was nosocomial sepsis with 6

cases (50%).
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Antimicrobial resistance pattern of
colonizing and infectious ESBL-PEco
and ESBL-PKpn

All colonizing and infectious strains of ESBL-PEco (114 strains;

99 colonization strains and 15 HAIs strains) and ESBL-PKpn (101

strains; 97 colonization strains and 4 HAIs strains) were analyzed.

One hundred percent of these strains were sensitive to

carbapenems, tigecycline, and colistin. ESBL-PEco strains showed
TABLE 1 Descriptive statistics of the risk factors for the development of
HAIs in colonized patients by ESBL-producing Escherichia coli or ESBL-
producing Klebsiella pneumoniae.

Risk factors

Colonized patients with ESBL-
producing Escherichia coli or
ESBL-producing Klebsiella

pneumoniae
n = 41

Patients
without
HAIs

Control
group
n= 32

Patients
with
HAIs
Case
group
n = 9

p

Sex
Male n (%)
Female n (%)

19 (59.4)
13 (40.6)

5 (55.6)
4 (44.4)

0.84

Delivery practice
Cesarean n (%)
Vaginal n (%)

19 (59.4)
13 (40.6)

6 (66.7)
3 (33.3)

0.69

Gestational age (weeks), mean
(SD)
< 37 n (%)
≥ 37 n (%)

35.2 (4.6)
16 (50)
16 (50)

34 (4.8)
5 (55.6)
4 (44.4)

0.33
0.77

Birth weight (g), mean (SD) 2,196.5 (860.3) 2,083.3 (1,157.4) 0.75

Weight at hospital admission
(g), mean (SD)

2,097 (788.1) 2,001.2 (1,036.6) 0.72

Previous hospitalization n (%) 22 (68.7) 8 (21.4) 0.40

Use of antibiotics in the
hospital unit n (%)

20 (62.5) 8 (88.9) 0.23

Hospital stay (days), mean
± SD

30.7 ± 21 50.7 ± 29 0.03

Repeated use of antibiotics
n (%)

3 (9.4) 3 (33.3) 0.11

Duration of antibiotic
treatment (days), mean (SD)

4.8 (5.7) 17 (10.9) <0.001

Use of invasive devices (days),
mean (SD)
Catheter
Orotracheal tube
Chest tube
Urinary catheter

9.2 (5.6)
11.8 (7.3)
1.8 (5.8)
0.22 (0.49)

23.8 (17.3)
25.2 (19)
2.3 (3.7)
5.4 (9.5)

0.002
0.004
0.57
0.01

Type of nutrition (days),
mean (SD)
Fasting
Enteral nutrition
Parenteral nutrition

4.8 (7.3)
26.4 (20.6)
5.8 (7.6)

6.5 (6.7)
31.3 (23.5)
14.7 (24.3)

0.15
0.67
0.43
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resistance rates of 25.4%, 100%, 65.7%, and 57.1% to cefoxitin,

ceftriaxone, ceftazidime, and cefepime, respectively (Figure 2A),

while in ESBL-PKpn strains, the resistance to the same

cephalosporins was 2.9%, 99%, 45.5% and 23.7% (Figure 2B).
Occurrence of ESBL genes

The blaCTX-M-1 group gene was the most prevalent for both species,

with 88/114 (77.2%) in ESBL-PEco and 83/101 (82.2%) in ESBL-PKpn,

followed by blaTEM 57/114 (50%) and blaOXA-1 50/114 (43.86%) in

ESBL-PEco, and blaTEM 81/101 (80.2%) and blaSHV 77/101 (76.2%) in

ESBL-PKpn (Table 2). The majority of isolates, 203/215 (94.4%),

showed the coexistence of at least two of the analyzed genes. In

total, 11 different profiles were detected in ESBL-PEco and 19 in ESBL-

PKpn, with TEM+CTX-M-1 group being the most frequent profile in

the ESBL-PEco strains (35/114, 30.7%). Meanwhile, the TEM + SHV +
Frontiers in Cellular and Infection Microbiology 0579
CTX-M-1 group + OXA-1 profile was the most common profile in

ESBL-PKpn (46/101, 45.5%). The maximum number of different types

of ESBL-encoding genes detected in a single strain was five, observed in

one strain of ESBL-PKpn (Tables 3A, B).
Clonality between colonizing and infecting
ESBL-PEco and ESBL-PKpn isolates

The determination of the genomic fingerprint of the 114 ESBL-

PEco isolates detected 35 different pulse types, named in numerical

order preceded by the initials PT (Figure 3A). Meanwhile, in the 101

ESBL-PKpn isolates, 30 different pulse types were detected, also

named in numerical order preceded by the initials PT (Figure 3B).

We identified that 23 of 35 (65.7%) pulse types were detected

once in ESBL-PEco strains, while the rest were found at least twice

in the same or different patients. Is distinguished PT6 because was
B

A

FIGURE 1

Diagnoses of neonatal patients colonized by ESBL-producing Escherichia coli and Klebsiella pneumoniae. (A) Admission diagnoses of patients
colonized by ESBL-producing Escherichia coli and Klebsiella pneumoniae isolates who presented HAIs during hospitalization at the NICU. (B) HAIs
diagnosed during the study period.
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detected in 37 isolates from colonization samples out of ten patients,

and five of them (N29, N39, N45, N57, and N58) progressed to

HAIs, while PT3 was identified in 19 strains from 10 patients, and

none of them developed an HAI related to this pulse type. Week 13

of the study stands out, during which 11 different pulse types were

isolated in the NICU (Figure 4A).

In relation to ESBL-PKpn, we observed that PT3 was the most

prevalent in the NICU. This pulse type 3 was detected sequentially

in patients N5, N1, N8, N2, N16, N19, N25, N27, N29, N42, N43,

and N48. None of them developed HAI. Once again, week 13 of the

study stands out, where eight different ESBL-PKpn pulse types were

detected in the NICU neonatology hospitalization area (Figure 4B).

The analysis of the pulse types identified for each newborn is

depicted in Figure 5. Our findings revealed that out of the 32

patients with ESBL-PEco present at least in two study time points,

21 (65.6%) demonstrated the same pulse types, suggesting a

colonization event. Conversely, 11 out of 32 patients (34.4%)

showed different ESBL-PEco pulse types at different time points,

suggesting a transient acquisition of these clones. Similarly, among

the 26 patients with ESBL-PKpn present at least in two study time

points, 23 (88.5%) exhibited the same pulse types, suggesting a

colonization event. In contrast, 3 out of 26 patients (11.5%)

displayed unique ESBL-PKpn pulse types at different time points,

suggesting a transient acquisition of these clones. Finally, clonality

analysis revealed that five of seven patients colonized with ESBL-

PEco (71.4%) and two of three patients colonized with ESBL-PKpn

(66%) progressed to HAIs with the same colonizing isolate.
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Risk factors for the occurrence of ESBL-
PEco and ESBL-PKpn-HAIs

The analysis of clinical characteristics in the group of patients

colonized by ESBL-PEco or ESBL-PKpn who did not develop

HAIs (controls) and those who did progress to ESBL-PEco or

ESBL-PKpn -HAIs (cases), revealed that variables associated with

a higher risk of progression to ESBL-PEco and ESBL-PKpn-HAIs

were hospital-length of stay (p = 0.03), duration of antibiotic

treatment (p= <0.001) (Table 1), and the use of invasive devices

such as catheters, (p= 0.002), orotracheal (p=0.004), and urinary

catheters (p=0.01) (Table 1). There were two deaths in the group of

ESBL-PEco and ESBL-PKpn-HAIs, representing 0.17% of the total

patients in that group, and no differences were found between the

groups with and without ESBL-PEco or ESBL-PKpn-HAIs.
Discussion

In this prospective study, it was revealed that upon admission to

the HIMFG NICU, 27.6% (13/47) of patients were already

colonized by ESBL-PEco and ESBL-PKpn. The percentage

increased to 87% (41/47) by the end of the follow-up period,

exceeding the reporting range, which typically ranged from 8% to

83% (Huerta-Garcıá et al., 2015; Folgori et al., 2018; Hagel et al.,

2019; Edwards et al., 2023). Notably, the study by Huerta-Garcıá
et al. carried out in our country reported that during the second
TABLE 2 Frequency of genes encoding resistance mechanisms in ESBL-producing Escherichia coli and Klebsiella pneumoniae isolated from neonates
in the HIMFG NICU.

Gene ESBL-PEco n = 114 % ESBL-PKpn n = 101 %

blaCTX-M-1 group 88 77.19 83 82.19

blaTEM 57 50.00 81 80.19

blaSHV 3 2.63 77 76.24

blaOXA-1 50 43.86 58 57.43

blaCTX-M-9 group 2 1.75 7 6.93
BA

FIGURE 2

Antimicrobial susceptibility of colonizing and infectious ESBL-producing Escherichia coli and Klebsiella pneumoniae. (A) Isolates of Escherichia coli.
(B) Isolates of Klebsiella pneumoniae.
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week of hospital stay, 81% of neonates were intestinally colonized

by ESBL-PEco and ESBL-PKpn, while our study revealed 78.7%

(37/47) colonization during the same week of hospitalization

(Huerta-Garcıá et al., 2015). This demonstrates the rapid and

dynamic nature of the colonization process, which could be

influenced by various previously reported factors (Martin and

Bachman, 2018; Yin et al., 2021). These factors encompass

prolonged hospital stays, often resulting in increased utilization of

invasive techniques. Additionally, a significant majority of these

patients receive antimicrobial treatments, exerting selective pressure

on these pathogens. Horizontal colonization via objects used in patient

care, combined with inadequate hand hygiene practices among

healthcare workers responsible for their care, represents another

potential contributing factor. Moreover, insufficient nursing staff

levels might hinder the delivery of adequate care to these patients.

As observed in this study, of the 41 patients colonized with

ESBL- ESBL-PEco or ESBL-PKpn, 9 (22%) developed HAIs during

their hospital stay in the NICU, representing a high infection rate

compared to a previous report conducted in 2020 by Denkel et al.,

(Denkel et al., 2020) where they observed that ICUs exhibited the

highest infection rate (17.2%), with 5.6% of HAIs attributed to

ESBL-EP colonization. They also found that in 98% of patients with

HAIs, the colonizing isolate and the pathogenic agent responsible

for the HAI exhibited genetic identity (Denkel et al., 2020). Our

results demonstrated that in some of the patients, colonization, and

infection occurred with a bacterial strain of the same pulse type.

Although the number of patients in this study is small, it supports

the hypothesis that many infections, including bacteremia, originate

from an intestinal reservoir (Denkel et al., 2014; Zerr et al., 2014;

Platteel et al., 2015; Gorrie et al., 2017; Armand-Lefèvre et al., 2018;

Souverein et al., 2019; Campos-Madueno et al., 2023).

The main risk factors observed development of HAIs include

the duration of hospitalization, prior antibiotic use in the NICU, the

length of antibiotic treatment, and the extended use of invasive

devices such as orotracheal tubes and venous catheters. Our

findings align with a study conducted by Smith et al., in 2010

(Smith et al., 2010), which identified increased use of central venous

catheters and mechanical ventilation as risk factors for colonization

and bloodstream infections by gram-negative bacilli, reflecting our

study’s observation regarding the duration of orotracheal tube use

(Smith et al., 2010). Other risk factors identified in previous studies,

such as mode of delivery, did not yield significant values as risk

factors in our study (Reyman et al., 2019; Pirr and Viemann, 2020).
TABLE 3A Distribution of ESBL gene profiles among ESBL-producing
Escherichia coli from neonates in the HIMFG NICU.

ESBL profile
(n = 114)

No
isolates

(%)

Number of genes in
co-existence

TEM + CTX-M-1 group 35 (30.7) 2

CTX-M-1 group + OXA-1 24 (21) 2

CTX-M-1 group 19 (16.6) 1

OXA-1 11 (9.6) 3

TEM + CTX-M-1 group +
OXA-1

7 (6.1) 2

TEM + OXA-1 7 (6.1) 1

TEM 4 (3.5) 1

TEM + CTX-M-9 group 2 (1.8) 2

TEM + SHV + CTX-M-1 group
+ OXA-1

1 (0.87) 4

TEM + SHV + CTX-M-1 group 1 (0.87) 3

TEM 1 (0.87) 1

No gene detected 2 (1.8) 0
TABLE 3B Distribution of ESBL gene profiles among ESBL-producing
Klebsiella pneumoniae from neonates in the HIMFG NICU.

ESBL profile
(n = 101)

No
isolates

(%)

Number of genes
in co-existence

TEM + SHV + CTX-M-1 group +
OXA-1

46 (45.54) 4

TEM + SHV + CTX-M-1 group 10 (9.9) 3

SHV + CTX-M-1 group 6 (5.94) 2

TEM + CTX-M-1 group 6 (5.94) 2

TEM + SHV + OXA-1 6 (5.94) 3

CTX-M-1 group 5 (4.95) 1

SHV 4 (3.96) 1

TEM + CTX-M-1 group + OXA-1 3 (2.97) 3

SHV + CTX-M-1 group + OXA-1 2 (1.98) 3

TEM 2 (1.98) 1

TEM + CTX-M-9 group 2 (1.98) 2

TEM + SHV 2 (1.98) 2

OXA-1 1 (0.99) 1

CTX-M-1 group + OXA-1 1 (0.99) 2

SHV + CTX-M-1 group + CTX-
M-9 group

1 (0.99) 3

TEM + CTX-M-1 group + CTX-
M-9 group

1 (0.99) 3

(Continued)
TABLE 3B Continued

ESBL profile
(n = 101)

No
isolates

(%)

Number of genes
in co-existence

TEM + SHV + CTX-M-1 group +
CTX-M-9 group

1 (0.99) 4

TEM + SHV + CTX-M-9 group 1 (0.99) 3

TEM + SHV + CTX-M-1 group +
CTX-M-9 group + OXA-1

1 (0.99) 5
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In the current study, we found that ESBL-PEco and ESBL-PKpn

isolates, both colonizers and causative agents of HAIs, exhibited 100%

susceptibility to carbapenems, tigecycline, and colistin. This keeps

them within the appropriate therapeutic options for HAIs. Of concern

is the resistance observed with cefepime (ESBL-PEco: 57.1%,

ESBL-PKpn: 29.8%), which is the first-line empirical antibiotic

choice for HAI treatment at our institution. As our results

demonstrate, in the case of ESBL-PEco, there is less than a 50%

possibility that treatment will be adequate before de-

escalation therapy.

Currently, the rapid spread of ESBL-producing bacteria has led

to their widespread distribution throughout the world. Several

studies identify E. coli and K. pneumoniae as the main ESBL

producers (Obeng-Nkrumah et al., 2013; Ouedraogo et al., 2016;

Siriphap et al., 2022).

Although SHV and TEM were the first beta-lactamases to

spread, they have gradually been replaced by CTX-M types. This

phenomenon has been associated with the high mobilization of the

genes encoding them (Shahid et al., 2011). The present study

identified the CTX-M-1 group as the most common beta-

lactamase gene in ESBL-PEco strains (77%) and in ESBL-PKpn

(82.19%). These results are consistent with those reported in

Germany (Schmiedel et al., 2014) and Ethiopia (Tufa et al., 2020),

where the prevalence of CTX-M in both species was 50% and 82.7%
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respectively, while in India (Shahid et al., 2011), Romania (Ghenea

et al., 2022), and Nepal (Koirala et al., 2021), ESBL-PEco strains

showed 4.5%, 92.8 and 93.8% respectively and ESBL-PKpn strains,

39.2%, 71.8%, and 78.9%. Among our strains, CTX-M-9 showed a

low prevalence (1.75% and 6.93% for ESBL-PEco and ESBL-PKpn,

respectively). The low frequency of this beta-lactamase in Mexico

can be attributed to its geographical origin so far our country, since

it emerged in Lithuania, between 2012 and 2014. The authors

reported its presence in 90.6% of bloodstream isolates of ESBL-

PEco (Kirtikliene et al., 2022). This geographical origin affects its

distribution, and the limited frequency suggests it may have

difficulty spreading among different bacteria in the Mexican

environment, possibly due to unique genetic traits or limited

opportunities for dissemination.

The simultaneous occurrence of genes encoding distinct beta-

lactamases has garnered attention in contemporary research, with

numerous studies highlighting a progressive increase in prevalence

over time (Munday et al., 2004; Oteo et al., 2010; Shahid et al., 2011;

Schmiedel et al., 2014). Our investigation revealed an overwhelming

98% of isolates exhibited the coexistence of at least two distinct

beta-lactamase genes. This percentage surpasses the reported

frequencies in Iran (Rezai et al., 2015), Malaysia (Mahdi Yahya

Mohsen et al., 2016), India (Bora et al., 2014), and Germany

(Schmiedel et al., 2014), standing at 32%, 78%, 57%, and 78%,
A B

FIGURE 3

Dendrogram of the PFGE profiles of ESBL-producing Escherichia coli and Klebsiella pneumoniae isolates for colonization and HAIs in neonates
hospitalized at the NICU. (A) A total of 114 isolates of Escherichia coli were grouped into 35 pulse types. (B) A total of 101 isolates of Klebsiella
pneumoniae were grouped into 30 pulse types. The dashed line represents the 85% similarity level used in the cluster designation.
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respectively. In this intricate landscape, a study conducted in a

Bosnian and Herzegovinian hospital unveiled that a substantial

77.3% of isolates from hospitalized patients harbored more than

two distinct ESBL types (Ibrahimagić et al., 2017). Notably, the

TEM + SHV + CTX-M-1 group + OXA-1 profile dominated,

prevailing in ESBL-PKpn strains (63%, 28/44) and ESBL-PEco

strains (10%, 1/10). Surprisingly, this specific ESBL profile is the

same predominant pattern we identified in our research,

manifesting in ESBL-PKpn strains (45.54%, 46/101) and an

isolated ESBL-PEco strain (0.88%, 1/114). This compelling

discovery underscores the successful coexistence of these

resistance genes in ESBL-PKpn and alludes to the possibility of

their dissemination via a plasmid, consistent with previous research

(Cantón et al., 2012).

The clonality analysis performed highlighted the dissemination

of clonal strains to other patients during the follow-up period. For

instance, PT6 of ESBL-PEco was isolated in the initial rectal sample

from patient N17.SC1. Three days later, due to symptoms, blood

and urine samples were collected, and PT6 was found in both

samples. Subsequently, PT6 was detected in colonization samples
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from nine patients, and in five of them (N29, N39, N45, N57, and

N58), this pulse type progressed to HAIs. It is worth noting that in

the subsequent rectal samplings of these patients, PT6 continued to

be detected. At the end of the study, 37 PT6 strains were isolated in

these 10 patients, one of whom (patient N43) developed HAIs

related to PT28 (which was not detected in any other patient) and

also showed colonization by PT6 in the sixth rectal sample. Another

example was PT3 was detected upon admission (first rectal sample)

in patient N12.SC1. Subsequently, in the fifth week of the study, it

was identified in patient N15. Two weeks later, it was found in two

other patients (patients N19 and N8), and it continued to

disseminate until the end of the study. In total, we identified 19

PT3 strains in 10 patients, and none of them developed an HAI

related to this pulse type. The 13th week of the study stands out,

during which 11 different pulse types were isolated in the

NICU (Figure 4A).

About ESBL-PKpn, we observed that PT3 was prevalent in the

NICU. This pulse type was initially identified during the second

week of patient´s N5 admission. Subsequently, it was sequentially

spread to patients N1, N8, N2, N16, N19, N25, N27, N29, N42, N43,
B

A

FIGURE 4

Occurrence of pulse types of ESBL-producing Escherichia coli and Klebsiella pneumoniae observed during the follow-up period. White-colored
boxes represent different pulse types, each containing a single isolate for colonization and HAIs throughout the follow-up time. (A) Escherichia coli
isolates. (B) Klebsiella pneumoniae isolates. N, neonate; SC, sample colonization; SHAIs, samples of HAIs.
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and N48. None of the 12 patients developed HAIs. Notably, patient

N15, in whom PT7 was identified upon admission and during the

first week of hospitalization, subsequently developed an HAI caused

by the same clone. In contrast, patient N30 experienced a HAI that

was not related to the previously isolated pulse types in their rectal

samples. A particular case was patient N45, who was colonized with

ESBL-PEco PT6 (associated with HAIs in other patients) starting

from the second week with ESBL-PKpn PT24 and in the fourth

week for ESBL-PKpn PT23. After six days, this patient developed

HAIs in which ESBL-PEco PT6 and ESBL-PKpn PT23 were
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identified. Once again, week 13 of the study stands out, where

eight different K. pneumoniae pulse types were detected in the

NICU (Figure 4B).

We did not consider the progression to infection in patient N43

because E. coli P28 was detected both in the admission rectal sample

and in the HAIs samples taken on the same day. We also excluded

patient 39, whose initial rectal sample showed no bacterial growth,

but on the following day of hospitalization, they were diagnosed

with HAIs, confirmed by a positive culture for E. coli PT6. Their

second colonization sample also belonged to the same pulse type.
B

A

FIGURE 5

Pulse types of ESBL-producing Escherichia coli and Klebsiella pneumoniae from rectal samples collected from neonates during the follow-up time.
(A) Isolates of Escherichia coli. (B) Isolates of Klebsiella pneumoniae. White-colored boxes represent different pulse types, each containing a single
isolate. N, neonate; SC, sample colonization; SHAIs, sample of HAIs.
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The clonality analysis carried out on both colonization and

infection isolates from the same patients showed that colonization

preceded infection in 70% of cases. These findings underscore the

frequent occurrence of cross-transmission events within our

hospital’s NICU. Consequently, continuous surveillance in this

clinical setting is imperative, with particular emphasis on

optimizing patient management to mitigate the substantial clonal

dissemination and, subsequently, reduce the risk of HAIs.

Over the past decade, there has been a growing body of research

aimed at elucidating the relationship between microbial colonization

and the development of HAIs. As a result, we now better understand

several factors that can disrupt the composition of the microbiome.

