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Abstract 

Sepsis, a life-threatening condition with alarmingly high mortality rates, demands the 
development of improved diagnostic methods to better understand and manage the disease. 
Enterococcus spp., significant contributors to sepsis and known for their multidrug resistance, 
urgently require thorough and detailed investigation to devise effective treatment strategies and 
healthcare interventions. This study explores the genomic characterization of Enterococcus spp. 
isolates from patients with suspected community-onset sepsis in Sweden, using whole-genome 
sequencing. Data was processed through an in-house developed bioinformatics pipeline, 
including quality control with FastQC, sequence trimming with Trimmomatic, and assembly with 
Unicycler and QUAST, generating reliable FASTA files for the downstream analysis. Subsequently, 
different gene annotation tools were applied for the genotypic species identification, prediction 
of antibiotic resistance genes, plasmid replicons, and determination of sequence type. Moreover, 
the results from the genotypic characterization were compared to those obtained using routine 
microbiological methods based on cultures followed by MALDI-TOF MS for species identification 
and disk diffusion for antimicrobial resistance testing. The results revealed a high prevalence of 
resistance genes, particularly for macrolide, lincosamide, and streptogramin antibiotics. A notable 
finding was the high discordance (83.2%) between phenotypic and genotypic methods in 
detecting resistance, highlighting the complexity of correlating phenotypic antibiotic resistance 
with genotypic predictions. Additionally, a statistically significant higher prevalence of antibiotic 
resistance genes was observed in E. faecium compared to E. faecalis (p=0.001). Furthermore, a 
high diversity of sequence types among Enterococcus spp. isolates was detected by multi-locus 
sequencing typing, with ST6 (14%) as the most prevalent for E. faecalis and ST192 (37%) for E. 
faecium. In conclusion, this comprehensive genomic approach enhances the understanding of 
antibiotic resistance spread and informs strategies for improved clinical and public health 
interventions in sepsis management. The study also underscores the importance of integrating 
genomic data with traditional diagnostic methods to develop effective strategies for managing 
antibiotic resistant infections.  

 

 



 
 

Popular scientific summary 

Imagine a detective in a novel, trying to find a criminal hiding in a crowd. The only way to catch 
them is by identifying their unique fingerprint. This scenario is similar to this research, where the 
goal is to identify specific bacteria that cause sepsis. Sepsis occurs when the body's response to an 
infection gets out of control, causing damage to its own tissues and organs, much like a wildfire 
that harms the body instead of fighting the infection. The infection can be caused by bacteria, fungi, 
viruses, or parasites. Quickly and accurately identifying the bacteria causing the infection is 
crucial for treating sepsis with the right antibiotics. In this study, the bacteria are the villains, 
especially Enterococcus, known for causing sepsis and resisting antibiotics. This resistance makes 
infections hard to treat and can turn a manageable situation into a life-threatening one. The aim 
of this research was to genotypically characterize Enterococcus isolates from patients with 
suspected sepsis and compare these findings with results from conventional methods. 

The research examined the DNA of Enterococcus bacteria collected from a prospective 
observational study on severe sepsis and septic shock among adults at Skaraborg Hospital in the 
western region of Sweden. These samples were sequenced using whole-genome sequencing to 
read their DNA, and the data were analyzed using an in-house bioinformatic pipeline. This method 
works like a high-definition fingerprint, accurately identifying the bacteria involved. The resulting 
sequence data were processed using quality control tools to ensure accuracy. Next, sequence 
trimming tools removed any low-quality parts of the DNA sequences, followed by assembly and 
scaffolding to piece together the DNA fragments into a continuous sequence. 

A key focus of the study was the comparison between phenotypic antibiotic susceptibility testing 
results and genotypic predictions. This comparison revealed a discordance, with an 83.2% 
mismatch between these methods. This discrepancy was particularly notable for antibiotics like 
β-lactams and aminoglycosides. The study found that E. faecium isolates harbored more 
resistance genes compared to E. faecalis, suggesting a broader arsenal of defense mechanisms in 
E. faecium. Interestingly, the presence of these genes was consistent across different sample types, 
such as blood, urine, and wounds, indicating that the site of infection had little impact on the 
bacteria's resistance traits. Another important finding was the high number genes that make the 
bacteria resistant to macrolide, lincosamide, and streptogramin antibiotics. These genes help the 
bacteria survive even when these antibiotics are used, making infections harder to treat. The 
study also discovered various plasmid replicons—small DNA molecules within the bacteria that 
can move between different bacteria and spread antibiotic resistance. This movement allows 
resistance genes to quickly spread through bacterial populations, increasing the challenge of 
treating infection. One intriguing finding was the identification of an isolate initially classified as 
E. faecalis, which was predicted to be Corynebacterium pseudodiphtheriticum, a usually harmless 
bacterium found in the respiratory tract. This unexpected result suggested potential sample 
contamination or mishandling during DNA extraction, rather than an error in the identification 
process.  