These factors encompass variables such as the mode of birth,

antibiotic prophylaxis administered to mothers undergoing

cesarean sections, and antibiotic treatments (Vandenplas et al.,

2020; Socha-Banasiak et al., 2021). Additionally, several hypotheses

have emerged, including one suggesting that infections in colonized

neonates may be attributed to the translocation of bacteria from the

gastrointestinal tract to the bloodstream, facilitated by an immature

or compromised intestinal barrier. Furthermore, indirect

transmission through alternative routes due to the immaturity of

defense mechanisms has been postulated (Basu, 2015). Collectively,

these factors underscore the vulnerability of this neonatal population

and emphasize the need for comprehensive research and

intervention efforts.

One of the limitations encountered in this study was the

relatively modest sample size of patients included, a consequence

of the SARS-CoV-2 pandemic, which imposed restrictions on

patient enrollment. Additionally, the confinement of the study to

a single hospital setting is another limitation to consider.

Consequently, it is important to acknowledge that the results

obtained may not be fully representative of patients in the

broader community or in other urban regions of Mexico.

Nevertheless, despite these limitations, the study findings offer

valuable insights and support the recommendation for the

implementat ion of early ESBL-PEco and ESBL-PKpn

identification strategies, and appropriate infection control and

practices. These proactive measures have the potential to reduce

the notable rates of bacterial colonization observed, consequently

mitigating the risk of bacterial dissemination and HAIs.
Conclusions

This investigation has revealed that intestinal colonization by

ESBL-PEco and ESBL-PKpn is a prevalent occurrence in

hospitalized newborns, indicating that a considerable portion of

them are susceptible to progressing to HAIs. Furthermore, patients

colonized by ESBL-PEco and ESBL-PKpn strains producing CTX-

M and TEM, deserve further attention due to the observed

association between the development of HAIs and factors such as

prolonged hospitalization and the use of invasive medical devices.

The genetic similarity observed between colonizing and infecting

ESBL-PEco and ESBL-PKpn strains underscores the importance of
Frontiers in Cellular and Infection Microbiology 1185
endogenous infection and clonal dissemination as predominant

contributors to HAIs, predominantly attributed to E. coli. This

study provides valuable insights that improve our understanding of

the epidemiology of ESBL-producing Escherichia coli and Klebsiella

pneumoniae and intestinal colonization in neonatal patients.
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Ciencia de Frontera 2019-171880 project for supporting this study.
frontiersin.org

https://doi.org/10.3389/fcimb.2023.1322874
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
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and Solórzano-Santos, F. (2015). Intestinal colonization by Extended-spectrum beta-
lactamase-producing Enterobacteriaceae in infants. Rev. Invest. Clin. 67, 313–317.
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Background: Invasive pneumococcal disease has declined since pneumococcal 
conjugate vaccine introduction in Latin America and the Caribbean (LAC). 
However, serotype distribution and antimicrobial resistance patterns have 
changed.

Methods: We conducted a systematic review to evaluate the frequency of 
antimicrobial resistance of Streptococcus pneumoniae from invasive disease in 
LAC. Articles published between 1 January 2000, and 27 December 2022, with no 
language restriction, were searched in major databases and gray literature. Pairs 
of reviewers independently selected extracted data and assessed the risk of bias 
in the studies. The quality of antimicrobial resistance (AMR) studies was evaluated 
according to WHO recommendations (PROSPERO CRD42023392097).

Results: From 8,600 records identified, 103 studies were included, with 49,660 
positive samples of S. pneumoniae for AMR analysis processed. Most studies 
were from Brazil (29.1%) and Argentina (18.4%), were cross-sectional (57.3%), 
reported data on AMR from IPD cases (52.4%), and were classified as moderate 
risk of bias (50.5%). Resistance to penicillin was 21.7% (95%IC 18.7–25.0, I2: 95.9), 
and for ceftriaxone/cefotaxime it was 4.7% (95%IC 3.2–6.9, I2: 96.1). The highest 
resistance for both penicillin and ceftriaxone/cefotaxime was in the age group 
of 0 to 5  years (32.1% [95%IC 28.2–36.4, I2: 87.7], and 9.7% [95%IC 5.9–15.6, I2: 
96.9] respectively). The most frequent serotypes associated with resistance 
were 14 for penicillin and 19A for ceftriaxone/cefotaxime.

Conclusion: Approximately one-quarter of invasive pneumococcal disease 
isolates in Latin America and the Caribbean displayed penicillin resistance, 
with higher rates in young children. Ongoing surveillance is essential to 
monitor serotype evolution and antimicrobial resistance patterns following 
pneumococcal conjugate vaccine introduction.
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1 Introduction

Invasive disease caused by Streptococcus pneumoniae (IPD) is one 
of the leading causes of morbidity and mortality in children and older 
adults worldwide (1). IPD included mainly meningitis, bacteremia, 
and bacteremic pneumonia (2).

The invasiveness and pathogenesis of S. pneumoniae are defined 
by capsular composition; currently, one hundred serotypes have been 
identified (3).

In Latin America and the Caribbean, it is estimated that every 
year, IPD is responsible for up to 28,000 deaths, 182,000 
hospitalizations, and 1.4 million outpatient consults (4).

To prevent IPD, different vaccines were developed, 23-valent 
pneumococcal polysaccharide vaccine (PPV23) and pneumococcal 
conjugate vaccines (PCVs) (5). In 2009 PCVs were introduced in Latin 
American countries, and since May 2016, 29 countries have 
incorporated PCV-10 or PCV-13 s in their national immunization 
programs (6).

Serotype distribution in IPD changes over time by age group, 
clinical manifestation, and regional location (7). SIREVA is an official 
regional laboratory surveillance program (SIREVA) that reports 
information about serotype distribution and antimicrobial resistance 
(AMR) in IPD in the pediatric and adult populations.

S. pneumoniae infections are frequently associated with 
inappropriate antimicrobial prescriptions both in the community and 
in the hospital. IPD rates have decreased since the implementation of 
national immunization programs. However, serotype distribution and 
resistance patterns have been modified (8).

Antimicrobial resistance has emerged in S. pneumoniae during the 
last years with a high impact on global health. Worldwide the highest 
rates of resistance to penicillin and erythromycin were found in 
serotypes 6B, 6A, 9 V, 14, 15A, 19F, 19A, and 23F (9). However, 
information about serotype distribution and antimicrobials in IPD 
is scarce.

This systematic review aimed to describe reported data about 
antimicrobial resistance and associated serotypes in IPD from Latin 
American and Caribbean countries.

2 Methods

The analysis presented here was part of a broader systematic 
review that included epidemiological data on the burden of 
pneumococcal disease in LAC. The findings on AMR are presented in 
this article. We conducted a systematic literature review and meta-
analysis of AMR in IPD in LAC during the last 20 years following 
Cochrane methods (10), the MOOSE guidelines for observational 
studies (11), and the PRISMA statement for reporting systematic 
reviews and meta-analyses (12). The protocol is registered in 
PROSPERO CRD UK (registration number: CRD42023392097).

2.1 Inclusion criteria

Studies from any LAC countries, regardless of age or sex, risk 
groups, with at least 20 culture-confirmed cases from sterile sites (e.g., 
blood, cerebrospinal fluid, pleural fluid) were eligible for inclusion. 
IPD clinical presentations included sepsis/bacteremia, meningitis, 
bacteremic pneumonia, empyema, peritonitis, osteoarticular 
infection/septic arthritis, and endocarditis.

Cohort studies, case–control studies, cross-sectional studies, case 
series, epidemiological surveillance reports, hospital-based 
surveillance studies, interrupted time series (ITS), and controlled ITS 
(CITS) studies were included. Systematic reviews and meta-analyses 
were only considered as sources for primary studies. When data or 
data subsets reported in more than one publication were found, the 
one with the larger sample size or the most recent were selected.

2.2 Search strategy for identification of 
studies and data sources

Records published between 1 January 2000, and 27 December 
2022, in the following databases: PubMed, Embase, CINAHL 
(Cumulative Index of Nursing and Allied Health Literature), 
LILACS (Latin American and Caribbean Health Science Literature)/
ScieLO, EconLIT, Global Health, and Web of Science, with no 
language restriction, were searched. Strategies search, and terms for 
each database are presented in Supplementary Appendix A. The 
reference lists of the articles were hand-searched for additional 
information. We  contacted the original authors to obtain any 
missing information or clarification, but for this analysis it was 
not necessary.

SIREVA, other regional or national surveillance databases, 
including antimicrobial resistance databases, and relevant sources like 
regional MoH, PAHO, and reports from referral hospitals were 
searched. Databases containing regional proceedings, congresses’ 
annals, doctoral theses, websites from regional scientific meetings, 
experts, and related associations were also conducted.

2.3 Outcomes of interest

We explored outcomes by type of IPD, serotype distribution, and 
antimicrobial resistance reported during the same period.

2.4 Selection of articles and data extraction

Publications were screened by two reviewers using title and 
abstract according to the eligibility criteria. Discrepancies were solved 
by consensus of the entire work team. Potentially eligible articles were 
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retrieved in full text for further analysis. All screening phases of the 
study used COVIDENCE® software (13), a web-based platform 
designed to process systematic reviews.

One reviewer performed data extraction and verified by a 
second one using a pre-specified extraction online form previously 
piloted in 10 studies. From eligible articles, the research team 
extracted the following study information: publication and study 
characteristics (type of publication, year published, authors, 
geographic location, study design including domains for risk of bias 
assessment), study population characteristics (age, sex, sample size, 
population risk, inclusion and exclusion criteria), and outcomes 
(frequency of AMR and frequency of serotypes associated 
with AMR).

2.5 Risk of bias assessment

Included studies were assessed for risk of bias by two independent 
reviewers, with discrepancies resolved by consensus with the whole 
team. The risk of bias in observational studies and the control arm of 
trials was assessed using the checklists developed by the U. S. National 
Heart, Lung, and Blood Institute, which classify studies as high risk 
of bias (POOR), moderate risk of bias (FAIR), and low risk of bias 
(GOOD). For the assessment of cohort studies and cross-sectional 
studies, the tool comprises 14 items, while nine items apply to the 
case series studies (14).

2.6 Quality assessment of AMR studies

The quality of AMR studies was evaluated according to WHO 
recommendations (15).

2.7 Statistical analysis

2.7.1 Primary analysis
To analyze the data, descriptive statistics and performed a 

proportion meta-analysis, using metaprop {meta} package with R 
software version 4.2.2. were used (16, 17). We applied an arcsine 
transformation to stabilize the variance of proportions (Freeman-
Tukey variant of the arcsine square root of transformed proportions 
method) (18). We  applied DerSimonian-Laird weights for the 
random effects model where heterogeneity between studies was 
found. We calculated the I2 statistics as a measure of the proportion 
of the overall variation in the proportion that was attributable to 
between-study heterogeneity. An I2 > 60–70% was considered as 
substantial heterogeneity, and below 30% as low level of heterogeneity 
(19). Selective reporting within studies was assessed by comparing 
available protocols with the reports.

2.7.2 Subgroup analysis, sensitivity analysis, and 
investigation of heterogeneity

We conducted subgroup analyses classifying the studies by five-
year calendar period, country, age group (0–5 years, 6–64 years, 65 or 
more years old), and by antibiotic resistance. Both types of analyses 
could contribute to the investigation of heterogeneity causes.

3 Results

3.1 Literature search and study selection

We identified 8,600 records in seven different databases. After 
eliminating duplicates, we screened the remaining 4,533 by title and 
abstract. We made a full-text assessment of 414 considered relevant to 
determine eligibility. Finally, 103 studies met the inclusion criteria 
(Figure 1).

3.2 Characteristics of included studies

The characteristics of the included studies are summarized in 
Supplementary Table 3 in Appendix A. There were 98 full texts, four 
abstracts, and one thesis; 59 (57.3%) were cross-sectional studies, 42 
(40.9%) case series, one (0.9%) prospective cohort, and one (0.9%) 
non-comparative cohort.

The studies provided data on AMR in the following countries: 
Brazil (n = 30, 29.1%) between 1990 to 2019, Argentina (n = 19, 
18.4%) between 1993 to 2019, Uruguay (n = 12, 11.8%) between 
1987 to 2018, Colombia (n = 8, 7.9%) between 1994 to 2019, Chile 
(n = 7, 6.9%) between 1994 to 2014, Peru (n = 5, 4.9%) between 
2000 to 2018, Mexico (n = 4, 3.9%) between 1994 to 2015, Paraguay 
(n = 4, 3.9%) between 1993 to 2018, Costa  Rica (n = 3, 2.9%) 
between 1995 to 2015, Cuba (n = 2, 1.9%) between 2007 to 2016, 
French Guiana (n = 1, 0.9%) between 2000 to 2010, Jamaica (n = 1, 
0.9%) between 1995 to 1999, Panama (n = 1, 0.9%) from 2010 and 
2011, Puerto Rico (n = 1, 0.9%) during 2001 only, and 
Trinidad and Tobago (n = 1, 0.9%) between 1997 to 2013. There 
were also four studies reporting on AMR in various LAC countries 
(including Argentina, Bolivia, Brazil, Chile, Colombia, Costa Rica, 
Dominican Republic, Ecuador, El Salvador, Guatemala, Mexico, 
Nicaragua, Panama, Paraguay, Peru and Uruguay) between 1993 
to 2015.

These studies were published between 2001 and 2022, with 38.8% 
(n = 40) published between 2000 and 2009 and 50.5% (n = 52) 
between 2010 and 2019. Only 10.7% (n = 11) were published in the 
last 3 years (2020 to 2022). The inclusion period of participants was 
from 1987 to 2019, with 41.7% (n = 43) of the studies that included 
participants before 2000, 47.6% (n = 49), which included participants 
between 2000 and 2009, and 10.5% (n = 11) included participants 
from 2010 onwards. Only two (1%) studies did not report the 
inclusion period. The reported duration of the studies ranged from 
12 to 299 months.

Of the 103 studies, 54 (52.4%) reported data on AMR from IPD, 
23 (22.3%) from meningitis (including two studies from IPD that only 
reported AMR from meningitis cases), 22 (21.4%) from pneumonia, 
and four (3.9%) from bacteremia. A total of 49,660 positive samples 
of S. pneumoniae for AMR analysis were processed, with a range of 
samples evaluated between 6 to 11,377, including 40,889 samples from 
IPD (range 17–11,377), 4,743 samples from pneumonia (range 
11–2,629), 3,633 samples from meningitis (range 6–854), and 395 
samples from bacteremia (range 56–167). In one study, the total 
number of samples processed was not reported.

AMR was tested for three or more antibiotics in 54.4% (n = 56) 
of the studies, two antibiotics in 23 studies (22.3%), and in the 
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remaining 24 studies (23.3%) only for penicillin. Studies evaluating 
several antimicrobial resistance in IPD included principally: 
penicillin (n = 53), ceftriaxone/cefotaxime (n = 44), trimethoprim-
sulfamethoxazole (n = 44) and erythromycin (n = 44). The methods 
reported in studies analyzed were epsilometric (E-test) in 26.2% 
(n = 27), broth dilution in 19.4% (n = 20), disk diffusion in 5.8% 
(n = 6), agar dilution in 3.9% (n = 4), automatized systems in 2.9% 
(n = 3). Only in a single study (0.9%) molecular techniques 
(WGS-based assessment) were used to predict antibiotic resistance 
from genomic data by detecting resistance genes. Also, in 25.3% 
(n = 26), combined methods were used. The method used was not 
reported in 15.6% (n = 16) of the studies.

The references of the included studies are in 
Supplementary Appendix A.

3.3 Risk of bias assessment

For cross-sectional and cohort studies, 40 (65.6%) were assessed 
as being at moderate (fair) risk, 15 (24.6%) were assessed as low 
(good) risk, and only six (9.8%) as high (poor) risk. The most frequent 
domains that did not meet the evaluation objectives were related to 
sample size justification, the evaluation of exposures more than once 
or different levels of exposure, and the blinding of the evaluators. For 
case series studies, 29 (69%) were rated as low risk, 12 (28.6%) as 
moderate risk, and only one (2.4%) as high risk. The domains that did 
not meet the objectives more frequently were whether the cases were 
consecutive and the description of the statistical methods. The 
complete evaluation of risk bias assessment by study design is in 
Supplementary Tables 4, 5 in Appendix A.

3.4 Quality assessment of AMR studies

The results of the quality assessment of AMR studies are 
summarized in Supplementary Table 6 in Appendix A. The quality was 
scored as high in 87.4% (n = 90) of the studies and moderate in the 
remaining 12.6% (n = 13). The most frequently missed items were not 
specifying whether a reference/control strain was included when 
assessing antimicrobial susceptibility (64.7%, n = 66), including less 
than 100 isolates, or not reporting the number of isolates evaluated 
(43.7%, n = 45).

3.5 Results of AMR of Streptococcus 
pneumoniae of included studies

Antimicrobial susceptibility results were interpreted according to 
the Clinical and Laboratory Standards Institutes (CLSI), meningitis 
breakpoints were used for penicillin and ceftriaxone/cefotaxime 
(Supplementary Table 7 in Appendix A). The percentage of resistance 
to penicillin from IPD cases ranged from 0% (Panama; s80) to 51.7% 
(Mexico; s74). In 29/50 (58%) studies, penicillin resistance was less 
than 25%, in 16/50 (32%) it was from 25 to 50%; and in 5/50 (10%) 
was more than 50%. The percentage of resistance to ceftriaxone/
cefotaxime from IPD cases ranged between 0% (seven studies reported 
0% of resistance; s4, s41, s50, s63, s85, s89, s92) to 26.1% (Uruguay; 
s74). In 36 (95%) studies, out of 38 studies analyzed, the percentage of 
resistance was less than 25%; in 30 (79%) the resistance was less than 
10%. Only two (5%) studies reported a percentage of resistance of 
more than 25% (s74, s78). For trimethoprim-sulfamethoxazole, the 
percentage of resistance ranged from 6.1% (Brazil; s32) to 69% (Peru; 

FIGURE 1

Study flowchart.
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s85). In eight (25%) studies, out of 32, the percentage of resistance was 
less than 25%, in 13 (40.6%) the resistance ranged between 25 and 
50%, and in 11 (34.4%) it was more than 50%. For erythromycin, the 
percentage of resistance ranged from 0% (Brazil and Colombia; s35, 
s63) to 50% (Cuba; s68). In 23 (79.3%) studies, out of 29, the resistance 
was less than 25%, and in six (20.7%) it was more than 25% 
(Supplementary Table 8 in Appendix A).

In 23 studies from meningitis cases, 22 reported resistance to 
penicillin, 16 to ceftriaxone/cefotaxime, eight to trimethoprim-
sulfamethoxazole, and seven to erythromycin. The percentage of 
resistance to penicillin ranged from 0% (Costa Rica; s65) to 
64.5% (Mexico; s79). In 14/22 studies (63.6%), the resistance 
reported was less than 25%; in seven (31.8%), between 25 and 
50%, and in one study (4.6%) more than 50%. For ceftriaxone/
cefotaxime, the resistance ranged from 0% (s21, s36, s43, s48, s71, 
s77, s79) to 16.7% (Argentina; s13). The percentage of resistance 
to trimethoprim-sulfamethoxazole ranged from 9.9% (s43) to 
75% (both in Brazil; s33). In three (37.5%), the resistance 
reported was less than 25%; in two (25%), it was from 25 to 50%, 
and in the remaining three (37.5%) it was more than 50%. For 
erythromycin, the resistance ranged from 0% (Brazil; s43) to 
41.9% (Cuba; s69). In six (85.7%) studies, the resistance reported 
was less than 25% (Supplementary Table 9 in Appendix A).

From pneumonia cases, 24 studies were analyzed; all of them 
reported resistance to penicillin, 14 to ceftriaxone/cefotaxime, five to 
trimethoprim-sulfamethoxazole, and seven to erythromycin. 
Penicillin resistance ranged from 0% (s11, s55, s56, s98, s99) to 62.7% 
(Uruguay; s97). In 14 (58.3%) studies, the resistance was less than 
25%, in nine (37.5%) it was from 25 to 50%, and only one study 
reported a resistance of more than 50% (s97). Resistance to 
ceftriaxone/cefotaxime ranged from 0% (s9, s53, s54, s55, s73, s99) to 
20.3% (Mexico; s73). Trimethoprim-sulfamethoxazole resistance 
ranged from 33.9% (Colombia; s73) to 67.3% (Argentina; s9). In 80% 
of the studies, resistance was more than 50%. Erythromycin resistance 
was less than 25%, ranging between 2.6% (Argentina; s73) to 24.5% 
(Mexico; s73; Supplementary Table 10 in Appendix A).

Only four studies reported antimicrobial susceptibility from 
bacteremia cases, with 395 isolates evaluated for penicillin, 163 for 
ceftriaxone/cefotaxime, and 56 for both trimethoprim-
sulfamethoxazole and erythromycin. The percentage of resistance to 
penicillin ranged from 0% (Argentina; s17) to 20.6% (Argentina; s2). 
Two studies reported the resistance to ceftriaxone/cefotaxime, it was 
0% in both (Argentina and Chile; s2, s51). One study reported the 
percentage of resistance to trimethoprim-sulfamethoxazole and 
erythromycin, with 17.9% of resistance each (s51; 
Supplementary Table 11 in Appendix A).

The full assessment of susceptibility of S. pneumoniae is in the 
Supplementary Tables 12–15 in Appendix B.

3.6 Serotypes associated with antimicrobial 
resistance

Forty-two studies (40.7%) reported the serotypes associated with 
antimicrobial resistance. All studies analyzed penicillin resistance, in 
11 ceftriaxone/cefotaxime and the remaining seven erythromycin 
resistance. The most frequent serotype associated with penicillin 
resistance was serotype 14 (53.11%, n = 2,808), followed by serotypes 

6B (10.93%, n = 578), 23F (10.63%, n = 562), and 19A (9.85%, n = 521). 
5/42 (12%) studies only include serotype 19A isolates for analysis. The 
majority of serotypes related to AMR found are included in 518 the 
PVC13 vaccine. Additional serotypes included in the PVC20 519 
vaccine were found much less frequently, with only 10 resistant 520 
isolates serotyped as 15B (0.11%), 11A (0.04%), 12F and 8 (0.02% 521 
each), resistant serotypes 10A, 22F and 33F were not reported 522 
(Figure 2A).

For ceftriaxone/cefotaxime and erythromycin, the most frequent 
serotypes associated with resistance was 19A (58.48%, n = 193 and 
46.27%, n = 397 respectively). In the case of ceftriaxone/cefotaxime, 
another five serotypes were reported associated with resistance but 
with a lower frequency, all included in the PVC10 vaccine (Figure 2B). 
Regarding erythromycin, except for serotypes 1, 4, 18C, and 22F, all 
the other serotypes included in the PVC10, PVC13, 529 and PVC20 
vaccines were associated with resistance, with a frequency less than 
5% (Figure 2C).

The complete assessment of serotypes associated with resistance 
is in Supplementary Tables 16–18 are in Appendix B.

3.7 Proportion meta-analysis for resistance 
to penicillin and ceftriaxone/cefotaxime

A proportion meta-analysis for resistance to penicillin and 
ceftriaxone/cefotaxime was performed. Subgroup analyses were 
conducted by five-year calendar period, country, and age range 
(0–5 years, 6–64 years, and 65 or more years; Table 1).

The resistance to penicillin was 21.7% (95%IC 18.7–25.0, I2: 
95.9; Supplementary Figure  1 in Appendix A). The highest 
resistance was observed between 2000 and 2004 with 35.8% 
(95%IC 27.1–45.5, I2: 93.4), and the lowest between 2010 and 
2014 with 5.9% (95%IC 1.2–24.5, I2: 94.8; Supplementary Figure 2 
in Appendix A). Regarding age, the highest resistance was in the 
age group of 0 to 5 years with 32.1% (95%IC 28.2–36.4, I2: 87.7; 
Supplementary Figure 3 in Appendix A). When we analyzed by 
country we observed the highest resistance in Puerto Rico: 49.7% 
(95%IC 42.4–57.0, I2: NA), Mexico: 45.5% (95%IC 33.3–58.3, I2: 
88.1), and Cuba: 44.7% (95%IC 35.5–54.3, I2: NA), while in Chile 
the lowest resistance was observed with 11.6% (95%IC 4.0–29.2, 
I2: 83.5; Figure 3).

The resistance to ceftriaxone/cefotaxime was 4.7% (95%IC 
3.2–6.9, I2: 96.1; Supplementary Figure 4 in Appendix A). Between 
1995 and 1999 we observed the highest resistance with 11.2% (95%IC 
6.2–19.3, I2: 79.9; Supplementary Figure 5 in Appendix A). As with 
penicillin, the highest resistance was in the age group of 0 to 5 years 
with 9.7% (95%IC 5.9–15.6, I2: 96.9; Supplementary Figure  6 in 
Appendix A). Analyzed by country the resistance in all was less than 
10%, except in Mexico where we observed the highest with 17.3% of 
resistance (95%IC 9.5–29.4, I2: 84.6; Figure 4).

3.8 Data analysis from regional laboratory 
surveillance database reports (SIREVA)

Among the countries of the region of the Americas most 
represented in SIREVA reports were Argentina, Brazil, Chile, and 
Colombia, which between 2013 and 2018 reported more than 600 
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results from children under 5 years old. Before 2013, non-PCV13 
serotypes were not listed. Resistance to penicillin and cefotaxime did 
not present significant differences between 2013 and 2018 in any of 

the countries analyzed. Regarding erythromycin resistance, in 
Argentina, a significant increase (p < 0.05) was observed between 2013 
and 2018. Analyzing the main serotypes related to antimicrobial 

FIGURE 2

Serotypes associated with resistance. Serotypes associated with resistance to: (panel A) penicillin, (panel B) ceftriaxone/cefotaxime, (panel C) 
erythromycin.
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resistance, when comparing 2013 with 2018, a significant increase in 
19A was observed in Chile, as well as 24A in Argentina and Chile 
(Figure 5).

4 Discussion

This study analyzed mainly antimicrobial resistance and 
associated serotypes in IPD previous and post-introduction of PCVs 
in pediatric, adult, and mixed populations in healthcare facilities from 
15 countries across the LAC region.

Antimicrobial resistance in S. pneumoniae changes over time 
depending on PCV implementation, serotype distribution, 
antimicrobial consumption, and other factors showed differences 
between countries (7, 20).

Since the introduction of PCVs in national immunization 
programs in LAC, a decrease in IPD and changes in serotype 
distribution and antimicrobial resistance patterns have been 
observed. We  focus on antibiotics useful to treat pneumococcal 
diseases in children and adults (21, 22). In our study, we observed a 

global penicillin antimicrobial resistance rate was less than 50% in 
IPD in the LAC region; similar data was reported in other 
regions (23).

Over the years, penicillin resistance increased until it reached its 
highest level in 2000–2004, followed by a decline that, despite some 
fluctuations, coincided with the introduction of PCVs in the different 
countries of the region between 2008 and 2015 (6, 24). The highest 
rates of resistance were observed in children under 5 years, followed 
by adults older than 65. Resistance rates between 40 and 50% were 
reported in the majority before the introduction of PCVs in these 
countries. In countries from the region, penicillin rates higher than 
50% were reported mainly in studies that include only 19A isolates. 
Despite the introduction of PCVs, serotype 19A remains among the 
most frequently associated with antimicrobial resistance and 
multidrug resistance (25). In the pre-PCV period, the studies that 
reported resistance to penicillin found it mainly associated with 
serotype 14.

Analysis of serotypes associated with penicillin resistance revealed 
a prevalence of serotypes 14, 23F, 6B, and other PCV10 serotypes in 
all studies conducted before the introduction of PCVs, and was 

TABLE 1 Summary of proportion meta-analyses results for resistance to penicillin and ceftriaxone/cefotaxime, by five-year calendar period, age 
categories and country.

Resistance to penicillin Resistance to ceftriaxone/cefotaxime

Studies (N) Proportion (95%IC) I2 Studies (N) Proportion (95%IC) I2

Overall 92 21.71% (18.70–25.07) 95.9% 47 4.74% (3.21–6.94) 96.1%

By 5-years period

1990–1994 2 24.99% (16.55–35.89) 27.5% – – –

1995–1999 22 28.44% (23.69–33.71) 93.4% 8 11.28% (6.29–19.39) 79.9%

2000–2004 14 35.82% (27.14–45.55) 93.4% 12 7.03% (2.16–20.53) 93.5%

2005–2009 6 8.09% (3.66–16.93) 70.2% 9 8.03% (2.85–20.60) 92.9%

2010–2014 4 5.96% (1.22–24.53) 94.8% 10 5.34% (3.01–9.29) 59.1%

2015–2019 – – – 4 6.52% (3.58–11.58) 76.0%

By age

0–5 years 35 32.17% (28.23–36.40) 87.7% 20 9.78% (5.98–15.61) 96.9%

6–64 years 2 15.66% (12.91–18.87) 80.3% 1 6.20% (5.55–6.93) NA

≥65 years 3 18.25% (9.75–31.56) 92.9% 2 5.13% (4.47–5.87) 0%

By country

Argentina 18 19.54% (13.00–28.31) 94.0% 9 6.74% (3.30–13.29) 97.2%

Brazil 31 20.09% (16.30–24.50) 94.0% 12 2.48% (0.97–6.18) 95.8%

Chile 6 11.69% (4.06–29.27) 83.5% 2 5.76% (1.74–17.41) 68.7%

Colombia 9 19.72% (15.34–24.97) 94.7% 8 4.14% (1.75–9.49) 96.3%

Costa Rica 2 27.77% (6.90–66.62) 92.6% 1 3.03% (0.76–11.32) NA

Cuba 1 44.76% (35.55–54.35) NA 1 7.62% (3.86–14.50) NA

French Guiana 1 35.71% (20.41–54.62) NA – – –

Mexico 6 45.56% (33.31–58.37) 88.1% 4 17.30% (9.50–29.42) 84.6%

Paraguay 4 16.34% (8.66–28.68) 89.3% 4 1.64% (0.41–6.39) 72.7%

Peru 3 18.17% (13.51–24.00) 0% 2 3.10% (1.56–6.08) 0%

Puerto Rico 1 49.72% (42.41–57.04) NA 1 3.39% (1.53–7.34) NA

Uruguay 10 22.75% (9.13–46.30) 92.8% 4 6.69% (1.92–20.79) 96.3%

NA, Not Applicable.
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FIGURE 3

Proportion meta-analysis of resistance to penicillin by country.
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FIGURE 4

Proportion meta-analysis of resistance to ceftriaxone/cefotaxime by country.
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consistent with the global pattern and previous reports from LAC 
countries (26).

In a study conducted in Brazil, the emergence of non-PCV10 
serotypes 19A and 6A penicillin-resistant isolates was observed in the 
post-PCV period (20). As a consequence the study describes an 
increase of antimicrobial non-susceptibility in a long-term post-
PCV10 introduction.

A similar scenario was observed for ceftriaxone/cefotaxime-
resistant strains, which were associated mainly with serotypes 14, 23F, 
and 19F in pre-vaccination studies and associated with serotype 19A 
and other new serotypes in post-vaccination studies.

Interestingly, outcomes from our study showed an increase in 
erythromycin resistance during the study period mainly related to 
serotype 19A and other non-vaccine serotypes. No changes in 
penicillin resistance, increased resistance to erythromycin, 
tetracycline, and multidrug resistance in the post-PCVs period were 
observed. In line with our results, the proportion of pneumococci 
showing resistance to first-line antimicrobials has decreased after 
vaccination. However, higher rates of resistance to other 
antimicrobials, mainly macrolides, have been observed in several 
countries, despite overall reductions in IPD attributable to vaccines, 
frequently associated with non-vaccine serotypes (27–29). Serotype 
24F appears as an emergent serotype related to multidrug resistance 
and is characterized by its high invasiveness and probably influenced 
by antibiotic consumption (30).

One of the primary limitations of the study was the risk of bias of 
the included studies, which was mainly due to low sample sizes, 
selection bias, and information bias in the outcome measurement. 

Although, the risk assessment for cross-sectional and cohort studies 
showed that the majority were classified as moderate risk, and case 
series studies were mostly rated as low risk. Most of the studies 
included were case series and cross-sectional, which did not provide 
the best disease estimations. We try to exclude, as far as possible, those 
articles whose data seemed to be published in more than one article, 
but it is possible that some AMR data found have been reported by 
several studies. In Latin American and Caribbean countries (excluding 
pneumococcal meningitis), it is not mandatory to report to laboratory-
based systems like SIREVA, and passive surveillance may not 
accurately reflect the prevalence of diseases.

According to this study, the treatment of choice for pneumonia 
remains penicillin or ampicillin and cefotaxime or ceftriaxone for 
meningitis and bacteremia.

The study provides data on AMR and associated serotypes 
throughout the LAC counties during pre- and post-vaccine periods, 
including the late post-vaccination period, which is very important to 
assess the changes produced by incorporating PCVs in the region. Our 
results highlight continuous surveillance’s importance in assessing the 
dynamic of serotype distribution and antimicrobial resistance in 
pediatric and adult IPD from LAC.

5 Conclusion

The introduction of PCVs in LAC countries has led to changes 
in pneumococcal serotype distribution and antimicrobial resistance 
patterns in IPD. There was an overall decline in antibiotic resistance, 

FIGURE 5

Variation over time of resistance to penicillin, ceftriaxone/cefotaxime and erythromycin, and the percentage of serotypes included in the different 
PCVs. Figure 4 shows the percentage of resistance to penicillin, ceftriaxone/cefotaxime and erythromycin, and the percentage of serotype 19A and 24F 
isolates between 2013 and 2018, as well as the percentage of serotypes included in PCV10, PCV13 and PCV20 (dotted lines). PEN: penicillin; CTX: 
ceftriaxone/cefotaxime; ERY: erythromycin; R: resistance. PCV10 was implemented in Brazil in March 2010 and in Chile in January 2011. PCV13 was 
implemented in Argentina in January 2012. In Colombia PCV13 was implemented in July 2011 and replaced by PCV10 in January 2012.
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particularly to penicillin, after PCV implementation. However, 
concerning trends of increased erythromycin resistance and the 
emergence of non-vaccine serotypes associated with antibiotic 
resistance highlight the need for ongoing surveillance. Continuous 
monitoring of serotype evolution and antimicrobial resistance is 
essential to evaluate PCV impact and guide treatment 
recommendations for pneumococcal disease in Latin America and 
the Caribbean.
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Resistome, mobilome, and
virulome explored in clinical
isolates derived from acne
patients in Egypt: unveiling
unique traits of an emerging
coagulase-negative
Staphylococcus pathogen
Mai A. Amer1, Manal M. Darwish1,2, Noha S. Soliman3

and Heba M. Amin1*

1Department of Microbiology and Immunology, Faculty of Pharmacy, October University for Modern
Sciences and Arts, Giza, Egypt, 2Medical Microbiology and Immunology Department, Faculty of
Medicine, Ain Shams University, Cairo, Egypt, 3Clinical and Chemical Pathology Department, Faculty
of Medicine, Cairo University, Cairo, Egypt
Coagulase-negative staphylococci (CoNS) are a group of gram-positive

staphylococcal species that naturally inhabit the healthy human skin and

mucosa. The clinical impact of CoNS-associated infections has recently been

regarded as a challenge for diagnosis and therapeutic options. CoNS-associated

infections are primarily caused by bacterial resistance to antibiotics and biofilm

formation. As antibiotics are still the most used treatment, this problem will likely

persist in the future. The present study aimed to investigate the resistance and

virulence of CoNS recovered from various acne lesions and explore their genetic

basis. Skin swab samples were collected from participants with acne and healthy

skin. All samples underwent conventional culture for the isolation of CoNS,

MALDI-TOF confirmation, antibiotic susceptibility, and biofilm formation testing.

A total of 85 CoNS isolates were recovered from the samples and preliminarily

identified as Staphylococcus epidermidis. Isolates from the acne group (n = 60)

showed the highest rates of resistance to penicillin (73%), cefoxitin (63%),

clindamycin (53.3%), and erythromycin (48%), followed by levofloxacin (36.7%)

and gentamycin (31.7%). The lowest rates of resistance were observed against

tetracycline (28.3%), doxycycline (11.7%), and minocycline (8.3%). CoNS isolated

from mild, moderate acne and healthy isolates did not show strong biofilm

formation, whereas the isolates from the severe cases of the acne group showed

strong biofilm formation (76.6%). Four extensively drug-resistant and strong

biofilm-forming staphylococcal isolates recovered from patients with severe

acne were selected for whole-genome sequencing (WGS), and their genomes

were investigated using bioinformatics tools. Three of the sequenced genomes

were identified as S. epidermidis; however, isolate 29AM was identified as

Staphylococcus warneri, which is a newly emerging pathogen that is not

commonly associated with acne and was not detected by MALDI-TOF. All the

sequenced strains were multidrug-resistant and carried multiple resistance

genes, including blaZ, mecA, tet(K), erm(C), lnuA, vgaA, dfrC, fusB, fosBx1, norA,
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and vanT, which were found to be located on plasmids and chromosomes.

Virulence features were detected in all genomes in the presence of genes

involved in adherence and biofilm formation (icaA, icaB, icaC, sdrG, sdrH, atl,

ebh, and ebp). Only the S. warneri isolate 29AM contained immune evasion genes

(capB, capC, acpXL, and manA), an anti-phagocytosis gene (cdsA), and other

unique features. As a result of their potential pathogenicity and antibiotic

resistance, CoNS must be monitored as an emerging pathogen associated with

acne infections. To the best of our knowledge, this is the first report to isolate,

identify, and correlate S. warneri with severe acne infections among Egyptian

patients using WGS and bioinformatic analysis.
KEYWORDS

CoNS, acne, antibiotic resistance, virulence, genome analysis, mobilizable genetic
elements, Staphylococcus epidermidis, Staphylococcus warneri
1 Introduction

Staphylococcus species frequently colonize the skin of birds and

mammals. Staphylococcus species are distinguished by their ability

to coagulate blood into two main groups: coagulase-positive

staphylococci, Staphylococcus aureus, and coagulase-negative

staphylococci (CoNS), which include most species, such as

Staphylococcus epidermidis (Otto, 2010). CoNS is a common skin

microbiome organism and can inhibit the adhesion of virulent S.

aureus and other pathogens (Christensen and Brüggemann, 2014).

S. epidermidis is the most commonly isolated staphylococcal species

from the human skin (Becker et al., 2014). It primarily colonizes the

head, nose, and axilla. Staphylococcus hominis and Staphylococcus

capitis are two additional common human skin colonizers. The

latter is more commonly detected in the head and is more prevalent

in adolescence. Staphylococcus haemolyticus and Staphylococcus

warneri are less frequently observed in the human skin.

Additionally, species that typically reside on farms or domestic

animals, such as Staphylococcus sciuri or Staphylococcus

intermedius, may transiently colonize humans (Otto, 2010). CoNS

frequently exhibit multiple drug resistance, have few effective

therapeutic choices, result in incurable diseases, and accumulate

resistant strains in communities and hospitals. Antimicrobial

resistance has various major causes, ranging from a lack of

infection control to the inappropriate use of antibiotics. Recent

investigations have shown that CoNS are highly resistant to

erythromycin, vancomycin, oxacillin, methicillin, and penicillin

(França, 2023). Scientists are paying attention to the emergence of

multidrug-resistant (MDR) strains among CoNS and S. warneri,

which is considered an emerging pathogen that can cause serious

infections (Alawad et al., 2022).

S. epidermidis is commonly regarded as a commensal

microorganism because it is beneficial to the skin in healthy

environments (Cogen et al., 2008; Yang et al., 2022). Commensal

S. epidermidis undergoes mutualistic and symbiotic interaction with
02101
the cutaneous system (Brüggemann, 2010). The skin hosts and

supplements S. epidermidis with nutrients; in exchange, bacteria

participate in host defense, innate immunity, and skin homeostasis.

Through their microbial surface components, these bacteria interact

with extracellular matrix proteins in the human skin (Arrecubieta

et al., 2007; Brüggemann, 2010), which subsequently permits the

interaction pathways between skin cells and bacteria (Yang et al.,

2022). S. epidermidis can prevent biofilm formation of pathogenic

strains via the secretion of bacteriocins (Paluch et al., 2020).

Additionally, during the healing process of wounds or skin

diseases, S. epidermidis lipoteichoic acid (LTA) can reduce skin

inflammation (Fournière et al., 2020).

Although S. epidermidis plays a physiological role in

maintaining skin homeostasis, it can be linked to some skin

pathologies such as acne vulgaris, a prevalent chronic

inflammatory skin condition affecting the pilosebaceous unit,

where S. epidermidis was found to be overrepresented (Fitz-

Gibbon et al., 2013; O’Neill and Gallo, 2018). Acne is primarily

caused by three factors: (1) bacterial strains (Downing et al., 1986;

Aydemir, 2014; Kutlu et al., 2023), C. acnes and S. epidermidis are

both present, with C. acnes making up less than 2% of the skin

surface bacteria and S. epidermidis being overrepresented (Fitz-

Gibbon et al., 2013; O’Neill and Gallo, 2018); (2) qualitative and

quantitative excessive seborrhea in sebaceous glands in acne lesions;

and (3) keratinocytes with hyperkeratinization of the pilosebaceous

unit, which causes the production of comedones, papules, and

pustules (Jahns et al., 2012). The role of biofilms in acne

development is an active area of research. Biofilms are complex

communities of microorganisms that adhere to surfaces and

produce a protective extracellular matrix. The formation of

microbial communities, notably Propionibacterium acnes (P.

acnes), as biofilms, contributes to the obstruction of follicles and

the accumulation of sebum, dead skin cells, and bacteria. In this

structured matrix, P. acnes exhibits increased resistance to

antimicrobial agents and host immune responses, fostering
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inflammation and contributing to the characteristic inflammatory

lesions seen in acne. The resilience of biofilms poses challenges in

treatment because their protective nature makes bacteria less

susceptible to conventional therapies, potentially leading to

treatment resistance and recurrent lesions. The chronic nature of

acne, characterized by periods of exacerbation and remission, may

be linked to the persistence of biofilms, emphasizing the need for

research on disrupting biofilm formation as a potential target for

innovative acne management strategies (Chen et al., 2017; Coenye

et al., 2022).

Notably, some phylogenetic sequence types (STs) of S.

epidermidis (e.g., ST2, ST5, ST23, and ST215) are associated

with nosocomial infections, raising the possibility of their

pathogenicity owing to their virulence and multidrug resistance

properties (Månsson et al., 2015; Lee et al., 2018). Several

virulence genes play an essential role in adhesion, biofilm

development, and phenol-soluble modulation, in addition to the

presence of mobile genetic elements (MGEs) that are involved in

the acquisition and transmission of virulence and resistance

features that enhance the pathogenicity of S. epidermidis

(Bouchami et al., 2016; Rolo et al., 2017). One of the most

important virulence factors of S. epidermidis is biofilm

formation, which is mediated by intercellular adhesin (ica) and

accumulation-associated protein (aap) genetic determinants

(Arciola et al., 2015; Schaeffer et al., 2016). Biofilms are

recognized as a common form of microbial growth that confer

protection against the host immune system and antibiotic

challenges (França, 2023). In CoNS biofilms, especially in S.

epidermidis, the polysaccharide poly-N-acetylglucosamine

(PNAG) is one of the most dominant metabolites, and up to

60% of the recovered clinical isolates produce the proteins

encoded by the icaADBC genes (Ahmed et al., 2019). The first

staphylococcal component with a key role in biofilm accumulation

was identified as polysaccharide intercellular adhesin (PIA).

However, not all strains of S. epidermidis strains possess the

icaADBC operon and are formed by the protein products of this

gene (Formosa-Dague et al., 2016; Schaeffer et al., 2016).

Horizontal gene transfer (HGT) is one of the most significant

methods for CoNS to acquire exogenous DNA and, as a result,

antibiotic resistance genes in biofilms (Águila-Arcos et al., 2017).

In recent years, attention has been focused on the arginine

catabolic mobile element (ACME) system, a pathogenicity island

hypothesized to promote host colonization and immune evasion

(O’Connor et al., 2018). ACME likely descends from S.

epidermidis and spreads horizontally to S. aureus (Onishi et al.,

2013; Planet et al., 2013).