Harnessing the power of whole-genome sequencing to identify bacteria with precision, it is 
possible to rapidly target the right antibiotics, turning the tables on sepsis. More than that, it opens 
the way for careful use of antibiotics, securing their effectiveness for those in need and slowing 
the advance of antibiotic resistance, a rapidly growing global health threat. Through the lens of 
genomic research, this study not only unravels the intricate web of bacterial identities, but also 
arms the medical community with knowledge critical to combating one of the most challenging 
medical emergencies of our time. 
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Introduction 

Sepsis Overview 
Sepsis is a life-threatening condition, defined as a syndrome of organ dysfunction that is caused 
by a dysregulated host response to infection (Sepsis-3) (Singer et al., 2016). This severe condition 
results in an overactive immune response, leading to widespread inflammation, tissue damage 
and subsequent organ failure. Sepsis is widely recognized as one of the primary causes of death, 
and presents a significant challenge for both global and public health sectors (Salomão et al., 
2019). In 2017, sepsis emerged as a significant global health challenge, IHME Global Burden of 
Sepsis study estimated 48.9 million cases reported worldwide, culminating in about 11 million 
fatalities (Reinhart et al., 2017; Rudd et al., 2020). This accounted for nearly 20% of all global 
deaths that year. Notably, the impact was particularly pronounced among children under 5 years 
of age, who represented almost half of these cases and an estimated 2.9 million of the deaths. 
Approximately 85% of sepsis cases and sepsis-related deaths worldwide occurred in low- and 
middle-income countries (Sands et al., 2021). However, in low-income countries, sepsis is likely 
to be much more common than reported due to factors like limited access to healthcare and 
resources (Chiu & Legrand, 2021; Fleischmann-Struzek et al., 2018). Globally, hospital mortality 
for sepsis ranges from 25% to 30%, increasing to 40-50% in patients with complications and in 
lower-income countries (Dugani et al., 2017). In Sweden, sepsis presents a significant health 
challenge, characterized by high incidence rates and substantial mortality (Mellhammar et al., 
2015). The annual incidence of sepsis in adults is estimated to be at least 40,000 cases, with 
approximately 20% of these cases resulting in death (Apitzsch et al., 2021; Mellhammar et al., 
2016). Despite advancements in medical care, mortality rates have not shown significant 
improvement over the years. For instance, the mortality rate in sepsis patients a year after 
intensive care unit (ICU) admission remained around 45% in 2015, reflecting the ongoing 
challenges in effectively managing this condition (Strandberg et al., 2020).  

Sepsis is complex and often occurs alongside other illnesses, making it hard to diagnose and assess 
its prevalence. The incidence of sepsis and septic shock has increased since the establishment of 
the first consensus definitions of systemic inflammatory response syndrome (SIRS) triggered by 
infection, known as Sepsis-1, in 1991 (Bone et al., 1992). The diagnosis criteria for sepsis included 
the suspicion of infection coupled with at least two of the following SIRS criteria: a body 
temperature higher than 38°C or lower than 36°C, a heart rate exceeding 90 beats per minute, a 
respiratory rate above 20 breaths per minute or a PaCO2 level below 4.3 kPa, and either a 
neutrophil count greater than 12000/mm³ or less than 4000/mm³, with at least 10% immature 
forms (Bone et al., 1992; Srzić et al., 2022). The latest Sepsis-3 guidelines define sepsis as a life-
threatening condition caused by an inappropriate host response to infection, leading to organ 
failure (Singer et al., 2016). This is indicated by an increase of two or more points in the Sequential 
Organ Failure Assessment (SOFA) score from the patient's baseline, associated with over 10% 
hospital mortality. Septic shock, a severe form of sepsis is characterized by persistent hypotension 
needing vasopressor support to maintain mean arterial pressure above 65 mmHg and high serum 
lactate levels, linked to more than 40% hospital mortality. For early detection, the quick SOFA 
(qSOFA) scoring system assesses a patient's mental, cardiovascular, and respiratory status. It's 
used for rapid identification of patients at risk of sepsis outside the ICU, though the 2021 
guidelines recommend using the national early warning score or the SIRS score for better 
predictive accuracy (Evans et al., 2021). A SOFA score of 2 or more confirms sepsis, and these 
guidelines are crucial for emergency physicians managing sepsis and septic shock, emphasizing 
pharmacological treatment strategies (Guarino et al., 2023; Singer et al., 2016).  The diagnosis of 
sepsis is often challenging due to non-specific symptoms and the wide variety of possible 
causative pathogens, and presents a diagnostic challenge due to its non-specific symptoms 
(Bullock & Benham, 2023). While bacterial infections are the leading cause, sepsis can also be 
triggered by viral infections, fungi and parasites (Dolin et al., 2019). Notably, sepsis can originate 
from seemingly common and preventable infections affecting the respiratory, gastrointestinal, 
urinary tract, wounds, or skin (Lever & Mackenzie, 2007). Understanding the global burden and 
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complexity of sepsis sets the stage for examining specific pathogens that contribute to this 
condition, such as the Enterococcus genus, which is a crucial pathogen in many cases of sepsis. 