Considering emerging evidence for the pathogenicity of some

specific strains of CoNS, assuming that not all staphylococcal

isolates behave similarly, it has been challenging to identify

clinically significant strains. To this end, we aimed to characterize

CoNS isolated from healthy skin and acne lesions phenotypically by

testing antimicrobial susceptibility and biofilm production, and

genetically characterized CoNS isolated from severe acne

infections using whole genome sequence (WGS) technology in

order to understand the genetic basis of bacterial virulence,

antibiotic resistance, and phylogenetic background.
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2 Materials and methods

2.1 Sample collection

The present study was conducted with a total of 140

participants, divided into two groups: i) the acne group (n = 100)

with various levels of severity, including mild (n = 25), moderate

(n = 45), and severe acne (n = 30), and ii) the healthy group with

healthy skin (n = 40). All participants were university students in

Egypt aged 18–24 years. The patients recruited in this study were all

non-diabetic, not previously treated with topical antibiotics, did not

previously receive acne treatment, and had no history of underlying

medical illnesses. For the female participants, skin samples were not

collected during the menstrual period.

The participant clinician classified the degree of acne based on the

clinical features into mild, moderate, and severe acne. The mild level

was Acne comedonica (comedones and congestion), moderate level

was papulopustular acne (mild papules and pustules), and severe

form was pustule-nodular acne (severe pustules and nodules).

All participants provided written informed consent, and the

study was approved by the research ethics committee of the

pharmacy faculty of the October University for Modern Sciences

and Arts (MSA) (approval number (M1/Ec1/2022PD).
2.2 Isolation of bacteria and preliminary
identification of CoNS

Skin swabsof acne lesionswere collected from theparticipants. For

the growth of bacterial colonies, skin swabswere cultured in tryptic soy

broth (TSB) (Oxoid, UK) at 37°C for 3 days (Huang et al., 2022).

Purificationwas performed by serial subcultivation on 5% sheep blood

agar (SBA) (Oxoid, UK) andmannitol salt agar (MSA) (Oxoid, UK) at

37°C for 24h toobtain single colonies inpure culture. Isolates obtained

from the blood andMSA were preliminarily identified as CoNS based

on colony morphology and conventional biochemical reactions.

Microscopic characteristics were studied using Gram staining.

Catalase, DNase, slide coagulase activity, motility, and blood agar

hemolysis tests were conducted according to the method by Freney

et al. (1999). Isolate identitywas subsequently confirmedusingMatrix-

Assisted Laser Desorption/Ionization Time-of-Flight Mass

Spectrometry (MALDI-TOF MS) (Dubois et al., 2010).
2.3 Antibiotic susceptibility tests

The Kirby–Bauer disc diffusion method was used to screen CoNS

isolates for antibiotic susceptibility. The adjusted bacterial culture,

equivalent to 0.5 McFarland standard, was inoculated onto Muller

Hinton agar (LabM, UK) and incubated at 37°C for 24 h. Commercial

antibiotic discs (Oxoid, England) were tested: penicillin (10 U),

cefoxitin (30 mg), erythromycin (15 mg), vancomycin (30 mg),
clindamycin (2 mg), tetracycline (30 mg), trimethoprim/

sulfamethoxazole (1.25/23.75 mg), gentamicin (10 mg), levofloxacin
(5 mg), tetracycline (30 mg), rifampin (5 mg), minocycline (30 mg), and
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doxycycline (30 mg). The interpretative results matched the Clinical

and Laboratory Standards Institute standards (CLSI) (CLSI, 2022).
2.4 Phenotypic characterization of biofilm
production of CoNS isolates

The crystal violet assay was used to evaluate the ability of the

staphylococcal isolates to form biofilms (Amer et al., 2021). Briefly,

overnight cultures were adjusted to 105 CFU/ml and inoculated in

200 ml of TSB supplemented with 1% (v/v) glucose (LOBA Chemie,

India), in 96-flat bottom polystyrene microtiter plate (Greiner Bio-

one®, Germany). The microtiter plates were incubated at 37°C

without shaking for 24 h. After incubation, microbial growth was

determined by measuring the turbidity at 600 nm, after which the

cells were removed, washed twice with sterile phosphate buffered

saline (PBS), and left to air dry. The dried biofilms were then stained

with 0.1% crystal violet (CV) (LOBA Chemie, India) for 15 min,

excess stain was removed, the wells were washed with 200 ml sterile
distilled water, excess water was removed, and the plates were dried.

Finally, the stain was solubilized in 33% glacial acetic acid (LOBA

Chemie, India). Colorimetric analysis of the biofilm biomass was

performed at 545 nm. Biofilm formation was evaluated using the

biofilm formation index, [BFI]: (AB − CW)/(GB − GW), where AB

is the OD545 of the CV-stained microorganisms, CW is the OD545

nm of the stained blank wells containing only media, GB is the

OD600 of the cell culture, and GW is the OD600 of the blank well.

Isolates were classified into four groups: nonadherent (0.35), mild

(0.35 to 0.69), moderate (0.70 to 1.09), and strong (>1.10) biofilm

forming according to the specified semi-quantitative biofilm

production classification described by Lucero-Mejıá et al. (2020).
2.5 DNA extraction and detection of icaA,
icaD, and mecA genes

Bacterial pellets of CoNS strains were pretreated with 180 µl

lysis buffer formulated with 20 mM Tris–HCl, pH 8.0, 2 mM EDTA

(ADWIC, Egypt), 1.2% Triton X-100, and lysozyme that was added

immediately before use, at a final concentration of 20 mg/ml. After

pretreatment, genomic DNA was extracted using the QIAamp®

DNA Mini Kit (QIAGEN, Germany) according to the

manufacturer’s recommendations for gram-positive bacteria.
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The presence of icaA, icaD, and mecA in the extracted DNA was

detected by polymerase chain reaction using forward and reverse

primers, as shown in Table 1. The amplification reaction was

performed according to the method described by Petrelli et al.

(2006), using a Biometra DNA thermal cycler (Hamburg, Germany).

Amplicons were analyzed by electrophoresis on 1% agarose gels

(Lonza, USA), stained with ethidium bromide dye (Sigma-Aldrich,

USA), and visualized under a UV light transilluminator (LTF

Labortechnik, Germany). Ruler Gene 100 bp A DNA ladder served

as a DNA size indicator (Zhou et al., 2013).
2.6 Genomic characterization of S.
epidermidis using whole
genome sequencing

2.6.1 Library preparation and sequencing
Following DNA extraction using the QIAamp® DNA Mini Kit

(QIAGEN, Germany), sequencing libraries were prepared using the

Nextera XT DNA Library Preparation Kit (Illumina, USA)

according to the manufacturer’s instructions. Quality control was

performed using an Agilent DNA 1000 chip, prior to shotgun

sequencing using MiSeq (Illumina, USA). Preassembly processing

of the generated reads was performed using FastQC. Trimmomatic

v0.32 was used to remove low-quality (mean quality less than 25) or

low-complexity reads, reads mapping to the human genome or

large and small ribosomal units of bacteria, fungi, and humans, and

known contaminants (e.g., phiX174, Illumina spike-in) (Bolger

et al., 2014). All genomes are available in the NCBI genome

(BioProject accession number PRJNA993660).
2.6.2 Genome assembly and annotation
Pre-processed reads were assembled de novo using SPAdes

version 3.6.1, with contigs shorter than 1,000 nucleotides

discarded (Bankevich et al., 2012). The analysis was only selected

for reconstructed genomes with an N50 > 50,000. The assembled

contiguous sequences were submitted via the National Center for

Biotechnology Information (NCBI) Prokaryotic Genome

Annotation Pipeline to GenBank for gene annotation. The

generated contigs were further analyzed to investigate the genetic

elements of interest. After that, the most similar sequences were

identified and a phylogenetic tree was constructed using the
TABLE 1 List of primers used in PCR.

Primers Sequence (5’-3’) Target Gene Tm (°C) Length References

icaA_F TCT CTT GCA GGA GCA ATC AA icaA 56.4 188 Zhou et al. (2013)

icaA_R TCA GGC ACT AAC ATC CAG CA 58.4

icaD_F ATG GTC AAG CCC AGA CAG AG icaD 60.5 198 Zhou et al. (2013)

icaD_R CGT GTT TTC AAC ATT TAA TGC AA 55.5

mecA_F AAA ATC GAT GGT AAA GGT TG GC mecA 58.4 244 Zhou et al. (2013)

mecA_R AGT TCT GCA GTA CCG GAT TT GC 62.1
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Bacterial and Viral Bioinformatics Resource Center (BV-BRC)

(https://www.bv-brc.org/) (Olson et al., 2023).

2.6.3 Pathogenicity, resistome, and
virulome analysis

PathogenFinder was used to predict the pathogenicity of the

isolates for human hosts (https://cge.cbs.dtu.dk/services/

PathogenFinder/). The assembled genomes obtained from the

WGS data were annotated to identify the predicted resistome

using ResFinder 4.1 (with a minimum length and threshold of

60% and 90%, respectively) (https://cge.cbs.dtu.dk/services/

ResFinder/), and the Comprehensive Antibiotic Resistance

Database (CARD) available at (https://card.mcmaster.ca/analyze/

rgi) (Alcock et al., 2020), using the default selection criteria “perfect

and strict hits only.” These platforms were employed in

combination to avoid the drawbacks of each platform.

The genetic basis (chromosomal single-nucleotide

polymorphism [SNP]) for fluoroquinolone and rifampicin

resistance genes from the assembled genomes was studied

(Altschul et al., 1990). Alignment of gyrA, gyrB, parC, parE, and

rpoB genes to the reference strains of S. epidermidis (ATCC®12228

and ATCC®35984) with their corresponding genes from the

assembled isolates in this study. Mutations were analyzed using

multiple sequence alignment (MSA) and SNP analysis tool

provided by the BV-BRC (https://www.bv-brc.org/). Clustal

Omega (1.2.4) provided by EMBL’s European Bioinformatics

Institute (EMBL-EBI) (https://www.ebi.ac.uk/Tools/msa/clustalo/)

was used to perform MSA alignments of the predicted amino acid

sequences. Colored alignments were visualized using the multiple

alignment viewer tool MView 1.63, available at (https://

www.ebi.ac.uk/Tools/msa/mview/) and hosted by EMBL-EBI.

VirulenceFinder 2.0 (using a minimum length of 60% and a

threshold of 90%) (https://cge.cbs.dtu.dk/services/VirulenceFinder/

) (Joensen et al., 2014), virulence factor database (VFDB) (http://

www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi?func=VFanalyzer) and

BacWGSTdb (http://bacdb.cn/BacWGSTdb) were used for

screening the presence of virulence genes. The virulence

determinants related to S. epidermidis were examined including

adhesion, enzymes, biofilm formation, secretion, immune evasion,

toxins, anti-phagocytosis, and intracellular survival.

2.6.4 In silico multilocus sequence typing
Multilocus sequence typing (MLST) was performed in silico

using MLST 2.0, which is available on the website of the Center for

Genomic Epidemiology (https://cge.cbs.dtu.dk/services/MLST/)

(Larsen et al., 2012) and the public molecular typing database

PubMLST (https://pubmlst.org/).

Sequence types were assigned comparing the internal fragments

of the seven housekeeping genes (arcC, aroE, gtr, mutS, pyrR, tpiA,

and yqiL) from S. epidermidis to determine the MLST sequence

types (STs) (Thomas et al., 2007).

2.6.5 Identification of mobile genetic elements
Mobile genetic elements (MGEs) related to ARGs and their

genomic context were investigated using NCBI annotations. The
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web-based typing tool SCCmecFinder was used to determine the

SCCmec types and their structural position in the S. epidermidis

isolates in silico (https://cge.cbs.dtu.dk/services/SCCmecFinder/).

Plasmid replicon types were detected in silico using PlasmidFinder

2.1, available at (https://cge.cbs.dtu.dk/services/PlasmidFinder/)

(Carattoli et al., 2014).

Prophage sequences within the assembled genomes were detected

and annotated using PHASTER tool (https://phaster.ca/) (Arndt et al.,

2016). Only “intact” prophage regions discovered by PHASTER were

considered. The sites of the prophage regions were BLASTED against

CARD to determine whether they included resistance genes.

MobileElementFinder v1.0.3 was used to identify ISs and

transposons flanking the resistance genes (Johansson et al., 2021),

available at https://cge.cbs.dtu.dk/services/MGE/. NCBI annotations

were used to investigate the support environment for resistance

genes. Insightful Science’s SnapGene viewer software v5.1.3.1, was

used to examine the context of resistance genes by visualizing

annotated contigs software (http://www.snapgene.com). Insertion

sequences (ISs) were identified using BLAST analysis against the

NCBI nucleotide database. Resistance islands were predicted using

the IslandViewer4 web tool (http://www.pathogenomics.sfu.ca/

islandviewer/) (Li and Durbin, 2010).

2.6.6 Clustered regularly interspaced short
palindromic repeats/CRISPR-associated system,
arginine catabolic mobile element, and
restriction–modification system

CRISPRCasFinder tool available at (https://crisprcas.i2bc.paris-

saclay.fr/CrisprCasFinder/Index) utilizes the default advanced

parameters for CRISPR and the clustering model “SubTyping” for

Cas to search the genomes for clustered regularly interspaced short

palindromic repeats (CRISPR) and cas genes.

The restriction–modification system (R–M system) was

detected using a minimum length of 60% and %ID threshold of

95% using Restriction–ModificationFinder 1.1, available at (https://

cge.cbs.dtu.dk/services/Restriction-ModificationFinder/) (Camacho

et al., 2009). ACME genes were identified and mapped within the

genomes. The arc, opp3, and kdp operons were used to align the

ACME components, which were then classified as arc and opp3

operons (type I), arc operons alone (type II), opp3 operons alone

(type III), arc and kdp operons (type IV), and arc, opp, and kdp

operons (type V).
2.6.7 Phylogenetic analyses using WGS-SNP and
WGS-MLST trees

CSIPhylogeny (https://cge.cbs.dtu.dk/services/CSIPhylogeny/)

was used to construct phylogenetic trees based on the maximum

likelihood method of concatenated alignment of high-quality SNPs,

which uses assembled contigs to perform SNP calling, SNP filtering,

and phylogeny inference (Kaas et al., 2014). The analysis was

performed on a platform using default parameters. The assembled

genomes have been uploaded for comparison. To compare our

isolates to S. epidermidis and S. warneri genomes available on the

BV-BRC website, we searched and downloaded the S. epidermidis
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and S. warneri genomes and included them in the analysis. Figtree

program was used to edit and visualize the phylogenetic tree (http://

tree.bio.ed.ac.uk/software/figtree/).

The core genome single nucleotide polymorphism (cgSNP)-

based phylogenetic tree was visualized using the interactive tree of

life (iTOL) web tool v6.7 (https://itol.embl.de/itol.cgi) associated

with the isolates, and other genomic information, and antibiotic

resistance determinants. A phylogenetic tree was also constructed

using the isolates and closely related genomes derived from BV-

BRC (https://www.bv-brc.org/).

2.6.8 Accession numbers
The assembled draft genomes from the Whole Genome

Shotgun project were uploaded to the GenBank database under

BioProject number PRJNA993660.
2.7 Statistical analysis

GraphPad Prism 8.0.0 for Windows (GraphPad Software Inc.,

CA, USA) was used for the statistical analysis. The independent

samples t-test and two-way analysis of variance (ANOVA) were

used to compare the antibiotic resistance determinants, biofilm-

forming ability, and prevalence of biofilm-associated genes

among CoNS isolates, with a P-value of 0.05 regarded as

statistically significant.
3 Results

3.1 Clinical data and bacterial isolates

A total of 140 participants were enrolled in this study and

divided into two groups: i) the acne group (n = 100) with various

levels of severity, including mild (n = 25), moderate (n = 45), and

severe acne (n = 30), and ii) the healthy group with healthy skin (n =

40). Sex distribution was represented in the form of 60 (60%) males

and 40 (40%) females in the acne group, and 25 (62.5%) males and

15 (37.5%) females in the healthy group.

The culture of skin swabs yielded a total of 85 staphyloccal

isolates that were preliminarily identified based on conventional

biochemical reactions, all of which were gram-positive arranged in

grape-like clusters, catalase-positive, DNase-negative, coagulase-

negative, non-motile, and non-hemolytic on blood agar. All

isolates were identified as S. epidermidis by MALDI-TOF MS.

Sixty isolates were obtained from the acne group (60%), and 25

isolates (62.5%) were obtained from the healthy group.
3.2 Antibiotic susceptibility testing

The results of antimicrobial susceptibility testing of CoNS

isolates from the acne and healthy groups are displayed in

Supplementary Table 1, where isolates from the acne group (N =

60) showed the highest rates of resistance to penicillin (73%),

cefoxitin (63%), clindamycin (53.3%), and erythromycin (48%),
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followed by levofloxacin (36.7%) and gentamycin (31.7%), while

least rates of resistance were observed for tetracycline (28.3%),

doxycycline (11.7%), and minocycline (8.3%). The antimicrobials

with the highest rates of resistance among the healthy group isolates

were clindamycin (56%), erythromycin (44%), penicillin (40%), and

cefoxitin (40%), followed by levofloxacin (32%) and tetracycline

(32%), whereas those with the lowest rates of resistance were

gentamycin (20%), doxycycline (8%), and minocycline (0%).

Comparing the resistance prevalence between the two groups of

isolates showed a statistically significant difference (P-value <0.05)

for penicillin and cefoxitin, however, no significant difference was

observed for the other antimicrobials (Supplementary Table 1)

(Figure 1). Out of the acne group, 15 isolates (25%) demonstrated

multidrug resistance (MDR) to antibiotics, four of which were

extensively drug resistant (XDR), whereas in the control group,

two isolates exhibited resistance to multiple drugs (8%), and none

were XDR. Statistical analysis revealed a significant difference

between the two groups (P-value <0.05).
3.3 Phenotypic characteristics of biofilm
production of CoNS isolates

Biofilm formation ability of CoNS isolates was tested using

crystal violet biofilm assay method. Forty-four isolates recovered

from the acne group (73.3%) and 11 isolates recovered from the

healthy group (44%) were able to form biofilm. Biofilm-producers

demonstrated strong, moderate, and weak biofilm production at

rates of 38.3%, 28.3%, and 6.6% among CoNS isolates of the acne

group (n=60), while rates of 0%, 8%, and 36% among CoNS isolates

of healthy group (n=25), respectively (Supplementary Table 2). The

utilization of an unpaired t-test in statistical analysis indicated a

significant contrast between the acne and healthy groups. Notably,

only isolates retrieved from the severe acne group exhibited the

ability to form strong biofilms (76.6%). All MDR isolates recovered

from the acne group formed strong biofilms. (Supplementary

Table 2) (Figure 2).
3.4 Molecularly detected icaA, icaD, and
mecA genes

Biofilm-associated gene carriage was assessed in the isolates

recovered from acne and healthy samples. The distribution of the

biofilm-associated genes is shown (Figure 3). Two-way ANOVA in

statistical analysis revealed a significant difference in the prevalence

of biofilm-associated genes among CoNS isolates obtained from

individuals with moderate and severe acne compared to those from

mild acne and healthy individuals (P-value <0.05). Four XDR and

strong biofilm-forming CoNS isolates were coded as 29AM, 36AM,

48AF, and 54AF were selected for further study using WGS. The

antibiotic resistance characteristics of the four isolates are presented

in Table 2.

The CLSI breakpoints for CoNS were used to interpret

antibiotic susceptibility tests. R, resistant; I, intermediate; S,

susceptible; M, male; F, female. FOX, cefoxitin; PEN, penicillin;
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LEV, levofloxacin; ERY, erythromycin; CHL, chloramphenicol;

TET, tetracycline; DOX, doxycycline; MIN minocycline; CLI,

clindamycin; RIF, rifampin; SXT, sulfamethoxazole/trimethoprim;

VAN, vancomycin.
3.5 Genomic characterization of the
selected CoNS isolates using WGS

3.5.1 Genome and assembly features, as well as
resistome characterization

Based on the short-read sequences, draft genomes comprising

65–294 contigs were assembled with a mean N50 of 80,333 bp,

covering approximately 81%–86% of the reference genome.

Supplementary Table 3 displays the genome sequences and

assembly parameters, such as size, number of contigs, number of

RNAs, guanine–cytosine (GC) content (%), number of coding

sequences, N50, and L50.

The isolates’ draft genome size ranged from 2.3 Mb to 2.6 Mb,

with a GC content of 31.88% to 32.44%. Three isolates coded as

36AM, 48AF, and 54AF were confirmed to be S. epidermidis using

WGS, while the isolate coded as 29AM was identified as S. warneri,

another multidrug-resistant CoNS.

Antibiotic resistance genes (ARGs) conferring resistance to b-
lactams (blaZ), methicillin/oxacillin (mecA), glycopeptides (vanT,

vanY), fluoroquinolone [norA, norC, sdrM], tetracyclines [tet(K)],

macrolide–lincosamide–streptogramin B antibiotic (MLSB) [erm(C),

vgaA, and InuA], trimethoprim-sulfamethoxazole (dfrC),

aminocoumarin (gyrB), fosfomycin (fosBx1), and fusidic acid (fusB)

were detected in the isolated genomes (Table 3). All staphylococcal
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isolates except isolate 54AF possessed the blaZ gene, while all isolates

except S. warneri 29AM possessed the mecA gene. ARGs related to

trimethoprim-sulfamethoxazole-, tetracycline-, doxycycline-, and

erythromycin-resistance followed resistance phenotypes. Isolates

phenotypically resistant to these antibiotics and their corresponding

ARGs were detected in the genomic context.

The four isolates showed agreement between the cefoxitin-

resistant phenotype and either mecA or blaZ gene. The tetracycline-

resistance gene tet(K)was only found in isolate 29AM, although all the

tested isolates were phenotypically resistant to tetracycline.

Aminoglycoside resistancemechanisms were absent in all isolates,

and none of the isolates were phenotypically resistant to gentamicin or

amikacin. Furthermore, the MLSB resistance mechanism erm (C) was

only detected in isolate 29AM, vga (A)was detected in all isolates except

54AF, lnu(A)wasalsodetected in36AMand54AFisolates, anddfrCwas

detected in all isolates except 36AM.Antibiotic effluxpumpgenes (norA,

norC, sdrM, mdeA, and qacC) were detected, which can also provide

fluoroquinolone and macrolide resistance.

Mutations in gyrA, gyrB, parC, pare, and rpoB in S. epidermidis

isolates compared to S. epidermidis ATCC®12228 were manually

curated (Table 4). MSA of the predicted amino acid sequences of

the genes carried by S. epidermidis isolates and close genomes

retrieved from the BV-BRC database (Supplementary Table 5)

compared to that of S. epidermidis strain ATCC®12228 was

performed and visualized using M.View (Supplementary

Figures 1–5). Moreover, MSA of S. warneri 29AM with the

closely related S. warneri strains retrieved from the BV-BRC

database (Supplementary Table 6) was also performed

(Supplementary Figures 6–10), and there was no standard strain

of S. warneri, so the gene mutation could not be detected. The
FIGURE 1

Antibiotic resistance among CoNS isolates from acne and healthy groups. Antibiotic susceptibility testing was performed for CoNS isolates using the
Kirby–Bauer disk diffusion method, in accordance with the Clinical and Laboratory Standards Institute (CLSI).
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genome of isolate 36AM possessed eight mutations in gyrA, two

mutations in gyrB, seven mutations in parC, and two mutations in

pare, but no mutations were detected in rpoB. The gemome of

isolate 48AF did not harbor any mutations. Isolate 54AF contained

eight mutations in gyrA, one in gyrB, seven in parC, four in parE,

and one in rpoB.
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3.5.2 Detected pathogenicity and virulome in the
Staphylococcus genomes

PathogenFinder estimated that the mean chance of isolates

being pathogenic to humans ranged from 0.909 to 0.955 and

matched numerous pathogenic families. Virulome analysis

showed probable virulence genes encoding proteins from
FIGURE 2

Biofilm formation percentage among CoNS isolates from the acne and healthy groups. The biofilm-forming ability of the CoNS isolates was assessed
using a crystal violet assay. Adjusted overnight cultures were inoculated in 200 ml of TSB supplemented with 1% (v/v) glucose, in a 96-flat bottom
polystyrene microtiter plate. The biofilms were then washed and stained with 0.1% crystal violet. The biofilm biomass was measured colorimetrically
at 545 nm and evaluated using the biofilm formation index. Statistical analysis using two-way ANOVA, which was followed by multiple comparisons
test with a significance level at ** p < 0.01; *** p < 0.001.
FIGURE 3

Prevalence of biofilm genes among CoNS isolates. The presence of icaA, icaD, and mecA in the extracted DNA was detected by polymerase chain
reaction. The presence of the gene was represented as a percentage of the different acne and healthy groups, and the results are shown as medians
with interquartile ranges. Statistical analysis using two-way ANOVA, which was followed by multiple comparisons test with a significance level at * p
< 0.05; *** p < 0.001. ns, non-significant.
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numerous S. epidermidis virulence categories, including adherence/

biofilm production, enzymes, immune evasion, invasion, toxin,

anti-phagocytosis, intracellular survival, and stress adaptability

(Figure 4). Interestingly, the S. warneri isolate 29AM exclusively

exhibited a higher number of virulence genes associated

with acid resistance (ureB, ureG), anaerobic respiration (narH),

antiphagocytosis (cspA), immune evasion (capB, capC, acpXL,

manA), intracellular survival (lplA1), invasion (lpeA), iron uptake

(fagC, hemL, vctC), lipid and fatty acid metabolism (panD),

phagosome arresting (ndK), regulation (lisR, sigA/rpoV), stress

adaptation (katA), and surface protein anchoring (lgt).

3.5.3 WGS-based multilocus-sequence typing
In silico MLST analyses identified three different MLST types:

sequence type (ST) isolate 36AM: ST39, isolate 48AF: ST87, and

isolate 54AF: ST719. Isolate 29AM was not identified by MLST. The

most resistant isolate belonged to ST87 and contained 16 ARGs

encoding for resistance to multiple antibiotic drug classes (Table 3).
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3.5.4 Mobilome and the genetic
support environment

In silico SCCmec typing/subtyping revealed three SCCmec

types/subtypes, isolate 36AM belongs to SCCmec type V(5C2),

isolate 48AF belongs to SCCmec type II (A2), and isolate 54AF

belongs to SCCmec type V(2B),

PlasmidFinder and BacWGSTdb plasmid analysis showed ten

distinct plasmid replicon types. Rep13 (3), rep7a (4), rep5a (3), and

rep20 (3) were the most common types of plasmid replicons.

Replicon types repUS35, rep10, rep5d, rep10b, rep21, repUS9

were only found in S. warneri 29AM.

ISs were detected in all tested isolates, except for isolate 48HF.

Three distinct IS types fromthree distinct IS familieswere identified. IS

families were IS256, 1S110, and IS200/IS605. IS256, family is well

known to be associated with biofilm formation and virulence. IS256

familywas found in S.warneri29AMonly. Furthermore, the resistance

gene erm(C) was discovered exclusively in conjunction with

transposon Tn554 in one isolate (29AM). The NCBI annotation of
TABLE 2 The antibiotic susceptibility profile and accompanying metadata for the four staphylococcal isolates.

Isolate Sex
Source Sample

Biofilm formation FOX PEN LEV ERY CHL TET DOX MIN CLI RIF SXT VAN

36AM M Acne Strong R R R R R R R R R S R S

29AM M Acne Strong R R R R R R R R I S R S

48AF F Acne Strong R R R R R R R R R S R S

54AF F Acne Strong R R R R R R R R R S R S
frontie
TABLE 3 Genotypic characteristics of Staphylococcus isolates.

Isolates Resistance genes
(plasmid/chromoso-

mal- mediated)

Plasmid replicon type R–M
system

*SCCmec
type

ACME
type

MLST Insertion
sequences

CRISPR-
Cas

elements

Pathogenicity
score (no. of
pathogenic
families)

29AM blaZ, erm(C), fusB, vanT
vanY, vanW, dfrC, tet(k),
vgaA, sdrM, FosBx1,
mdeA,
sepA, gyrB

rep13, rep7a, repUS35,
rep10, rep5b, rep5d,
rep10b, rep20,
rep21, repUS9

– – – Unknown# IS256,
ISSEP2

4 (2) 0.909
(31)

36AM mecA, blaZ, norA, norC,
vanT vanY, dfrC, rpoC,

rep13, rep5b, rep20,
rep21, rep7a

– SCCmec
type

V (5C2)

– ST39 ISSep3,
ISSep2

5 (3) 0.955
(86)

sdrM, FosBx1, mdeA,
qacJ, lnuA, gyrB,
sav1866, vgaA

48AF mecA, blaZ, norA, fusB,
norC, sepA, sdrM, vanT,
dfrC, mdeA, qacJ, gyrB
blaZ, fosB, fusB, vga
(A), qacC

rep13, rep7a, rep5b – SCCmec
type

II (A2)

– ST87 – 5 (1) 0.945
(488)

54AF mecA, sepA, sdrM norA,
norC, dfrC, vanT FosBx1,
vanY, InuA, fosB

rep7a, rep20 – SCCmec
type

V (2B)

Present
IVa

ST719 ISSep3,
ISSep2

5 (3) 0.946
(150)
ACME, arginine catabolic mobile element; R–M system, restriction-modification system. ACME types I and II (arc and opp3 operons), III (opp3 operons only), IV (arc and kdp operons), and V
(arc, opp, and kdp operons). Pathogenicity score: PathogenFinder predicts a bacteria’s pathogenicity to human hosts. Closet pathogenic family strain linkage: MLST, multilocus sequence typing;
CRISPR-Cas, clustered regularly interspaced short palindromic repeats/CRISPR-associated; S. epidermidis ATCC®12228. The SCCmecFinder was used to predict SCCmec type.
The table represents the resistome and mobilome determinants detected by the bioinformatics analysis to the sequenced genomes.
*SCCmec typing was determined with the SCCmecFinder.
#Unknown indicates that a sequence type could not be determined for the isolate due to the absence of alleles in the draft genomes.
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isolates 29AM, 36AM, and 48AF identified the presence of the blaZ

gene flanked by the regulatory genes blaR1 and blaI; however, this

configuration was absent in isolate 54AF. The genetic context of the

specific resistance genes investigated in this study was analyzed with a

focus on illustrating the interplay between Mobile Genetic Elements

(MGEs), ARGs, and virulence genes (Table 5).

The PHASTER tool discovered intact prophages incorporated into

the genomes of isolates 29AM and 54AF; no phages were detected in

isolates 36AM and 48AF. The most common prophage was

PHAGE_Staphy_StB12 (n = 4). No resistance genes were found in any

of theprophages.The characteristics of theprophages, suchasGCcontent

andthenumberofcodingsequences,areshowninSupplementaryTable4.

3.6 Identification and classification of
clustered regularly interspaced
short palindromic

Repeats/CRISPR-AssociatedElements,ArginineCatabolicMobile

Element (ACME), and Restriction–Modification (RM) systems.

CRISPRCasFinder detects CRISPR sequences. Each isolate contained

at least one CRISPR sequence. CRISPR-associated (Cas) genes were

found in all isolates. None of the isolates contained an R–M system.

ACMEwas identified inS. epidermidis isolates 48AFand54AFandwas

classified as type IV (Table 3).
3.7 Phylogenetic relatedness of the study
isolates with their closely related
Staphylococcus strains in
genomic database

The phylogenetic relationships between the study isolates and

their closely related genomes were determined for S. epidermidis
Frontiers in Cellular and Infection Microbiology 10109
isolates 36AM, 48AF, and 54AF core genomes and for S. warneri

29AM and were compared to the similar genomes detected by the

BV-BRC database (Supplementary Tables 5, 6). A phylogenetic tree

illustrating their genomic relatedness is shown in (Figures 5, 6). An

SNP-based phylogenetic tree was generated using the tested genomes

and S. epidermidis ATCC®12228, S. epidermidis ATCC®35984, S.

epidermidis strain 785SEPI, and S. warneri strain SG1 (Figure 7).
4 Discussion

Acne is a common inflammatory skin disorder that affects the

sebaceous glands. Although acne develops through the interaction

of several factors, the exact cause of acne remains unknown. The

interaction between skin bacteria and host immunity is increasingly

thought to play an essential role in this condition, with variable

microbial composition and activity detected in patients with acne

(Lee et al., 2018).

Our research explored the microbial dynamics within acne,

studied the CoNS recovered from acne, and compared them to

healthy skins. While the recovery rates of CoNS isolates from acne-

diseased individuals closely paralleled those from their healthy skin

counterparts, a significant contrast emerged in the phenotypic

characterization of antibiotic resistance and biofilm production.

Antibiotic susceptibility testing revealed a landscape of antibiotic

resistance patterns. Although the antibiotic resistance profiles

showed no substantial differences between the two groups, except

for penicillin and cefoxitin, it is noteworthy that isolates from

individuals with acne displayed significantly increased biofilm

production compared to those from individuals with healthy skin.

In the acne group, isolates exhibited the ability to form moderate

(28.3%) and strong biofilms (38.3%), in marked contrast to the

healthy isolates, where only 8% demonstrated moderate biofilm
FIGURE 4

Heatmap showing the distribution of different virulence determinants among the sequenced isolates in the current study. The red circles denote the
presence of virulence genes, whereas the lack of virulence genes is denoted by blue circles. The figure was created using the MORPHEUS online
tool (https://software.broadinstitute.org/morpheus).
TABLE 4 S. epidermidis isolates mutations in gyrA, gyrB, parC, parE, and rpoB genes.

Isolate gyrA gyrB parC parE rpoB

36AM T700N, N811K, A820V, S826T,T828N, T829A,
T831K, M854T

V7OI,
V221I,

K236R, K272R, K639N, E641K, S650T,
I761V, N772K

N404S, K568N –

48HF – – – – –

54HM N811K, A820V, S826T,T828N, T829A, T831K,
M854T, E862K

V7OI K236R, K272R, K639N, E641K, S650T,
I761V, N772K

L373I*, N404S,
K568N, I575T

Y737S
frontie
*Putatively novel mutations.
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TABLE 5 MGEs in Staphylococcus strains linked to antibiotic
resistance genes.

Isolate Contig MGEs Closest nucleotide homol-
ogy between a plasmid/
chromosome sequence
(accession number)

29AM

14 fusB S. aureus plasmid pUB101 (AY373761)

20 IS256

S. aureus transposon 4001 aacA-aphD
aminoglycoside resistance gene, complete
cds, and right and left IS256 transposase
gene (M18086)

24 bla(Z)
Streptococcus pneumoniae genome
assembly (CVLS01000543)

29 rep5b
S. epidermidis plasmid
SAP106B (GQ900455)

31 repUS35
S. warneri SG1 plasmid clone pvSw2
genomic sequence (CP003671)

34 rep5d

S. aureus plasmid pJE1 remnant of
replication protein Rep (rep),
trimethoprim resistance protein DfrA
(dfrA), thymidylate synthetase ThyE
(thyE), and putative transposase Tnp
(tnp) genes (AF051916)

36 rep5d

S. aureus plasmid pJE1 remnant of
replication protein Rep (rep),
trimethoprim resistance protein DfrA
(dfrA), thymidylate synthetase ThyE
(thyE), and putative transposase Tnp
(tnp) genes, complete cds; and unknown
gene (AF051916)

37
vga(A)
rep7a

S. aureus plasmid ATP-binding protein
(vga) gene (M90056)
S. aureus DNA, type-III staphylococcal
cassette chromosome mec and
SCCmercury: strain 85/2082 (AB037671)

46 tet(K)
S. aureus tetracycline resistance plasmid
pKH1, tet gene (U38656)

48 repUS22
S. aureus plasmid SAP015B
fragment (GQ900502)

59 ISSep2 S. epidermidis ATCC 12228 (NC_004461)

60 rep21
S. aureus plasmid
pWBG754 (GQ900396)

62
erm(C)
rep10

Bacillus subtilis plasmid pIM13 (M13761)
S. aureus strain E14 plasmid
pDLK1 (GU562624)

73 rep13 S. aureus plasmid pSK41 (AF051917)

74 rep10b S. aureus plasmid pSK6 (U96610)

82 rep13
S. aureus strain WBG4364 plasmid
pWBG1773 (EF537646)

36AM

48 ISSep3
S. epidermidis ATCC
12228 (NC_004461)

78
rep20
blaZ

S. saprophyticus subsp. saprophyticus
MS1146 plasmid pSSAP2 (HE616681)
S. haemolyticus plasmid NVH96
plasmid (AJ302698)

87 fosB S. epidermidis RP62A (CP000029)

(Continued)
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TABLE 5 Continued

Isolate Contig MGEs Closest nucleotide homol-
ogy between a plasmid/
chromosome sequence
(accession number)

90 ISSep2 S.epidermidis ATCC 12228 (NC_004461)

205 rep5b
S. epidermidis ATCC 12228 plasmid pSE-
12228-06 (AE015935)

206
rep13
qacC

S. epidermidis CH plasmid pSepCH
(AY092027)
S. aureus replication (rep), control of
replication (cop), and resistance protein
(QacC) genes (M37889)

223
rep21
lnu(A)

S. aureus plasmid pWBG754
(GQ900396)
S. haemolyticus linA gene encoding
lincosamide resistance (M14039)

276 rep7a
Staphylococcus hyicus plasmid
pSTE1 (HE662694)

376
Tet

(K):TPA
S. warneri strain 16A
plasmid (CP031268.1)

60 rep21
S. aureus plasmid
pWBG754 (GQ900396)

73 rep13 S. aureus plasmid pSK41 (AF051917)

74 rep10b S. aureus plasmid pSK6 (U96610)

82 rep13
S. aureus strain WBG4364 plasmid
pWBG1773 (EF537646)

48AF

7 fusB S. aureus plasmid pUB101 (AY373761)

15 blaZ
S.epidermidis strain Mt1p16
Mt1p16_contig_78 (MAJJ01000071)

16 fosB S. epidermidis RP62A (CP000029)

27 ACME
S. aureus strain USA300_R114 SCCmec
IVa and ACME genetic
islands (KF175393)

37 rep7a
Glutathione S-transferase%2C unnamed
subgroup 2 [Klebsiella
pneumoniae] (SAU83488)

38 rep5b
S. epidermidis plasmid
SAP108B (GQ900459)

39 rep7a
Glutathione S-transferase%2C unnamed
subgroup 2 [K. pneumoniae] (SAU83488)

46
rep13
qacC

S. epidermidis CH plasmid pSepCH
(AY092027)
S. aureus replication (rep), control of
replication (cop), and resistance protein
(QacC) genes (M37889)

49
vga

(A)LC

S. haemolyticus lincosamide-
streptogramin A resistance protein (vga
(A)LC) gene (DQ823382)

73 rep7a
Glutathione S-transferase%2C unnamed
subgroup 2 [K. pneumoniae] (SAU83488)

54AF
8 ISSEP2

S. epidermidis ATCC
12228 (NC_004461)

10 fosB S. epidermidis RP62A (CP000029)

(Continued)
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formation, and none exhibited strong biofilm production. This

highlights the significance of going beyond the bacterial existence

to comprehend the functional distinctions that contribute to the

development and pathogenesis of acne. The present study explored

the biofilm-associated genes (icaA, icaD, and mecA), which were

particularly prevalent in clinical isolates from participants with

moderate to severe acne. Co-expression of icaA and icaD

significantly augmented biofilm formation, with icaD exhibiting a

higher positive detection rate. The correlation between drug

resistance and biofilm formation was significant. Bacteria in
Frontiers in Cellular and Infection Microbiology 12111
biofilms exhibit increased resistance to antibiotics because of the

surrounding protective matrix. This enhanced resistance may

contribute to the development of MDR and XDR strains. In our

study, all the strong biofilm-forming CoNS were MDR. Strong

biofilm formation may serve as a mechanism by which bacteria

evade the effects of antimicrobial agents, allowing them to persist

and proliferate. A protective biofilm matrix can shield bacteria from

the action of antibiotics, making it more difficult to eradicate the

infection. Additionally, the coexistence of drug resistance and

strong biofilm formation may contribute to the persistence of

bacterial infections leading to chronic and recurrent conditions

(Coenye et al., 2022).

Four XDR and strong biofilm-forming CoNS isolates, recovered

from severe acne infections, were selected for genomic analysis. We

investigated the genomic features usingWGS, includingMGEs, genetic

contexts of the identified resistance genes, and virulence factors. Upon

analyzing the genomes of the four strains, three isolates (36AM, 48AF,

and 54AF) were confirmed to be S. epidermidis, whereas isolate 29AM

was identified as S. warneri, a common CoNS that is regularly found in

human mucous membranes and various sites, including the eye,

peritoneum, wounds, and urethra. While constituting approximately

1% of skin staphylococci and prevalent in 50% of healthy adults, S.

warneri is typically non-pathogenic. However, recent studies have

highlighted its emergence as a potential pathogen, particularly

associated with implanted materials, even in the absence of foreign

bodies, and in immunocompromised individuals. This shift challenged

previous perceptions of its limited pathogenicity (Otto, 2010; França,
TABLE 5 Continued

Isolate Contig MGEs Closest nucleotide homol-
ogy between a plasmid/
chromosome sequence
(accession number)

15
ACME
ISSEP3

S. aureus strain USA300_R114 SCCmec
IVa and ACME genetic islands
(KF175393)
S. epidermidis ATCC
12228 (NC_004461)

16 rep20
S. saprophyticus subsp. saprophyticus
MS1146 plasmid pSSAP2 (HE616681)

35 lnu (A)
S. haemolyticus linA gene encoding
lincosamide resistance (M14039)

45 rep7a S. hyicus plasmid pSTE1 (HE662694)
MGEs, mobile genetic elements.
FIGURE 5

Whole genome-based phylogenetic tree of S. epidermidis isolates. The S. epidermidis genome sequenced in the current study was compared to the
closely related genomes, highlighted in blue. The labels of the S. epidermidis strains sequenced in the current study are shown in red. The figure was
created using the iTOL online tool v6.7 (https://itol.embl.de/).
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2023). The pathophysiology and epidemiology of this species are not

well understood. Furthermore, methods used to distinguish S. warneri

from S. epidermidis, such as conventional culturing techniques and

MALDI-TOF MS, are not sufficiently sensitive (Dubois et al., 2010;

Rosa et al., 2022). S. epidermidis, a common commensal on human

epithelia, displays significant genetic diversity with over 400 recognized

sequence types (STs), primarily clustering in CC2. The prevalent ST2,

associated with invasiveness due to IS256 insertion sequences and ica

genes, dominates in clinical isolates (Méric et al., 2015). The tested

genomes were investigated for their ST types, and isolates 36AM, 48AF,

and 54AF were identified as ST39, ST87, and ST719, respectively.