Enterococcus spp.  
The genus Enterococcus belongs to the phylum Firmicutes and comprises a group of gram-
positive, lactic acid producing bacteria, commonly found in various environments such as soil, 
plants, fresh and saltwater, and sewage, and is a natural part of the gastrointestinal tract's 
microbiota in both humans and animals (Beukers et al., 2017; DANMAP, 2020; O’Driscoll & Crank, 
2015). Enterococcus spp. have emerged as significant pathogens for sepsis, particularly in 
nosocomial, i.e., hospital-acquired infections (Brinkwirth et al., 2021; Hammerum, 2012). These 
bacteria are notoriously robust and are adept at developing resistance to multiple antibiotics, 
which complicates the treatment of infections, especially those caused by multidrug-resistant 
(MDR) strains. Enterococci have transitioned from commensals to leading contributors to 
healthcare-associated infections such as sepsis, demonstrating the potential public health impact 
of antibiotic resistant strains originating from both hospital and community settings (Ramos et 
al., 2020). The origin of the term "Enterococcus" dates back to the late 19th century. At that time, 
Thiercelin identified a saprophytic coccus from the intestine that was noted for its potential to 
cause infection (Thiercelin & Jouhaud, 1899). At the same time, MacCallum and Hastings 
documented a lethal case of endocarditis caused by what is now recognized as Enterococcus 
faecalis (Maccallum & Hastings, 1899). This research marked the first thorough examination of 
the pathogenic characteristics of the organism. While typically commensal in the human 
gastrointestinal tract, enterococci are frequently implicated in numerous clinical infections, 
including urinary tract infections, endocarditis, surgical wound infections, and sepsis, highlighting 
their significant role in human health and disease (Agudelo Higuita & Huycke, 2014).  The early 
descriptions of enterococcal pathogenesis shaped the concept of enterococci as commensal 
opportunists (Krawczyk et al., 2021). Over the last five decades, the rise of MDR enterococci has 
intensified this problem (Lebreton et al., 2014). Currently, antibiotic resistant enterococci are 
among the major causes of nosocomial infections worldwide (Bhardwaj, 2019).  

Antibiotic Resistance Challenge 
Two enterococcal species, E. faecium and E. faecalis, are notable pathogens in healthcare settings 
due to their natural resistance to certain antibiotics and their frequent detection in intra-
abdominal infections (Krawczyk et al., 2021). These bacteria are intrinsically resistant to many 
antibiotics like cephalosporins and aminoglycosides and can rapidly acquire resistance to other 
drugs such as vancomycin and ampicillin (Fiore et al., 2019). E. faecium, in particular, shows 
widespread resistance to ampicillin and is often resistant to vancomycin. Treatment options 
include combinations like β-lactam antibiotics with aminoglycosides for synergistic effects. 
However, the ongoing emergence of resistance compromises the efficacy of both empirical and 
targeted antibiotic therapies, impacting treatment strategies for enterococcal infections (Kristich 
et al., 2014). The rapid development of such resistance in these bacteria can be attributed to a high 
mutation rate and the strategic location of resistance genes within mobile genetic elements, which 
enable both intracellular and intercellular DNA mobility, greatly contributing to their genetic 
adaptability (Miller et al., 2014).  