Understanding the distribution of these STs in acne isolates could be

relevant for investigating the genetic diversity and potential virulence

factors associated with S. epidermidis in individuals with acne. Further

analysis and comparison with STs from other contexts may provide

insights into the role of specific genetic variants in the pathogenesis of

acne or in the skin microbiome of patients with acne.
Frontiers in Cellular and Infection Microbiology 13112
Genomic analysis of the isolates revealed a diverse and extensive

drug resistance pattern involving various mechanisms, such as enzyme

inactivation, target modification, and efflux pumps. Specific resistance

genes (dfrC, vanT, erm©, FOSBx1, blaZ, and norA) and mutations in

key genes (gyrA, gyrB, parC, parE, and rpoB) were identified. These

findings align with those of previous studies and emphasize the

adaptability of CoNS in acquiring resistance. The observed genetic

diversity underscores the complexity of antibiotic resistance profiles

(Xu et al., 2018; Cabrera-Contreras et al., 2019; Raue et al., 2020). The

detection of blaZ in the isolates, along with their regulatory genes blaR

and blaI in addition to the presence of themecA gene, may explain the

resistance to penicillin and cephalosporins observed in phenotypic

antibiotic susceptibility testing, as reported by a previous study by

Cabrera-Contreras et al. (2019). Despite the correlation between

genotypic and phenotypic resistance to penicillin and cephalosporins,

potential inconsistencies highlight the importance of considering

factors such as sequencing quality.
FIGURE 7

SNP-based phylogenetic tree of Staphylococcus isolates. SNP base phylogeny and heat map displaying the antimicrobial resistance genetic
determinants among the sequenced isolates generated and selected genomes: S. epidermidis ATCC®12228, S. epidermidis ATCC®35984, S.
epidermidis strain 785SEPI, and S. warneri strain SG1. Red and white indicate the presence and absence of ARGs, respectively. The labels of the
strains sequenced in this study is shown in red. The figure was created using the iTOL online tool v6.7 (https://itol.embl.de/).
FIGURE 6

Whole genome-based phylogenetic tree of the S. warneri isolate 29AM. The S. warneri 29AM genome sequenced in the current study was
compared to the closely related genomes, highlighted in blue. The label of the S. warneri strain sequenced in this study is shown in red. The figure
was created using the iTOL online tool v6.7 (https://itol.embl.de/).
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Both pathogenic and commensal S. epidermidis strains share

many virulence genes (Otto, 2009). Adherence/biofilm-forming

genes and multidrug resistance were found in the sequenced

isolates and confirmed by the identification of adherence-related

genes. The ica operon and IS256, both of which have been linked to

the pathogenicity of S. epidermidis, were not detected in any of the

isolates (Murugesan et al., 2018). This is comparable to the results of

a study in Mexico, where 50% of S. epidermidis isolates were

negative for the ica operon (Cabrera-Contreras et al., 2019).

All sequenced genomes contained several virulence genes

encoding proteins associated with the pathogenesis of acne. Several

genes such as atl, ebh, epb, sdrG, and sdrH are involved in adhesion

and biofilm formation. Enzymes implicated in acne production,

including proteases (sspA, sspB) and lipases (geh, lip, nuc), were

produced by all isolates. The presence of the hlb gene encoding b-
hemolysin toxin was supported by Kumar et al. (2016), suggesting a

role in tissue damage and pathogen spread into deeper tissues

(O’Neill et al., 2020). Similar virulence determinants were detected

in many studies on S. epidermidis, including the elastin binding

protein gene ebp, the serine protease gene sspA, the autolysin gene

atlE, the lipase gene geh, the cell wall-associated fibronectin-binding

protein gene ebh, the nuclease gene nuc, and the ica genes (Salgueiro

et al., 2017; Xu et al., 2018; Raue et al., 2020).

Compared to S. epidermidis, S. warneri strain 29AM exhibited

additional virulence factors related to the production of toxins,

resistance to acidic conditions, evasion of the immune system,

intracellular survival capabilities, invasion mechanisms, iron uptake

processes, lipid metabolism modulation, phagosome arresting ability,

stress adaptation strategies, and surface protein anchoring. All of

these virulence factors play integral roles in shaping the course of

acne development. These findings provide insights into the diverse

virulence profiles contributing to acne pathophysiology, with S.

warneri strain 29AM displaying enhanced virulence factors that are

not commonly associated with acne pathogens.

These antibiotic resistance and virulence genes are part of the

accessory genome, which is organized both within and between

species. The prediction of pathogenicity of isolates towards human

hosts produced a high average likelihood score (Pscore 0.937), close

to 1.00. This pathogenicity score is attributed to the presence of

numerous virulence genes in the isolates, which supports their

pathogenic potential in humans.

MGEs play a significant role in acne pathophysiology,

contributing to the genetic diversity and adaptability of bacteria

involved in acne, such as S. epidermidis and S. warneri. MGEs,

including SCCmec and ACME, serve as repositories for both

resistance and virulence genes. Their mobility allows the transfer

of genetic material within and across bacterial species through

horizontal gene transfer, contributing to the exchange of traits

within the bacterial population (Sheppard et al., 2016; Foster, 2017).

In the context of acne, the presence of MGEs is associated with

the acquisition of virulence and resistance genes. For instance, the

study identified IS256, an insertion sequence linked to virulence and

biofilm development, in a strong biofilm-forming S. warneri 29AM

isolate. This suggests that MGEs may enhance the genomic

organization of bacteria involved in acne, potentially influencing

their pathogenicity and ability to form biofilms, which is a key
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factor in acne development (Murugesan et al., 2018). IS256 has been

shown in previous investigations to enhance the genomic

organization of pathogenic S. epidermidis isolates (Cabrera-

Contreras et al., 2019). The discovery of the IS families IS110 and

IS200/IS605 coincides with the findings of Raue et al. (2020).

Moreover, this study identified resistance genes frequently carried

on plasmids, demonstrating how MGEs can facilitate the spread of

antibiotic resistance. Plasmid-borne genes, such as erm©, lnu(A), tet

(K), qacC, and blaZ, can be easily transferred between bacterial cells

through conjugation, contributing to the dissemination of

resistance traits within the bacterial population associated with

acne (Cabrera-Contreras et al., 2019).

In this study, the prophages were found to be incapable of

carrying resistance genes through transduction. However,

transposons identified in two isolates, 36AM and 48AF, including

Tn554 flanking erm (A), may facilitate the movement of beneficial

genes, particularly those linked to antibiotic resistance, in the

context of acne-associated bacteria (Mbelle et al., 2019).

The CRISPR-Cas system, a bacterial defense mechanism against

phage infection, was identified in all isolates, providing a memory of

the viral genetic code to prevent future infections. Each isolate also

contained at least one intact prophage (Makarova et al., 2020). In a

recent study by Raue et al. (2020), four CRISPR elements were

discovered in the genome of biofilm-positive and methicillin-

susceptible S. epidermidis O47 strain. The restriction–

modification (R–M) system was not detected in any of the

isolates in this study. The R–M system, similar to the CRISPR-

Cas system, is a bacterial defense system against bacteriophage

invasion (Vasu and Nagaraja, 2013). These defense systems are

crucial for protecting bacteria from viral infections, contributing to

our understanding of their role in the complex pathogenesis of acne.

The ACME system, recognized as a pathogenicity island, was

found in two isolates (48AF and 54AF), raising interest because of its

potential role in host colonization, immune evasion, and the transfer

of virulence or survival genes (O’Connor et al., 2018). Studies have

evaluated the resistance and virulence profiles of S. epidermidis

isolates from bloodstream infections and neonatal nares, and an

ACME carriage rate of 16% was found (Salgueiro et al., 2017). ACME

have a greater prevalence and variety in S. epidermidis than in S.

aureus. ACME is present in bacterial chromosomes adjacent to the

SCCmec type IV element in S. aureus (Diep et al., 2006; Ellington

et al., 2008). The present study demonstrated an association between

ACME and SCCmec type IV, which is consistent with the findings of

Du et al. (2013). Most resistance genes are flanked by transposases,

ISs, or both, and these can transmit resistance genes within and

between plasmids and chromosomes, potentially within and between

bacterial strains (Mbelle et al., 2019).

These findings provide insights into the genetic factors

influencing acne pathogenesis, particularly in the context of

bacterial defense mechanisms and the interplay of virulence and

resistance genes. The diversity of MGEs observed in the

Staphylococcus genomes indicates an active process of gene

exchange, suggesting that MGEs contribute to the evolution and

adaptation of bacteria involved in acne pathophysiology.

This study diverges from the previous focus on pathogenic S.

aureus by emphasizing the potential pathogenicity of CoNS, which are
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typically considered commensals. To the best of our knowledge, this is

the first report in Egypt that offers insights into the diversity,

distribution, virulence, and resistance profiles of S. epidermidis and

S. warneri isolates recovered from acne, establishing their relatedness

to global strains throughWGS. Despite the limited number of isolates,

our research establishes a foundational understanding for future

investigations, contributing to the comprehension of the potential

role of CoNS in acne vulgaris. In conclusion, this study highlights the

complex nature of acne, which explains its microbial interactions,

biofilm formation, andvirulence factors. This comprehensive insight is

vital for developing targeted and personalized therapeutic strategies

and advancing the understanding of acne pathophysiology for more

effective treatment approaches.
5 Conclusion

CoNS is as a significant contributor to acne development and

pathogenesis by releasing virulence factors, which are more abundant

in acne patients than in normal skin. The diverse combinations of

ARGs, virulence genes, and MGEs found in S. epidermidis and S.

warneri isolates recovered from acne highlight the enriched content of

mobilized antibiotic resistance and pathogenic features. This study

emphasizes the importance of tracking CoNS genomes as emerging

infectious agents and shedding light on their pathogenicity. Notably,

our findings suggest that S. warneri is an emerging pathogen

implicated in acne pathogenesis, urging reconsideration of its role in

infectious processes. This study sheds light on the complex interplay

between microbial elements and acne and offers valuable insights for

future research and targeted interventions in acne management.
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Herrada, E., Morelos-Ramıŕez, R., et al. (2019). Genomic diversity of prevalent
Staphylococcus epidermidis multidrug-resistant strains isolated from a Children’s
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Background: Parvimonas micra (P. micra), a Gram-positive anaerobic bacterium, 
exhibits colonization tendencies on oral mucosal and skin surfaces, potentially 
evolving into a pathogenic entity associated with diverse diseases. The 
diagnostic trajectory for P. micra-related diseases encounters delays, often with 
severe consequences, including fatality, attributed to the absence of symptom 
specificity and challenges in culture. The absence of a consensus on the 
diagnostic and therapeutic approaches to P. micra exacerbates the complexity 
of addressing associated conditions. This study aims to elucidate and scrutinize 
the clinical manifestations linked to P. micra, drawing insights from an extensive 
literature review of pertinent case reports.

Case presentation: A 53-year-old male sought medical attention at our institution 
presenting with recurrent hemoptysis. Empirical treatment was initiated 
while awaiting pathogen culture results; however, the patient’s symptoms 
persisted. Subsequent metagenomic next-generation sequencing (mNGS) 
analysis revealed a pulmonary infection attributable to P. micra. Resolution of 
symptoms occurred following treatment with piperacillin sulbactam sodium 
and moxifloxacin hydrochloride. A comprehensive literature review, utilizing the 
PubMed database, was conducted to assess case reports over the last decade 
where P. micra was identified as the causative agent.

Conclusion: The literature analysis underscores the predilection of P. micra for 
immunocompromised populations afflicted by cardiovascular diseases, diabetes, 
orthopedic conditions, and tumors. Risk factors, including oral and periodontal 
hygiene, smoking, and alcohol consumption, were found to be associated with 
P. micra infections. Clinical manifestations encompassed fever, cough, sputum 
production, and back pain, potentially leading to severe outcomes such as 
Spondylodiscitis, septic arthritis, lung abscess, bacteremia, sepsis, and mortality. 
While conventional bacterial culture remains the primary diagnostic tool, 
emerging technologies like mNGS offer alternative considerations. In terms of 
treatment modalities, β-lactam antibiotics and nitroimidazoles predominated, 
exhibiting recovery rates of 56.10% (46/82) and 23.17% (19/82), respectively. This 
case report and literature review collectively aim to enhance awareness among 
clinicians and laboratory medicine professionals regarding the intricacies of P. 
micra-associated infections.
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Introduction

Parvimonas micra, referred to hereafter as P. micra, stands as a 
Gram-positive anaerobic coccobacillus (GPAC), exhibiting 
dimensions of approximately 0.3–0.7 μm. Its habitat encompasses 
the skin and mucosal surfaces of the oral cavity, upper respiratory 
tract, gastrointestinal tract, and the female genitourinary tract (1, 
2). Parvimonas micra is implicated as the causative agent in a 
spectrum of ailments, ranging from sternum osteomyelitis (3), and 
femur osteomyelitis (4), to sepsis (5), endocarditis (5), hepatic 
abscesses (6, 7), and even fatal outcomes (1). Notably, P. micra 
predominantly affects immunocompromised hosts (8, 9) with 
infected individuals often presenting underlying risk factors such 
as oral infections, diabetes mellitus, and malignant tumors (9, 10). 
Manifestations of P. micra infections typically lack specificity, with 
reported symptoms encompassing fever, chills, low back pain, 
abdominal discomfort, gastrointestinal issues, body aches, 
impaired consciousness, and anorexia in 46 percent of cases (6, 
10), as per reviews.

The diagnostic challenge associated with P. micra arises from its 
susceptibility to various pathogens, culture environments, and culture 
cycles. This often leads to delayed diagnosis, impeding clinicians’ 
comprehension of the condition, appropriate antibiotic selection, and 
adversely impacting patient prognosis. To date, literature lacks any 
documented instances of hemoptysis resulting from P. micra infection. 
In this context, we present a case involving a 53-year-old male with 
P. micra lung infection, aiming to heighten clinicians’ awareness of 
P. micra-induced extraoral infections and recurrent hemoptysis. Our 
objective is also to investigate the disease characteristics stemming 
from P. micra infection, achieved through a comprehensive literature 
review of pertinent case reports on P. micra. This endeavor seeks to 
augment awareness of P. micra among clinicians and laboratory 
medicine personnel.

Case presentation

The patient, a 53-year-old male, sought admission to the First 
Affiliated Hospital of Guangzhou University of Traditional Chinese 
Medicine (Guangzhou, China). Over the past year, he  reported 
recurrent hemoptysis episodes, each comprising approximately 30 mL 
of dark red blood clots, occurring two or three times daily. Notably, 
the patient exhibited no fatigue or back pain. With a medical history 
encompassing diabetes mellitus and longstanding tuberculosis, under 
extended standardized treatment and follow-up for over 30 years, the 
patient disclosed a smoking history exceeding 10 years. He denied 
alcohol consumption and reported no family history of infectious or 
genetic diseases.

Upon admission, the patient presented with a temperature of 
36.5°C, a pulse rate of 82 beats/min, a respiratory rate of 20 breaths/
min, and a blood pressure reading of 160/95 mm Hg. Physical 
parameters included a height of 162.0 cm, body weight of 57.50 kg, and 
a body mass index (BMI) of 21.91 kg/m2. Auscultation of respiratory 
sounds revealed rough sounds in both lungs, with diminished breath 
sounds in the left upper lung. Initial investigations involved routine 
cultures of respiratory specimens (sputum culture, Mycobacterium 
tuberculosis sputum smear, etc.), with Supplementary Table  1 
displaying the preliminary laboratory results. Notably, the 

Galactomannan antigen test (GM) and D-glucan fungal antigen test 
(G test) returned negative results.

Chest CT enhancement images unveiled scattered multiple 
nodules and mass-like shadows in both lungs, featuring irregularly 
shaped cavities and necrotic areas (see Supplementary Figure  1). 
Given these findings and the overall clinical presentation, a high 
likelihood of pulmonary infection was considered. Consequently, 
empirical intravenous administration of ceftriaxone sodium (2 g, 
q12h) was initiated on the first day of admission, pending pathogen 
identification for tailored antibiotic therapy.

On the fourth day post-admission, sputum smear, routine 
common bacterial and fungal cultures, and Mycobacterium 
tuberculosis and TB-Dot tests yielded no pathogenic evidence. 
Fiberoptic bronchoscopy (Supplementary Figure 2) was subsequently 
performed, obtaining bronchoalveolar lavage fluid (BALF) for routine 
culture and metagenomic next-generation sequencing (mNGS) 
analysis at Guangzhou Genguji Laboratory Co (Guangzhou, China). 
Following standard nucleic acid extraction and library construction 
procedures, the [NextSeq CN500] platform generated high-quality 
sequencing data, subsequently compared with the Genghis Khan 
Pathogenic Microorganisms Database containing 31,000+ 
microorganism sequences to identify and characterize pathogenic 
microorganisms (Supplementary Figure 3). BALF yielded 255,421,15 
clean sequence readings, of which 190,393 were identified as 
microorganisms at the genus level, with 583 matching Microcystis at 
the species level (Supplementary Table 2).

Extended routine culture testing of sputum specimens and BALF 
samples failed to yield positive results. A thorough patient 
reexamination, including oral examination, revealed halitosis, dark 
red, or dark black free gingiva and gingival papilla, easy bleeding on 
probing, localized tartar or calculus, and some loose and shifted teeth. 
These oral findings were attributed to the patient’s prolonged site 
work, lack of dietary attention, poor personal hygiene habits, and 
chronic smoking. The oral environment corroborated the mNGS 
results. However, drug sensitivity testing was omitted for this 
pathogen, given that mNGS routinely tests for drug-resistance genes 
in anaerobic bacteria only under exceptional circumstances. 
Subsequent to literature review and consultation with specialists in the 
Department of Pharmacy, the treatment regimen transitioned to 
piperacillin sulbactam sodium (6 g, q12h, IV) and moxifloxacin 
hydrochloride tablets (0.4 g, qd, PO), supplemented with splenic 
amine oral lyophilized powder (2 mg, qd, PO) and gamma globulin 
(2.5 g, qd, IV) to modulate the body’s immunity. Simultaneously, 
pulmonary function rehabilitation training, meridian flow injection, 
auricular acupuncture, acupoints paste, and other distinctive Chinese 
medicine treatments were employed to enhance the patient’s disease 
resistance and promote recovery. Following 7 days of treatment, 
hemoptysis symptoms abated, leading to the patient’s discharge. 
Subsequent outpatient follow-up over 2 months indicated an 
acceptable condition with no hemoptysis recurrence.

Literature review

Search strategy

A systematic exploration was conducted on the PubMed online 
databases employing the keywords: “Parvimonas micra,” 

118

https://doi.org/10.3389/fpubh.2023.1307902
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Shao et al. 10.3389/fpubh.2023.1307902

Frontiers in Public Health 03 frontiersin.org

“Streptococcus micros,” “Peptostreptococcus micros,” “Streptococcus 
anaerobic micros,” “Diplococcus glycinophilus,” and 
“Peptococcus glycinophilus.”

Inclusion and exclusion criteria

Inclusion criteria encompassed case report studies on P. micra-
associated diseases (e.g., sepsis, abscesses, and spondylitis) written in 
English and published after 2013. Exclusion criteria comprised studies 
published before 2013 and those penned in languages other 
than English.

Data extraction and analysis

A meticulous review of all articles was undertaken to eliminate 
duplicate cases, ensuring comprehensive information for inclusion in 
the review. Data were meticulously extracted and presented as 
descriptive statistics in an Excel file.

Results

Search results
A total of 726 documents were retrieved using the designated 

keywords, yielding 84 case reports. Following a full-text review, 10 
articles were excluded (six not published in English, and four not 
attributing P. micra as the primary causative organism), resulting in 
74 studies meeting the inclusion criteria. A cumulative 82 patients 
were included, and the specific clinical characteristics of the 74 studies 
are detailed in Supplementary Table 3.

Demographics
The mean age of patients with P. micra was 62.51 years (age range: 

23–94 years, excluding one case involving a 9-year-old child). Of the 
82 patients, 53 were male (64.63%) and 29 were female (35.37%).

Symptom
Prominent complaints included fever (n = 23, 28.05%), cough and 

sputum (n = 21, 25.61%), and low back pain (n = 18, 21.95%). 
Conversely, less frequently observed symptoms encompassed sore 
throat (1, 1.22%) and tachycardia (1, 1.22%).

Risk factors/underlying disease
Cardiovascular disease history (e.g., atrial fibrillation, congestive 

heart failure, and cerebrovascular accident) was observed in 24 
(29.27%) patients, hypertension in 19 (23.17%), orthopedic disease in 
15 (18.29%), and diabetes mellitus in 14 (17.07%). Additionally, 7 
(8.54%) patients had a history of tumors, 19 (23.17%) had oral and 
periodontal problems, 13 (15.85%) had smoking habits, and six 
(7.32%) had drinking habits.

Infection route
The infection route was reported in 28 (34.15%) cases of oral, 2 

(2.44%) cases of the surgical site, 2 (2.44%) cases of mucosal, and 1 
(1.22%) case of percutaneous infections. No details about the route of 
infection were recorded in 49 (59.76%) patients.

Diagnosis method
Among patients, 57 (69.51%) used routine bacterial cultures, 22 

(26.83%) used blood cultures, and 35 (42.68%) used other tissue 
cultures such as pus and puncture biopsy tissues. Additionally, nine 
cases (10.96%) used mNGS testing, nine cases (10.96%) used 
MALDI-TOF mass spectrometry, and eight cases (9.56%) used 
16S rRNA.

Organism(s)
Various pathogens associated with concomitant multimicrobial 

infections included Streptococcus pyogenes, Stenotrophomonas 
maltophilia, Pasteurella multocida, Fusobacterium nucleatum, 
odontolyticus, Actinomyces meyeri, A. rimae, and others. 
Parvimonas micra as an individual pathogen was found in 53 cases 
(64.63%).

Desease(s)
In 74 publications, P. micra often caused orthopedic-related 

diseases in 32 cases (39.02%), including spondylodiscitis (11/32, 
34.38%), septic arthritis (8/32, 25%); respiratory diseases in 15 cases 
(18.29%), including lung abscess (7/15, 46.65%), pulmonary embolism 
(2/15, 13.33%), pneumonia (2/15, 13.33%); and bloodstream 
infections in 6 cases (7.32%), of which bacteremia (3/6, 50%), sepsis 
(3/6, 50%).

Antibacterial agents
Beta-lactam antibiotics, such as ceftriaxone, piperacillin/

tazobactam, and ampicillin-sulbactam, were used in 50 patients; 
nitazole antibiotics were used in 20 cases; clindamycin was used in 12 
cases; and carbapenem antibiotics were used in seven cases. Among 
them, 34 cases used two or more antibiotics.

Outcome
A majority of cases (72/82, 87.80%) were successfully treated, 

with eight cases (9.76%) admitted to the ICU, of which four cases 
(9.76%) required mechanical ventilation. Ten cases (12.20%) 
resulted in mortality due to multiple organ failure. Notably, the 
recovery rate of patients using β-lactam antibiotics was 56.10% 
(46/82), with a mortality rate of approximately 4.88%. The cure rate 
for ceftriaxone was 28% (14/50), piperacillin/tazobactam 14% 
(7/50), and ampicillin/sulbactam sodium 30% (15/50). For patients 
with nitroimidazoles, the cure rate was 23.17% (19/82); lincomycin 
15.85% (13/82); and carbapenems 3.66% (3/82).