The mechanisms of antibiotic resistance in bacteria include the use of acquired enzymes that 
inactivate drugs, active efflux pumps that transport specific or multiple antibiotics out of the cell, 
alternative metabolic pathways that substitute those inhibited by the drug, modification of 
antibiotic target sites leading to reduced drug affinity, and decreased drug accumulation due to 
decreased permeability (Mutuku et al., 2022). These mechanisms are critical in understanding the 
complexity and adaptability of antibiotic resistant bacteria (Figure 1). 
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Figure 1 | Mechanisms of antibiotic resistance in bacteria. The diagram illustrates various mechanisms by 
which bacteria develop resistance to antibiotics, including the use of efflux pumps, inactivating enzymes, 
decreased uptake, and target alterations, and alternative enzymes. These mechanisms are critical in 
understanding the complexity and adaptability of antibiotic resistant bacteria. Adapted from Mutuku et al., 
2021 and created with BioRender. 

As a result, Enterococcus spp. have gradually become less sensitive to various classes of 
antibiotics, including β-lactams, aminoglycosides, tetracyclines, quinolones, macrolides, 
streptogramins, and chloramphenicol, leading to the emergence of multi-drug-resistant strains 
(Arias & Murray, 2012). In response, clinicians have increasingly turned to glycopeptides, 
particularly vancomycin, for treating infections caused by enterococci. However, since the 1980s, 
there has been a concerning rise in clinical enterococcal strains exhibiting resistance to 
vancomycin. These vancomycin-resistant enterococci are now considered one of the most 
significant healthcare-associated multidrug-resistant pathogens, with their prevalence in 
European countries showing an upward trend (Miller et al., 2014; Reinseth et al., 2020). Acquired 
vancomycin resistance is mediated by various gene clusters including vanA, vanB, vanD, vanE, 
vanG, vanL, vanM, and vanN, each encoding a distinct resistance mechanism  (Werner et al., 2008). 
Among these clusters, vanA and vanB are the most frequently encountered, typically acquired in 
hospital settings, and can be either plasmid- or chromosomally-mediated (Flipse et al., 2019). The 
adaptability of E. faecium and E. faecalis, through mechanisms such as mutations in target genes 
and horizontal gene transfer facilitated by plasmids and transposons, enables rapid evolution of 
resistance in response to antibiotic exposure, often complicating treatment regimens in clinical 
settings (Jain et al., 2016; Palmer et al., 2010). The clinical significance of Enterococcus spp., 
particularly in the context of its antibiotic resistance, requires the use of advanced methods like 
whole- genome sequencing (WGS) to fully understand their genetic composition and resistance 
mechanisms (El Zowalaty et al., 2023). 

Species Identification 
Traditional culture methods, such as blood culture, remain essential in the diagnosis of sepsis due 
to their proven effectiveness in identifying a wide range of pathogens (Gunsolus et al., 2019; 
Mancini et al., 2010). Despite their widespread use, blood culture techniques suffer from relatively 
low sensitivity and specificity, which can lead to false negatives. These false negatives are 
particularly common in patients who have already started antibiotic treatment or when the 
bacterial load in the bloodstream is low (Evans et al., 2021; Kosmeri et al., 2024). Despite these 
limitations, blood cultures can detect various pathogens, including bacteria, fungi, and yeasts, 
making them a comprehensive tool for diagnosing sepsis (Gupta et al., 2023). Growth on culture 
media not only allows identification of the sepsis-causing organism, but also allows susceptibility 
testing (Leekha et al., 2011). This is critical for guiding effective antibiotic therapy, as it 
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determines the specific antibiotics to which the isolated bacteria are susceptible. However, the 
time required to obtain results from blood cultures, typically 24 to 72 hours or more, can be 
critical in the context of sepsis, where timely treatment is essential (Gupta et al., 2023).  These 
factors can lead to delays in diagnosis and treatment, affecting patient outcomes (Murray, 2015). 

Polymerase chain reaction (PCR) and reverse transcription polymerase chain reaction (RT-PCR) 
stand out for their remarkable sensitivity, allowing for the detection of extremely minute 
quantities of microbial DNA (Jordan & Durso, 2005). This level of sensitivity is crucial in sepsis 
cases, where pathogens might be present in very low concentrations in the bloodstream (Doualeh 
et al., 2022). These methods are capable of identifying pathogens that might be missed by 
traditional culture methods, especially in early stages of infection or in cases where the bacterial 
load is too low for culture detection. Furthermore, the specificity of PCR and RT-PCR is a 
significant advantage; they can differentiate between closely related microbial species, providing 
critical information that directly impacts the choice of antibiotic therapy (Gupta et al., 2023). This 
precision is essential for targeted treatment, reducing the risk of antibiotic resistance and 
ensuring the most effective therapeutic approach. However, these molecular techniques come 
with their own set of challenges. The cost of PCR and RT-PCR is notably higher than traditional 
culture methods, potentially limiting their use in resource-constrained settings (Mancini et al., 
2010).  

The MALDI-TOF MS technology has made a significant impact in clinical microbiology, particularly 
in the rapid and accurate identification of species (Carlos Rodríguez et al., 2016). Once an 
organism is isolated through culture, MALDI-TOF MS can rapidly and accurately identify it at the 
species level (Rychert, 2019). This rapid identification is particularly valuable in managing sepsis, 
where early and precise identification of the causative organism can significantly alter treatment 
strategies and outcomes. The ability of MALDI-TOF MS to provide rapid results after culture 
growth is a major step forward, reducing the time between organism isolation and identification 
(Rychert, 2019). While this technology accelerates the process from culture growth to organism 
identification, it does have limitations. Notably, it lacks the ability to provide detailed 
antimicrobial resistance (AMR) profiles, an essential aspect in treating infections, especially with 
multi-drug resistant organisms like Enterococcus spp. (Bizzini and Greub, 2010; Clark et al., 2013). 

Whole-Genome Sequencing (WGS)  
Whole-genome sequencing (WGS) is a powerful tool to study MDR bacteria and their AMR 
mechanisms. WGS has emerged as a pivotal tool for genotyping pathogens, particularly in 
managing outbreaks of multidrug-resistant bacteria in hospitals (Rogers et al., 2021). WGS 
provides an unparalleled resolution in distinguishing even closely related bacterial lineages, 
thereby revolutionizing outbreak analysis. Recent advancements have significantly increased the 
output of early sequencing platforms, enabling in-depth analysis of enterococcal AMR genes at a 
relatively low cost and with high-throughput (Bezdicek et al., 2023). WGS technologies and 
bioinformatics analysis tools are now more accessible for nosocomial outbreak analyses, offering 
a comprehensive alternative to conventional outbreak analysis workflows (Köser et al., 2014). 
These advancements not only facilitate AMR analysis but also assist healthcare professionals in 
transitioning from conventional to WGS-based outbreak analysis (Stein, 2011). Bacterial WGS 
enables precise species identification and characterization that other technologies do not allow. 
The entire genome of E. faecium was first sequenced in 2000 (Rogers et al., 2021a),  however, the 
assembly was not completed until 2012 (Lam et al., 2012; Qin et al., 2012). Advances in WGS 
technologies not only improve our understanding of bacterial phylogenetics, but also enable 
focused studies, such as this study, that aim to comprehensively analyze the genomic 
characteristics of specific bacterial isolates. 
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Aim 
The primary aim of this study was to genotypically characterize Enterococcus spp. isolates, from 
patients with suspected community-onset sepsis, using an in-house bioinformatics pipeline to 
analyze WGS data. The secondary aim was to compare these genotypic results with those from 
routine microbiological methods, including species identification by MALDI-TOF MS and 
antibiotic susceptibility testing (AST) conducted at the clinical laboratory. 

By integrating genomic data with phenotypic results, this study aimed to provide a comprehensive 
understanding of Enterococcus isolates, particularly their epidemiological and pathological 
profiles. For example, the use of bacterial gene annotation tools such as ResFinder, PlasmidFinder, 
MLST, JSpeciesWS, and TYGS, has enabled the prediction of antibiotic resistance genes (ARGs) and 
plasmid content, providing deep insights into the genetic basis of enterococci.  

Understanding the genetic basis of antibiotic resistance in Enterococcus spp. is crucial for public 
health. Insights gained from this study can inform infection control practices, guiding antibiotic 
use to prevent resistant strains. This research contributes to developing targeted treatment 
strategies, reducing healthcare costs, and improving patient outcomes. By addressing the growing 
threat of antibiotic resistance, the findings have the potential to significantly impact public health 
policies, enhancing care quality and reducing the burden of sepsis on society. 
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Methods 