Discussion

In scrutinizing 82 case reports detailing P. micra infections 
from the past decade, gleaned from PubMed, our analysis reveals 
a predilection of P. micra for instigating orthopedic-related 
afflictions such as spondylodiscitis, septic arthritis, and post-
surgical prosthetic joint infections. Additionally, respiratory 
disorders, including lung abscess, septic pulmonary embolism, 
and septic thorax, emerge as significant sequelae. The spectrum 
extends to rare occurrences of bacteremia and sepsis. This survey 
underscores intervertebral disks (11), large joints (12), lungs (13), 
liver (14), and brain (15) as primary sites of P. micra invasion, 
accentuating the imperative consideration of P. micra anaerobic 
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infections in tandem with conventional bacterial infections in 
clinical scenarios involving the aforementioned sites.

Based on the literature review, the initial manifestations of 
P. micra infection encompass fever, cough, sputum production, 
and lower back pain, alongside additional complaints such as 
malaise, shortness of breath, and weight loss. Predominantly, 
patients exhibit fever and pain, with the latter concentrated in the 
lower back, implicating a potential connection to inflammation 
induced by P. micra. Notably, lipoteichoic acid (LTA) is identified 
as the virulence factor of P. micra, a specialized anaerobic Gram-
positive coccobacillus residing in the oral cavity. LTA, a 
membrane-bound polymer characteristic of Gram-positive 
bacteria, plays fundamental roles in regulating autolysin activity, 
scavenging divalent cations (e.g., magnesium ions), and altering 
the cell wall’s charge properties, thereby influencing bacterial-host 
cell interactions (16–18).

Recent scholarship, both domestically and internationally, has 
delved into the biological activity of LTA in Gram-positive pathogenic 
bacteria within the oral cavity. Findings indicate that LTA elicits 
immune and inflammatory responses, inducing the release of 
inflammatory factors like TNF-α, IL-1β, and IL-6 from neutrophils 
and macrophages, thereby contributing to local inflammation and 
edema. Moreover, P. micra demonstrates robust protein hydrolase 
activity, generating various pathogenic substances such as protein 
hydrolase, collagenase, and hyaluronidase (19–21), fostering tissue 
lysis and inflammation expansion (20, 21).

Some studies reveal that P. micra, present in infected root canals of 
patients with chronic apical periodontitis, engages in metabolic 
processes utilizing amino acids and polypeptides, establishing trophic 
symbiosis with dominant pathogenic bacteria in dental pulp (22). This 
symbiotic relationship enhances mutual virulence and resistance, 
playing a pivotal role in pathogenic effects. Combining these insights 
with the literature review, it can be inferred that P. micra employs three 
primary routes to infect different human body parts: bloodstream 
transmission, direct external inoculation, and transmission from 
neighboring tissues. Among these, bloodstream dissemination 
resulting from oral infection emerges as the most prevalent 
transmission route. Periodontitis history, dental surgery, and poor oral 
hygiene strongly correlate with P. micra infection, as documented in 
literature (23, 24). Oral infections and compromised oral health 
facilitate the entry of P. micra or soluble toxins into the bloodstream, 
where they interact with circulating specific antibodies, causing 
immune damage and inflammation at distant sites (25). Hematogenous 
dissemination may reach the spine, affecting blood-rich vertebral 
endplates initially and subsequently leading to local spread to adjacent 
intervertebral disks or vertebral bodies, resulting in characteristic 
lesions of intervertebral space infection. Rarely, the infection may 
spread posteriorly, giving rise to epidural or subdural abscesses, or even 
meningitis. Lateral spread can lead to various abscess formations, 
including lumbar major, retroperitoneal, subphrenic, paravertebral, 
retropharyngeal, and mediastinal abscesses. Primary sites of infection 
encompass the oral cavity, skin mucosa and soft tissues, respiratory 
tract, and surgical incisions.

In this presented case, the predominant clinical manifestation 
was hemoptysis, a recognized symptom frequently associated with 
pulmonary, bronchial, and circulatory disorders, carrying a 
substantial risk of asphyxiation and mortality, with an estimated 
15% fatality rate in cases of massive hemoptysis (26). Globally, 

tuberculosis stands as the primary association with hemoptysis; 
nonetheless, the etiological spectrum encompasses a broad array of 
pulmonary (e.g., infection, malignancy, airway injury, or trauma), 
cardiac (e.g., heart failure, cardiac valvular disease, and pulmonary 
hypertension), vascular (e.g., pulmonary embolism and 
arteriovenous malformations), vasculitides (e.g., granulomatous 
polyangiitis), and miscellaneous factors, including coagulation 
disorders (medical, acquired, and congenital), drug-induced 
complications, and alveolar protein deposition disorders (27). In 
the context of our reported case, the patient’s history included 
remote tuberculosis with hemoptysis over 3 decades prior, which 
significantly predates the current episode. The patient reported 
resolution following standardized anti-tuberculosis treatment. 
Based on the hospitalization, tuberculosis-related test outcomes, 
and imaging findings, we excluded the recurrence of tuberculosis 
and bronchiectasis as contributing factors.

Conversely, hemoptysis attributed to Parvimonas micra is a 
clinical rarity. As posited by Dustin L. Higashi, P. micra displays 
characteristic features of an inflammatory organism, thriving in the 
milieu of active inflammation and the destruction of inflammatory 
tissue. It ranks among the most prevalent species in numerous studies 
of mucosal inflammatory diseases and systemic abscesses (28). 
Murphy’s research further delineates P. micra’s induction of 
macrophages to secrete elevated levels of IL-6, IL-8, and RANTES, 
along with the stimulation of pro-inflammatory cytokines such as 
PKA, ERK2, JNK, and p38 from various intracellular signaling 
pathways. These mechanisms collectively potentiate endotoxin action, 
thereby influencing the onset of inflammatory responses (2). The 
hypothesis posits that P. micra may release diverse inflammatory 
mediators through these mechanisms, culminating in the compromise 
of capillaries within bronchial mucosa or lesions, ultimately resulting 
in the rupture of submucosal blood vessels and increased permeability, 
culminating in hemoptysis.

Regarding the diagnostic approaches for P. micra, the cases 
documented in the literature indicate that routine bacterial cultures, 
including blood culture (26.83%) and culture from puncture biopsy 
of pus and tissue (42.68%), were predominantly utilized for detection. 
In our presented case, conventional culture tests yielded negative 
results, prompting the adoption of metagenomic next-generation 
sequencing (mNGS) for a definitive diagnosis. This deviation from 
traditional diagnostic methods is underscored by the inherent 
limitations of conventional pathogen testing, such as susceptibility to 
the culture environment, prolonged culture duration, potential 
impact of prior antibiotic administration, and specific characteristics 
of the pathogen itself (29). These limitations contribute to the clinical 
plausibility of false-negative outcomes. Therefore, when conventional 
pathogen detection yields inconclusive results or when patients 
exhibit limited improvement despite extended treatment, innovative 
techniques like mNGS, MALDI-TOF mass spectrometry analysis, 
and 16S rRNA detection prove invaluable for rapid pathogen 
identification, guiding subsequent tailored treatments.

Regarding treatment, in this particular case with a clearly 
identified pathogen, the empirical use of ceftriaxone was replaced with 
piperacillin sulbactam sodium and moxifloxacin, resulting in 
alleviation of the patient’s hemoptysis symptoms. It is noteworthy that 
there is currently no consensus on the antibiotic treatment of P. micra. 
Literature review indicates P. micra’s high sensitivity to various 
antibiotics, including penicillin, meropenem, clindamycin, piperacillin 
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sodium sulbactam sodium, vancomycin, and linezolid (30–32). 
However, some studies report varying degrees of resistance to 
penicillin, metronidazole, clindamycin, and vancomycin, while 
showing susceptibility to imipenem and piperacillin sodium 
sulbactam sodium (32–34). This aligns with the findings of our case. 
Notably, our literature review suggests that most cases exhibit 
favorable outcomes when treated with β-lactams and narrow-
spectrum anti-anaerobic drugs like ceftriaxone, piperacillin/
tazobactam, ampicillin-sulbactam, clindamycin, and metronidazole. 
However, our case deviated from this trend, with no improvement 
observed after ceftriaxone treatment, possibly indicating strain-
specific variations in P. micra’s response to the same antibiotic (35).

A minority of reported cases (36–38) exhibited uncontrolled 
infections post-treatment: 8 (9.76%) required ICU admission, 4 
(9.76%) underwent mechanical ventilation, and 10 (12.20%) 
succumbed to multi-organ failure. Consequently, we  advocate for 
drug susceptibility testing specific to P. micra to inform antimicrobial 
usage when conditions permit. Additionally, attention should 
be directed toward defining the duration of antibiotic use for different 
sites of P. micra infections, and criteria for discontinuation should 
include symptomatic regression, improvement, and normalization of 
infection markers such as ESR or CRP. Our case collection underscores 
the significance of surgery, thorough debridement, and a combination 
of antimicrobial drugs in addressing P. micra-associated abscesses in 
bone, joints, muscles, lungs, and brain.

In terms of prognosis, 72 patients (87.80%) exhibited a gradual 
recovery from the infection, while 10 patients (12.20%) succumbed to 
multiorgan failure (14, 36, 39–44), the majority of whom presented 
severe comorbid underlying conditions such as cardiovascular 
diseases, neoplasms, and immune-related diseases. This underscores 
the imperative need for heightened vigilance regarding P. micra 
infection, particularly in individuals predisposed to compromised oral 
hygiene, diabetes mellitus, malignancy, and cardiovascular and 
cerebrovascular diseases. Furthermore, attention should be directed 
toward patients exhibiting nonspecific symptoms, including high fever 
of unknown origin, pain, and hemoptysis, with the aim of facilitating 
early detection and treatment of P. micra-induced infections.

In conclusion, we present a case of pulmonary infection attributed 
to P. micra, where hemoptysis serves as the primary symptom. 
Through a comprehensive review of pertinent literature, our intent is 
to direct clinicians’ attention toward P. micra, offering insights for 
clinical diagnosis and treatment.

Written informed consent for the publication of this report, 
inclusive of lung CT images, was obtained from the patients. This 
study adhered to the principles of the Declaration of Helsinki and 
received approval from the Research Ethics Committee of the First 
Affiliated Hospital of Guangzhou University of Traditional Chinese 
Medicine (JY2022-264).

Limitation

Nevertheless, several limitations exist in this case report. Firstly, 
routine culture tests failed to detect P. micra and other microorganisms, 
potentially attributable to various factors such as sampling techniques, 
professional proficiency, and the purity of P. micra. Secondly, 
alternative diagnostic methods, including 16S rRNA gene sequencing, 
PCR nucleic acid sequencing, and lung tissue biopsy mNGS, were not 

employed. Additionally, post-treatment bronchoalveolar lavage fluids 
were not subjected to mNGS testing to confirm the complete 
eradication of P. micra. Lastly, the mechanism of hemoptysis induced 
by P. micra remains under investigation, and a consensus on the 
treatment of P. micra infection is yet to be established, necessitating 
further follow-up studies.
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From a One Health perspective, dogs and cats have begun to be recognized as

important reservoirs for clinically significant multidrug-resistant bacterial

pathogens. In this study, we investigated the occurrence and genomic features

of ESbL producing Enterobacterales isolated from dogs, in the province of

Imbabura, Ecuador. We identified four isolates expressing ESbLs from healthy

and diseased animals. In this regard, two Escherichia coli strains producing CTX-

M-55-like or CTX-M-65 ESbLs belonged to the international ST10 and ST162,

whereas two Klebsiella pneumoniae producing CTX-M-14 or CTX-M-27

belonged to ST35 and ST661. Phylogenomic analysis clustered (95-105 SNP

differences) CTX-M-55/ST10 E. coli from companion animal with food and

human E. coli strains of ST10 isolated in 2016, in Australia and Cambodia,

respectively; whereas CTX-M-27-positive K. pneumoniae ST661 was clustered

(201-216 SNP differences) with human strains identified in Italy, in 2013 and 2017,

respectively. In summary, we report the presence and genomic data of global
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human-associated clones of CTX-M-producing E. coli and K. pneumoniae in

dogs, in Ecuador. The implementation of a national epidemiological surveillance

program is necessary to establish future strategies to control the dissemination of

antibiotic-resistant priority pathogens using a One Health approach.
KEYWORDS
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1 Introduction

Although Enterobacterales are natural inhabitants of the

intestinal tract of mammals, some genus and species can cause

infections of the respiratory and urinary systems, skin, ear, and soft

tissue of human and non-human hosts (Zogg et al., 2018). In this

regard, Escherichia coli and Klebsiella pneumoniae are leading

causes of healthcare-associated infections worldwide (Pesesky

et al . , 2015) , with carbapenem- and broad-spectrum

cephalosporin-resistant lineages being categorized as critical

priority pathogens by the World Health Organization (Tacconelli

et al., 2018). Certainly, and even more worrying is the fact that

extended-spectrum b-lactamase (ESbL)-producing strains are no

longer restricted to hospital locations but also represents a serious

problem involving pets, wildlife, and environmental and food safety

(Lopes et al., 2021; Salgado-Caxito et al., 2021).

CTX-M enzymes have become the most prevalent type of ESbLs
globally (Cantón & Coque, 2006; Pitout and Laupland, 2008). It is

remarkable that the first report on the emergence of a CTX-M

enzyme was in 1988, from a laboratory dog used in b-lactams

research in Japan (Matsumoto et al., 1988), whereas E. coli

producing blaCTX-M-1-type enzyme was first described in a

healthy dog in Portugal. Since then, a significant occurrence of

CTX-M-type ESbL-producing Enterobacterales has been

documented in healthy and diseased dogs and cats from Asian,

European and South American countries (Salgado-Caxito

et al., 2021).

From a public health perspective, the rapid appearance of

resistant bacterial populations among dogs and cats, and the close

contact between household pets and people have favored the

transmission of antibiotic-resistant bacteria from companion

animals to humans (Damborg et al., 2016; Kawamura et al., 2017;

Salgado-Caxito et al., 2021; Sellera et al., 2021). Transfer of resistant

bacteria between humans and their dogs has been well documented

(Albrechtova et al., 2012), as was illustrated by the identification of

the same E. coli clone from a urinary tract infection in a dog, and

from its household members (Johnson et al., 2008), although the

direction of transfer is often difficult to prove (Pomba et al., 2017).

In addition, the intensive use of antimicrobials in animals can be an

important factor in the development of antimicrobial-resistant

microorganisms (Caprioli et al., 2000; Umber and Bender, 2009;

Marshall and Levy, 2011; Seiffert et al., 2013; Samanta et al., 2015).

In this sense, companion animals might act as source of human
02124
contamination but may also be contaminated by human bacteria

(Okubo et al., 2014; Fernandes et al., 2018; Melo et al., 2018).

Furthermore, the role of companion animals as a source of AMR

has, so far, been neglected (Ewers et al., 2012).

In South America, multidrug-resistant Enterobacterales are a

major concern as the region exhibits some of the higher rates of

antimicrobial resistance worldwide (Bonelli et al., 2014). The first

report of ESbL in this region in companion animals was published

in 2008 from E. coli isolates obtained from fecal samples of dogs and

cats in Chile (Moreno et al., 2008). In that context, nosocomial

infections caused by ESbL producing Enterobacterales have

increased in the region more than others, since 2005 (Guzmán-

Blanco et al., 2014). Several factors such living in crowded

conditions, malnutrition, ineffective healthcare systems, deficient

drug supply chain, massive use of antimicrobials in livestock and

agriculture linked to lack of financial resources might be related to

the greater prevalence of ESbLs in countries with lower economic

resources (Villegas et al., 2008). In this study, we report the

occurrence and genomic data of ESbL-producing E. coli and K.

pneumoniae strains in dogs from Imbabura, Ecuador.
2 Materials and methods

2.1 Bacterial isolates and antibiotic
susceptibility profile

During a microbiological and genomic surveillance study

carried out in 2018, a total of 125 rectal swabs from dogs (64

healthy animals and 61 sick animals) were collected from the

province of Imbabura in Ecuador, in order to monitor the

presence of clinically significant drug-resistant Gram-negative

bacteria in companion animals (Supplementary Table 1). Samples

were collected between April and June and between October and

December 2018; from a veterinary clinic located in Ibarra that

attend the following counties in Imbabura: Antonio Ante,

Cotacachi, Ibarra, Otavalo, Pimampiro, and San Miguel de

Urcuquı ́ (Figure S1).
The samples were cultured on blood and MacConkey agar

plates supplemented with ceftriaxone (2 µg/mL) being incubated

at 37°C overnight (Jacob et al., 2020). Bacteria were identified by

conventional biochemical tests, whereas antimicrobial susceptibility

testing was performed by the disk diffusion method on Mueller–
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Hinton agar plates (Clinical and Laboratory Standards Institute,

2023a; Clinical and Laboratory Standards Institute, 2023b). In

addition, human and veterinary antibiotics including amoxicillin-

clavulanic acid, ceftazidime, cefotaxime, ceftriaxone, ceftiofur,

cefepime, cefoxitin, aztreonam, ertapenem, meropenem,

imipenem, nalidixic acid, enrofloxacin, ciprofloxacin,

trimethoprim/sulfamethoxazole, gentamicin, amikacin, and

chloramphenicol, were tested (Supplementary Table 2).

Additionally, minimum inhibitory concentration (MIC) of

cefotaxime was determined by using ETEST® strips (bioMérieux).

The results were interpreted according to Clinical and Laboratory

Standards Institute (Clinical and Laboratory Standards Institute,

2023a; Clinical and Laboratory Standards Institute, 2023b). ESbL
production was screened by the double disk synergy test (DDST)

(Jarlier et al., 1988).
2.2 Whole genome sequencing analysis

Whole genomic DNA was extracted (PureLinkTM; Invitrogen)

and used to prepare a library that was sequenced using the

NextSeq550 platform (2 x 75-bp paired-end) (Illumina), and the de

novo assembly method was the Unicycler v.0.4.8 with Phred20 as

minimum score quality of reads. The contigs generated for all

genomes were submitted to NCBI using the WGS submission and

automatic annotation was performed by PGAP (Prokaryotic Genome

Annotation Pipeline v.3.2.); CDSs, RNAs and pseudo genes are

shown in Tables 1, 2. The genomes were analyzed by MLST 2.0,

ResFinder 4.1, and PlasmidFinder 2.1 tools from the Center for

Genomic Epidemiology (CGE). Additionally, antibiotic resistance

and virulence genes were predicted using the Comprehensive

Antibiotic Resistance Database (CARD) and the Virulence Factor

Database (VFDB), respectively, whereas genes related with mercury,

arsenic and disinfectant resistance (quaternary ammonium

compounds) were screened using an in-house and the BIGSdb

database. For phylotyping E. coli, the in silico Clermont phylotyper

tool was used (https://ezclermont.hutton.ac.uk/).
2.3 Phylogenetic analysis

A search for genomic data of isolates for each sequence type

identified was performed, in order to recruit genomes for

phylogenetic comparison. Assemblies with no metadata for

country, year and source of isolation were ignored. For E. coli

strains, genomes were downloaded from Enterobase (3,572

assemblies of E. coli ST10 and 442 assemblies of ST162), while for

K. pneumoniae strains, a search for each ST were performed on

bacWGSTdb (http://bacdb.cn/BacWGSTdb/), and genomes were

downloaded from NCBI GenBank (i.e., 60 assemblies of K.

pneumoniae ST35 and 19 assemblies of ST661). With exception

of ST661, which had only 19 assemblies downloaded, 30 genomes

with highest average nucleotide identity (ANI) of each ST

comparing with this work’s assemblies were performed using
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TABLE 1 Genomic characteristics of lineages of ESBL-producing Escherichia
coli strains recovered from rectal swabs collected in dogs in Ecuador.

Characteristics ECU3_SQ178 EE12_SQ154

Source Dog rectal swab Dog rectal swab

Year of isolation 2018 2018

Genome size (bp) 4,847,206 4,893,054

G + C content (%) 50,7 50,7

rRNA 2 2

tRNAs 45 39

ncRNAs 7 9

N° total of genes 4,784 4,727

No. of CDSa 4,595 4,549

ST 10 162

Clermont phylotype A B1

Resistome

b-Lactams blaCTX-M-55-like blaCTX-M-65

Aminoglycosides aph(3’’)-Ib, aph(6)-Id aadA1, aadA2b

Phenicols florR clmA1

Sulfonamides sul2 sul3

Tetracycline tetA –

Trimethoprim – dfrA1

Fosfomycin fosA3 fosA3

Quinolones gyrA (D87N), parC
(S80I), marA

marA

Heavy metal

Arsenic arsB, arsC, arsR arsB, arsR

Mercury - merR

Tellurium tehA, tehB tehA, tehB

Biocides and
disinfectants

mdtEFKN, emrDK,
acrAEF, tolC

mdtEFK, emrDK,
mvrC, acrAEF, tolC,
qacF

Herbicides (glyphosate) phnCDFGHIJKLMNOP phnJ

Virulome

Common pilus yagZ/ecpA, yagY/ecpB,
yagX/ecpC, yagW/ecpD

yagZ/ecpA, yagY/ecpB,
yagX/ecpC, yagW/
ecpD

Fimbrial protein - fimBCDEGI

Enterobactin siderophore entB -

Salmochelin siderophore iroCDEN iroCDEN

Type II secretion system
(T2SS)

gspM gspK

Plasmids IncFIA, IncFIB, IncFII IncFIB

GenBank accession number JACWHI000000000.1 JACWHK000000000.1
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FastANIv1.32 (https://github.com/ParBLiSS/FastANI/). ANI values

between downloaded and query genomes were ≥99.7625% for E.

coli ST10, ≥99.7807% for E. coli ST162, ≥99.7631% for K.

pneumoniae ST35 and ≥99.575% for K. pneumoniae ST661. CSI
Frontiers in Cellular and Infection Microbiology 04126
Phylogeny (https://cge.food.dtu.dk/services/CSIPhylogeny/) was

used with default settings to generate approximate maximum-

likelihood SNP-based trees. Chromosome sequences of SCU-118

(NZ_CP051716.1) and LD91-1 (NZ_CP042585.1) E. coli strains,

and RJY9645 (NZ_CP041353.1) and F13 (NZ_CP026162.1) of K.

pneumoniae strains were used as reference for E. coli ST10 and

ST162, and K. pneumoniae ST35 and ST661, respectively.