Study Design 
The dataset for the current study is derived from bacterial isolates obtained from patients 
enrolled in the Skaraborg Sepsis Study (Ljungström et al., 2019; Ljungström, 2017). This was a 
prospective study conducted at Skaraborg Hospital, Sweden, between September 8, 2011, and 
June 7, 2012. These isolates were subject to a series of analyses including species identification, 
antibiotic susceptibility testing (AST), and WGS, which generated the data for the current study. 
The sepsis study targeted adult patients (≥18 years) with suspected community-onset severe 
sepsis and septic shock. A total of 1,827 pathogenic bacterial isolates were recovered from various 
types of culture specimens at extra-intestinal locations during this period, at the clinical 
microbiology laboratory, Unilabs, Sweden, from the patients enrolled in the study. These isolates 
were cryopreserved by transferring colonial material to Microbank™ vials (Pro-Lab Diagnostics, 
Ontario, Canada) and stored at -80°C for subsequent analysis (Saxenborn et al., 2021). Although 
the original collection of Enterococcus isolates from the sepsis study was more extensive, 
challenges in reviving all isolates and in extracting adequate amounts of high-quality DNA limited 
the focus to 127 isolates for sequencing and analysis. These 127 isolates, identified as 
Enterococcus spp., were initially isolated using standard microbiological techniques involving 
culturing, and subsequently confirmed by MALDI-TOF MS (DB-4110). Among these isolates, 11 
were classified as E. faecium, 115 as E. faecalis, and one as E. casseliflavus. 

Species Identification by MALDI-TOF MS  
The definite species identification for the Enterococcus spp. isolates was conducted using MALDI-
TOF MS at the Unilabs clinical laboratory, Skaraborg Hospital (Enroth et al., 2019; Ljungström et 
al., 2015). This process was carried out on a MicroFlex LT mass spectrometer (Bruker Daltonics, 
Germany), utilizing BioTyper software version 2.0. The default parameter settings were applied, 
consistent with routine clinical procedures (Saxenborn et al., 2021). Spectral scores above 2.0 
were employed as the threshold for accurate identification. 

Phenotypic Antibiotic Susceptibility Testing 
Antibiotic susceptibility of Enterococcus spp. isolates was determined according to accredited 
laboratory methods using the disc diffusion method on Mueller-Hinton media according to 
European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines 
(www.eucast.org) (Ljungström et al., 2015; Saxenborn et al., 2021). For all enterococci isolates, 
irrespective of sample type, susceptibility testing was performed for ampicillin, gentamicin, and 
vancomycin. Additionally, resistance (R) was automatically reported for cefadroxil, cefotaxime, 
and penicillin V without the need for direct testing based on standardized laboratory protocols. 
In instances where enterococci isolates were detected in blood cultures, the AST was expanded to 
include penicillin G, imipenem, tobramycin, and piperacillin/tazobactam. For these blood culture 
isolates, ciprofloxacin and chloramphenicol were also automatically reported as resistant, 
alongside the antibiotics listed previously. It is noted that deviations from these testing protocols 
can occur based on laboratory discretion or additional physician requests. These can include 
supplementary susceptibility testing for other antibiotics, tailored to the patient's clinical history 
and specific needs. 

Whole-genome sequencing of Enterococcus spp. – Illumina HiSeq 
Of the total of 153 Enterococcus spp. isolates collected during the Skaraborg sepsis study, a subset 
of 127 were successfully revived and yielded high-quality DNA that could be used for WGS. 
Genomic DNA extraction from the enterococci isolates was carried out at the University of Skövde, 
Skövde. This process involved the QIAamp DNA Mini and Blood Mini protocol on a QIAcube 
(Qiagen, Germany). Following the DNA extraction, the DNeasy® PowerClean® Pro Cleanup Kit 
(Qiagen, Germany) was used for the removal of PCR inhibitors, using the QIAcube for this step as 
well. The concentration of DNA in each sample was measured both before and after the cleanup 
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process using a Qubit 4.0 Fluorometer (Thermo Fisher Scientific, USA) with the Qubit® dsDNA BR 
Assay kit. Samples that had DNA concentrations below 4 ng/μl were excluded from subsequent 
sequencing. The DNA samples were stored at -20°C until they were transported on dry ice to 
Clinical Genomics at SciLifeLab in Solna, Sweden (https://clinical.scilifelab.se/). Nextera XT 
library preparation was conducted in accordance with the guidelines provided by Illumina, San 
Diego, CA, and the sequencing was carried out on the Illumina HiSeq 2500 platform at SciLifeLab 
(Saxenborn et al., 2021). Sequencing outputs were raw FASTQ-files, subsequently compressed 
into .gz (zip) format for analysis, encompassing a collection of reads, sequence identifiers, and 
corresponding quality scores. 

In-House Developed Bioinformatic Pipeline 
An in-house developed bioinformatic pipeline, as shown in Figure 2, was employed for the 
processing of Enterococcus spp. WGS data, encompassing quality control, preprocessing, de novo 
assembly, and genome annotation (Shemirani et al., 2023).  

 

Figure 2 | Workflow of the in-house bioinformatic pipeline for Enterococcus spp. genomic analysis. Starting 
with the input of Illumina FASTQ PE files, the pipeline initiates with a quality control check using FastQC, 
followed by trimming and adaptor removal with Trimmomatic. Post-trimming quality control was 
reassessed with FastQC. High-quality sequences undergo de novo assembly with Unicycler, followed by 
advanced quality checks via QUAST. The assembled genomes are then subjected to comprehensive analysis 
for species identification using JSpeciesWS with BLAST+ (ANIb), detection of ARGs through CGE ResFinder, 
plasmid identification using CGE PlasmidFinder, and sequence typing via CGE MLST. Adapted from 
Shemirani et al., 2023 and created with BioRender.  

The quality of the paired-end reads was assessed using FastQC  v.0.12.1 (Andrews S., 2010). This 
enabled an assessment of the raw data's quality through various analysis modules, encompassing 
basic statistics, sequence quality, duplication levels, insights on issues, average quality scores per 
read, GC content variations, adapter sequence presence. It will assist in detecting future declines 
in read quality, library complexity, contamination, or biases. 

Preprocessing 
The software Trimmomatic (v.0.39) for Windows was employed to perform adapter removal and 
quality trimming based on quality scores (Bolger et al., 2014). In the adapter removal process 
using Trimmomatic (v.0.39), the ILLUMINACLIP argument was employed (specified as 
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ILLUMINACLIP:NexteraPE-PE.fa:0:30:10) for both forward (_1.fastq.gz) and reverse (_2.fastq.gz) 
FASTQ files. This step involved the precise trimming of Nextera PE adapters, adhering to strict 
parameters: no mismatches allowed (zero mismatches) between the read and the adapter, a 
palindromeClipThreshold set at 30 to detect exact matches between two adapter-ligated reads, 
and a simpleClipThreshold of 10, ensuring a precise match between the adapter and the sequence. 
The SLIDINGWINDOW:4:20 parameter was applied for read trimming, utilizing a sliding window 
approach with a window size of 4 bases. This method involved cutting the reads when the average 
quality across any four consecutive bases dropped below a threshold of 20. Additionally, the first 
12 bases were trimmed by the argument of HEADCROP. Any reads with a length shorter than 30 
bp were identified and eliminated using the MINLEN argument. For each sample data, the 
Trimmomatic tool produced a total of four output files. These comprised two paired output files 
– one each for the forward and reverse reads that survived the trimming process – and two 
unpaired output files for instances where only one read (either forward or reverse) survived the 
trimming while the other did not. Notably, only the paired output files were subsequently utilized 
in the Unicycler assembly tool. 

Assembly and Quality Assessment 
The trimmed and quality assessed FastQ files were de novo assembled into contigs using the 
genome assembler Unicycler tool (v0.4.9b) for Linux (Ubuntu 5.8.0-45-generic). The assembly 
pipeline functions used the St. Petersburg genome assembler (SPAdes v.3.13.0) and functions as 
a SPAdes-optimiser and tries many k-mer sizes, chooses the best based on contig length and graph 
connectivity, and scaffold the graph using SPAdes repeat resolution to build the de Bruijn graph 
(Bankevich et al., 2012; Wick et al., 2017). All parameters were set to use default setting. The 
output of Unicycler included assembly sequences in FASTA format, assembly graph files, detailed 
logs and reports on the assembly process. Subsequently, the assembled contigs was subjected to 
quality assessment using the Quality Assessment Tool for Genome Assemblies (QUAST v.5.0.2) 
(Andrews S., 2010). The evaluation of the contigs in QUAST will be carried out using default 
settings with reference sequences obtained from the National Center for Biotechnology 
Information (NCBI), in order to evaluate the quality of assembly. For E. faecalis the reference 
genome with the Genbank accession number (strain T5) NZ_KB944668.1. E. faecium strain SRR24 
(Genbank accession no. NZ_CP038996.1) and E. casseliflavus strain EC20 (Genbank accession no. 
NC_020995.1). 

Genotypic Species Identification 
The genotypic identification of Enterococcus spp. isolates was conducted using two primary digital 
DNA-DNA hybridization (DDH) techniques facilitated by the JSpecies Web Server (JSpeciesWS) 
version 3.9.8 and the Type (Strain) Genome Server (TYGS). This analysis involved the calculation 
of the Average Nucleotide Identity (ANI) using the BLAST algorithm (ANIb), which is implemented 
within the JSpeciesWS framework (Meier-Kolthoff & Göker, 2019; Richter et al., 2016). 