ABRicatev1.0.1 (https://github.com/tseemann/abricate) was used

with ResFinder and PlasmidFinder databases to screen

antimicrobial resistance genes and plasmids on each recruited

genome. Identity and coverage limits were set to 98% and 100%,

respectively. iTOLv6 (https://itol.embl.de/) was used to annotate the

tree with data from Enterobase, bacWGSTdb and ABRicate.
3 Results and discussion

Forty-tree cephalosporin-resistant Gram-negative bacteria were

isolated from 23 healthy dogs and 16 sick dogs (Supplementary

Tables 1, 2). From the latter, eight dogs presented with

gastrointestinal complications, four with metabolic syndrome, two

with dermatological disease, one with respiratory problems, and

another with cerebrovascular accident. Based on confirmation of

ESbL phenotype, four bacterial isolates exhibiting a MDR

profi le (Magiorakos et al . , 2012) were sequenced: i)

E. coli strain ECU3_SQ178 (GenBank accession number:

JACWHI000000000.1) isolated from a 6-month-old healthy female

dog mixed breed, with no previous treatments reported. This strain

presented resistance to ceftazidime, cefotaxime (MIC > 32 µg/mL),

ceftriaxone, cefepime, aztreonam, nalidixic-acid, enrofloxacin,

ciprofloxacin, and chloramphenicol, being susceptible to

amoxicillin-clavulanic acid, cefoxitin, ertapenem, meropenem,

imipenem, gentamicin, amikacin, trimethoprim-sulfamethoxazole

(Supplementary Table 2). In this regard, WGS analysis predicted

the presence of genes associated with resistance to b-lactams (blaCTX-

M-55-like), phenicols (floR), tetracyclines (tetA), sulphonamides (sul2),

aminoglycosides [aph(3”)-Ib, aph(6)-Id], fosfomycin (fosA3), and

quinolones (gyrA-D87N and parC-S80I point mutations, marA).

On the other hand, genes conferring tolerance to heavy metals

[arsenic (arsBCR) and tellurium (tehAB)], herbicide [glyphosate

(phnCDFGHIJKLMNOP)], biocides and disinfectants (mdtEFKN,

emrDK, acrAEF and tolC) were also predicted (Table 1); ii) E. coli

s t r a i n EE12_SQ154 (GenBank a c c e s s i o n numbe r :

JACWHK000000000.1) isolated from a 4-years-old female

Yorkshire terrier dog with a history of physical decline,

cerebrovascular accident and shock. It was not reported by the

private veterinary clinic the treatment received prior to the sample

collection. Antimicrobial susceptibility testing revealed resistance to

ceftazidime, cefotaxime (MIC > 32 µg/mL), ceftriaxone, cefepime,

aztreonam, nalidixic-acid, enrofloxacin, ciprofloxacin, trimethoprim-

sulfamethoxazole, chloramphenicol, and gentamicin, and

susceptibility to amoxicillin-clavulanic acid, cefoxitin, ertapenem,

meropenem, imipenem and amikacin (Supplementary Table 2).

The antimicrobial resistome included genes conferring resistance to

b-lactams (blaCTX-M-65), aminoglycosides (aadA1, aadA2b),

fosfomycin (fosA3), phenicol (cmlA1), sulphonamides (sul3),
TABLE 2 Genomic characteristics of lineages of ESBL-producing
Klebsiella pneumoniae strains recovered from rectal swabs collected in
dogs in Ecuador.

Characteristics ECUD12_SQ166 EE25K_SQ190

Source Dog rectal swab Dog rectal swab

Year of isolation 2018 2018

Genome size (bp) 5,342,763 5,560,571

G + C content (%) 57,4 57,2

rRNA 2 2

tRNAs 39 46

ncRNAs 7 8

N° total of genes 5,283 5,412

No. of CDSa 5,142 5,270

ST 661 35

K-locus/O-locus KL28/O2v1 -/O1v1

wzi/ICEKp/ybt 84/-/- 37/ICEKp3/ybt 9

Resistome

b-Lactams blaCTX-M-27, blaSHV-27 blaCTX-M-14, blaLAP-2,
blaSHV-33

Aminoglycosides aac(3)IV, aac(6′)-Ib-cr,
aadA1, aadA16, aadA2b, aph
(4)-la

–

Phenicols clmA1 –

Sulfonamides sul1, sul3 sul1

Tetracycline tetD –

Trimethoprim dfrA27 dfrA1

Fosfomycin fosA6 fosA6

Quinolones qnrB52, aac(6’)-Ib-cr, oqxA,
oqxB

qnrS1, oqxA, oqxB

Macrolides mphA –

Rifampicin arr-3 –

Heavy metal

Arsenic – arsB, arsC, arsD, arsR

Silver silABCEFRS silABCEFRS

Biocides and
disinfectants

qacF smvR

Virulome

Yersiniabactin
siderophore

– ybtSXQPAUTE, irp1,
irp2, fyuA

Plasmids IncFIB IncFIB

GenBank accession
number

JACWHJ000000000.1 JACWHL000000000.1
frontiersin.org

https://github.com/ParBLiSS/FastANI/
https://cge.food.dtu.dk/services/CSIPhylogeny/
https://github.com/tseemann/abricate
https://itol.embl.de/
https://doi.org/10.3389/fcimb.2023.1259764
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Gonzales-Zubiate et al. 10.3389/fcimb.2023.1259764
trimethoprim (dfrA1), quinolones (marA), heavy metals [arsenic

(arsBR), tellurium (tehAB) and mercury (merR)], herbicide

[glyphosate (phnJ)], biocides and disinfectants (mdtEFK, emrDK,

acrAEF, tolC, qacF and mvrC) (Table 1); iii) K. pneumoniae strain

ECU12_SQ166 (GenBank accession number: JACWHJ000000000.1),

isolated from a 12-year-old male English Shepherd dog admitted to a

private veterinary clinic with signs of diarrhea, melena, vomiting,

septicemia, and chronic kidney failure leading to death. Based on the

anamnesis and initial physical examination, fluid therapy was

established, as a stabilization measure (lactated ringer solution),

and a not specified b-lactam antibiotic was administered. The

strain exhibited resistance to amoxicillin-clavulanic acid,

ceftazidime, cefotaxime (MIC > 32 µg/mL), ceftriaxone, cefepime,

aztreonam, ceftiofur, trimethoprim-sulfamethoxazole, nalidixic-acid,

enrofloxacin, ciprofloxacin, and gentamicin, being susceptible to

cefoxitin, ertapenem, meropenem, imipenem, and amikacin

(Supplementary Table 2). The resistome analysis predicted

resistance genes to b-lactams (blaCTX-M-27, blaSHV-27), fosfomycin

(fosA6), trimethoprim (dfrA27), rifampicin (arr-3), sulfonamides

(sul1, sul3), aminoglycosides [aac(3)IV, aac(6′)-Ib-cr, aadA1,

aadA16, aadA2b, aph(4)-la], macrolides (mphA), quinolones [aac

(6’)-Ib-cr, oqxA, oqxB, qnrB52], phenicols (cmlA), tetracyclines (tetD),

silver (silABCEFRS) and ammonium quaternary compounds (qacF)

(Table 2); (iv) K. pneumoniae strain EE25K_SQ190 (GenBank

accession number: JACWHL000000000.1) isolated from an 8-year-

old male German shepherd dog, presenting with discomfort, anorexia

and foreign body gingivitis. After clinical examination, the foreign

body was removed and a combination of amoxicillin/clavulanic acid

plus a non-steroidal anti-inflammatory was prescribed. Antimicrobial

susceptibility testing revealed resistance to cefotaxime (MIC > 32 µg/

mL), ceftriaxone, cefepime, nalidixic-acid, enrofloxacin,

ciprofloxacin, and trimethoprim-sulfamethoxazole. This strain

showed to be susceptible to amoxicillin-clavulanic acid, ceftazidime,

cefoxitin, aztreonam, ertapenem, meropenem, imipenem, amikacin

and gentamicin (Supplementary Table 2). Resistome encompass

genes resistant to b-lactams (blaCTX-M-14, blaSHV-33, blaLAP2),

fosfomycin (fosA6), trimethoprim (dfrA1), quinolones (oqxA, oqxB,

qnrS1), and sulphonamides (sul1), silver (silABCEFRS), arsenic

(arsBCDR) and chlorhexidine (smvR) (Table 2).

While CTX-M-55- and CTX-M-65-positive E. coli strains

belonged to ST10 and ST162, K. pneumoniae producing CTX-M-

27 and CTX-M-14 ESbLs belonged to ST661 and ST35,

respectively. E. coli ST10 and ST162 have been previously

associated with human infections (Coelho et al., 2011; Chen

et al., 2014), being further identified in hospital sewage (Zhao

et al., 2017), bovines (Umpiérrez et al., 2017), birds (Fuentes-

Castillo et al., 2020), and dogs (Yasugi et al., 2021). The blaCTX-M-55

gene has been widely identified globally in E. coli isolates from

various animal species (Kiratisin et al., 2007; Zhang et al., 2014;

Birgy et al., 2018; Lupo et al., 2018). The remarkable prevalence of

this gene, accompanied by a high propensity for horizontal gene

transfer has facilitated its rapid and wide spread (Yang et al., 2023).

In Ecuador blaCTX-M-55 has been the most prevalent allele of the

blaCTX-M family in E. coli from poultry settings, followed by blaCTX-

M-65 and blaCTX-M-2 (Ortega-Paredes et al., 2020a). On the other

hand, according to Enterobase (https://enterobase.warwick.ac.uk/),
Frontiers in Cellular and Infection Microbiology 05127
ST10 has been identified in dogs from Germany, United States of

America (USA), United Kingdom, South Korea, Canada and New

Zealand, whereas in Ecuador ST10 has been identified in humans,

wild animals, and environmental samples; confirming the One

Health importance of this global lineage in this country. In fact,

phylogenomic analysis showed that strain ECU3_SQ178 (CTX-M-

55/ST10) clustered (95-105 SNP differences) with food and human

E. coli strains of ST10 isolated in 2016, in Australia and Cambodia,

respectively, whereas CTX-M-65-positive E. coli ST162 (strain

EE12_SQ154) showed ubiquity, being clustered (207-265 SNP

differences) with other four drug-resistant E. coli strains of

ST162 isolated from livestock (USA, 2016), poultry (USA, 2020),

human (Australia, 2014) and companion animal (USA, 2007)

(Figure 1, Supplementary Table 3). Moreover, data retrieved

from Enterobase confirm occurrence of this E. coli clone in

companion animals from Germany, USA, and Canada.

Interestingly, this is the first report of E. coli ST162 found in

companion animal, in South America.

In the case of K. pneumoniae ST661 and ST35 clones, they have

been previously isolated from nosocomial pneumonia in humans

(Zhao et al., 2019), rectal swabs from pigs and fecal human samples

(Leangapichart et al., 2021). Moreover, ST661 has been recovered

from aquatic environments (Furlan et al., 2020), hospitalized

patients (Piazza et al., 2019), being recently reported as

responsible for outbreaks in Europe (Martin et al., 2017); whereas

ST35 has been identified among ESbL-producing K. pneumoniae

strains in hospital settings (Marcade et al., 2013; Frenk et al., 2020),

being lately recognized as a multidrug-resistant clone with

worldwide distribution (Shen et al., 2020).

F o r CTX-M-27 - po s i t i v e K . pn eumon i a e ST661

(ECU12_SQ166), phylogenomic analysis revealed relationship

(201-216 SNP differences) with human strains identified in Italy,

in 2013 and 2017, respectively (Figure 2, Supplementary Table 3).

Strikingly, all the three isolates within the clade carried an IncFIB-

type plasmid. Moreover, ECU12_SQ166 and the human strain

isolated in 2017 exhibited an identical MDR profile, sharing

blaSHV-27, sul1 and mph(A) resistance genes. In brief, K.

pneumoniae ST661 is other global clone identified in Italy, China,

England, Brazil, Tunisia, Thailand, Uruguay, Mexico and Taiwan

(Yan et al., 2015; Ku et al., 2017; Martin et al., 2017; Patil et al., 2019;

Piazza et al., 2019; Sghaier et al., 2019; Furlan et al., 2020; Hassen

et al., 2020; Ludden et al., 2020; Leangapichart et al., 2021; Papa-

Ezdra et al., 2021; Toledano-Tableros et al., 2021).

In companion animals, ESbL production among Klebsiella

isolates has been associated with CTX-M-14 and CTX-M-15

variants (Harada et al., 2016). In this study, CTX-M-14-positive

K. pneumoniae EE25K_SQ190 belonged to ST35. Although this

clone has been previously identified in China, Romania, Yemen,

Israel, France, Spain and Thailand (Marcade et al., 2013; Cubero

et al., 2016; Alsharapy et al., 2020; Frenk et al., 2020; Kong et al.,

2020; Shen et al., 2020; Surleac et al., 2020; Zhong et al., 2020;

Leangapichart et al., 2021), phylogenomic analysis clustered (353-

354 SNP differences) EE25K_SQ190 with a human clone identified

in Turkey in 2013 and 2014 (Figure 2, Supplementary Table 3).

Although, in Ecuador, occurrence of E. coli producing ESbL has

been reported in pets, chicken, humans, food, vegetables, broiler
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farms, and river water samples, in Quito (Vinueza-Burgos et al.,

2016; Chiluisa-Guacho et al., 2018; Ortega-Paredes et al., 2018;

Ortega-Paredes et al., 2019; Vinueza-Burgos et al., 2019; Zurita

et al., 2019; Ortega-Paredes et al., 2020a; Ortega-Paredes et al.,

2020b; Zurita et al., 2020), and in other cities such as Guayaquil

(Soria Segarra et al., 2018), Esmeraldas (Hedman et al., 2019), Loja

(Delgado et al., 2016), and Cuenca (Zurita et al., 2013); as well as in

the provinces of Tungurahua and Cotopaxi (Sánchez-Salazar et al.,
Frontiers in Cellular and Infection Microbiology 06128
2020), genomic data are scarce. Specifically, while CTX-M-55 and

CTX-M-65-producing E. coli have been previously reported in dogs

in central Ecuador, and in Quito (Ortega-Paredes et al., 2019; Albán

et al., 2020; Salinas et al., 2021), CTX-M-producing K. pneumoniae

have been isolated from human hosts in Cuenca (Nordberg et al.,

2013), Quito, Guayaquil, and Azogues (Zurita et al., 2013), so far.

In summary, we report genomic data of global One Health-

associated clones of CTX-M-55 and CTX-M-65-producing E. coli,
FIGURE 1

Phylogenetic trees of E. coli strains. SNP-based phylogenetic trees of E. coli ST10 and ST162, and heatmap showing presence/absence of antibiotic
resistance genes for 10 antibiotics, and their source of isolation. Details on resistome, plasmidome and origin are showed for clusters formed with
CTX-M-55-producing E. coli ECU3_SQ178 and CTX-M-65 E. coli EE12_SQ154 strains, isolated from dogs, in Ecuador.
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and CTX-M-14 and CTX-M-15-producing K. pneumoniae in dogs

from the province of Imbabura, in Ecuador. The implementation of

a national epidemiological surveillance program is necessary to

establish future strategies to control the dissemination of antibiotic-

resistant priority pathogens using a One Health approach.
Frontiers in Cellular and Infection Microbiology 07129
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FIGURE 2

Phylogenetic trees of K. pneumoniae strains. SNP-based phylogenetic trees of K. pneumoniae ST35 and ST661, and heatmap showing presence/
absence of antibiotic resistance genes for 10 antibiotics, and their source of isolation. Details on resistome, plasmidome and origin are showed for
clusters formed with CTX-M-14-producing K. pneumoniae EE25K_SQ190 and CTX-M-27-producing K. pneumoniae ECU12_SQ166 strains, isolated
from dogs in Ecuador.
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Ortega-Paredes, D., Barba, P.,Mena-López, S., Espinel, N., Crespo, V., andZurita, J. (2020b).
High quantities of multidrug-resistant Escherichia coli are present in the Machángara urban
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(2021). Prevalence and molecular characterisation of carbapenemase-producing
Enterobacterales in an outbreak-free setting in a single hospital in Uruguay. J. Glob.
Antimicrob. Resist. 24, 58–62. doi: 10.1016/j.jgar.2020.11.006

Patil, S., Chen, X., and Wen, F. (2019). Exploring the phenotype and genotype of
multi-drug resistant Klebsiella pneumoniae harbouring blaCTX-M group extended-
spectrum b-lactamases recovered from paediatric clinical cases in Shenzhen, China.
Ann. Clin. Microbiol. Antimicrob. 18, 1–6. doi: 10.1186/s12941-019-0331-z

Pesesky, M. W., Hussain, T., Wallace, M., Wang, B., Andleeb, S., Burnham, C. D., et al.
(2015). KPC and NDM-1 genes in related Enterobacteriaceae strains and plasmids from
Pakistan and theUnitedStates.Emerg. Infect.Dis.21, 1034–1037. doi: 10.3201/eid2106.141504

Piazza, A., Comandatore, F., Romeri, F., Brilli, M., Dichirico, B., Ridolfo, A., et al.
(2019). Identification of blaVIM-1 gene in ST307 and ST661 Klebsiella pneumoniae
clones in Italy: old acquaintances for new combinations. Microb. Drug Resist. 25, 787–
790. doi: 10.1089/mdr.2018.0327

Pitout, J. D., and Laupland, K. B. (2008). Extended-spectrum b-lactamase-producing
Enterobacteriaceae: an emerging public-health concern. Lancet Infect. Dis. 8, 159–166.
doi: 10.1016/S1473-3099(08)70041-0

Pomba, C., Rantala, M., Greko, C., Baptiste, K. E., Catry, B., van Duijkeren, E., et al.
(2017). Public health risk of antimicrobial resistance transfer from companion animals.
J. Antimicrob. Chemother. 72, 957–968. doi: 10.1093/jac/dkw481
frontiersin.org

https://doi.org/10.1016/j.cmi.2015.09.025
https://doi.org/10.1016/j.jcpa.2015.03.004
https://doi.org/10.1016/j.bjid.2016.07.001
https://doi.org/10.1111/j.1469-0691.2012.03850.x
https://doi.org/10.3201/eid2406.180335
https://doi.org/10.3390/antibiotics9100705
https://doi.org/10.1111/mec.15455
https://doi.org/10.1016/j.ecoenv.2020.110782
https://doi.org/10.1016/j.bjid.2013.10.005
https://doi.org/10.3389/fmicb.2016.01021
https://doi.org/10.1007/s11356-020-10326-w
https://doi.org/10.4269/ajtmh.18-0173
https://doi.org/10.1128/JCM.01039-19
https://doi.org/10.1093/clinids/10.4.867
https://doi.org/10.1128/JCM.00980-08
https://doi.org/10.1089/mdr.2016.0246
https://doi.org/10.1016/j.diagmicrobio.2007.02.005
https://doi.org/10.2147/IDR.S293206
https://doi.org/10.1038/s41598-017-06878-6
https://doi.org/10.1093/jac/dkab118
https://doi.org/10.1128/msystems.01125-20
https://doi.org/10.1093/cid/ciz174
https://doi.org/10.1093/jac/dkx489
https://doi.org/10.1093/jac/dkx489
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1017/S0950268812002099
https://doi.org/10.1128/CMR.00002-11
https://doi.org/10.1093/jac/dkx264
https://doi.org/10.1128/AAC.32.8.1243
https://doi.org/10.1128/AAC.32.8.1243
https://doi.org/10.1016/j.vetmic.2018.05.017
https://doi.org/10.1016/j.vetmic.2007.11.011
https://doi.org/10.1371/journal.pone.0076597
https://doi.org/10.1016/j.jiac.2013.12.003
https://doi.org/10.1016/j.jiac.2013.12.003
https://doi.org/10.2166/wh.2019.195
https://doi.org/10.1016/j.ijfoodmicro.2018.04.037
https://doi.org/10.3389/fvets.2020.547843
https://doi.org/10.3389/fvets.2020.547843
https://doi.org/10.1016/j.jgar.2019.04.002
https://doi.org/10.1016/j.jgar.2019.04.002
https://doi.org/10.1016/j.jgar.2020.11.006
https://doi.org/10.1186/s12941-019-0331-z
https://doi.org/10.3201/eid2106.141504
https://doi.org/10.1089/mdr.2018.0327
https://doi.org/10.1016/S1473-3099(08)70041-0
https://doi.org/10.1093/jac/dkw481
https://doi.org/10.3389/fcimb.2023.1259764
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Gonzales-Zubiate et al. 10.3389/fcimb.2023.1259764
Salgado-Caxito, M., Benavides, J. A., Adell, A. D., Paes, A. C., and Moreno-Switt, A. I.
(2021). Global prevalence and molecular characterization of extended-spectrum b-
lactamase producing-Escherichia coli in dogs and cats - a scoping review and meta-
analysis. One Health 12, 100236. doi: 10.1016/j.onehlt.2021.100236

Salinas, L., Loayza, F., Cárdenas, P., Saraiva, C., Johnson, T. J., Amato, H., et al.
(2021). Environmental spread of extended spectrum beta-lactamase (ESBL) producing
Escherichia coli and ESBL genes among children and domestic animals in Ecuador.
Environ. Health Perspect. 129, 27007. doi: 10.1289/EHP7729

Samanta, I., Joardar, S. N., Mahanti, A., Bandyopadhyay, S., Sar, T. K., and Dutta, T.
K. (2015). Approaches to characterize extended spectrum beta-lactamase/beta-
lactamase producing Escherichia coli in healthy organized vis-a-vis backyard farmed
pigs in India. Infect. Genet. Evol. 36, 224–230. doi: 10.1016/j.meegid.2015.09.021

Sánchez-Salazar, E., Gudiño, M. E., Sevillano, G., Zurita, J., Guerrero-López, R.,
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