Assembled FASTA formatted files, quality-checked using QUAST, were uploaded to JSpeciesWS 
alongside the reference genomes: E. faecalis strain T5 (Genbank accession no. NZ_KB944668.1), 
E. faecium strain SRR24 (Genbank accession no. NZ_CP038996.1), and E. casseliflavus strain EC20 
(Genbank accession no. NC_020995.1). This setup facilitated a robust assessment of genomic 
similarities. A species delineation threshold of 96% ANIb was applied to determine species 
identity. Genomes achieving ANIb values at or above this 96% similarity cutoff were classified as 
belonging to the same species, ensuring a strict adherence to species demarcation standards. 
Conversely, values below this threshold indicated that the genomes represented different species 
(Richter & Rosselló-Móra, 2009; Saxenborn et al., 2021). For additional validation, genome 
sequences were also uploaded to TYGS, where genomic comparisons were conducted without 
reference genomes. This allowed for an independent assessment of genomic similarity based 
solely on the intrinsic qualities of the uploaded sequences. 
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Antibiotic Susceptibility Prediction 
Furthermore, to predict ARGs, the FASTA files of enterococci isolates were analyzed using the 
Center for Genomic Epidemiology's (CGE) ResFinder tool (version 4.4.3) (Akter et al., 2023), 
employing the default settings. This genotypic approach identifies known resistance genes 
present in the bacterial genomes, thereby predicting antibiotic resistance. The output from 
ResFinder included a list of detected resistance genes, the antibiotics they confer resistance to, 
and the genes' sequence coverage and identity percentage in comparison to known resistance 
genes. 

Annotation and Typing 
Additionally, the study incorporated comprehensive annotation and typing protocols. Using tools 
provided by the Center for Genomic Epidemiology (CGE), the assembled contigs in FASTA format 
were annotated for further insights. PlasmidFinder v.2.1 was utilized to identify plasmid 
replicons, encompassing both chromosomal and plasmid-borne elements (Mbanga et al., 2021). 
Moreover, clonality among strains of identified bacterial species was determined through Multi-
Locus Sequence Typing (MLST) v2.0.9, which focuses on the analysis of sequences from internal 
segments of various housekeeping genes (Bezdicek et al., 2023). For E. faecium the housekeeping 
genes analyzed were adk, atpA, ddl, gdh, gyd, pstS, purK, and for E. faecalis, the genes were aroE, 
gdh, gki, gyd, pstS, xpt, yqiL. 

Statistical Analysis  
Statistical analyses in this study were conducted using R v.4.2.3 (R Foundation for Statistical 
Computing, Vienna, Austria). Initially, descriptive statistical methods were applied to summarize 
the central tendencies and variability within the dataset. Measures such as the median, mean, 
interquartile range (IQR), and range were computed to provide a foundational understanding of 
the distribution of genotypic and phenotypic data. For comparative purposes, non-parametric 
tests were employed due to the non-normal distribution of data, confirmed by Shapiro-Wilk tests. 
The Mann-Whitney U test was used for two-group comparisons, facilitating the analysis of 
differences in the counts of ARGs and plasmid replicons between different species or sample type. 
For comparisons involving more than two groups, the Kruskal-Wallis test was utilized, examining 
variations across multiple species and sample types.  

All statistical tests were two-tailed with a significance level set at p < 0.05, adhering to standard 
practices for identifying statistically significant differences. Visual representations of the data 
were created using ggplot2 v.3.4.4 within R, with box plots effectively depicting the distribution 
and variability of resistance genes and plasmid replicons across species and sample types. 
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Results 

Preprocessing, Assembly and Scaffolding 
The initial quality assessment of FASTQ files using FastQC highlighted several issues in raw data, 
including per base sequence content, sequence duplication levels, and adapter content (Appendix 
A, Figure 1A). Trimming with Trimmomatic significantly improved data quality, as indicated by 
green ticks for per base sequence content and adapter content in the post-trimming FastQC report 
(Appendix A, Figure 1B). Before trimming, the per base sequence content exhibited high 
variability in the first 12 bases, which was reduced after trimming (Appendix A, Figures 1C and 
1D). Adapter contamination, initially extensive, was effectively removed (Appendix A, Figures 1E 
and 1F). For all 127 isolates (not shown), no samples were flagged based on GC content, which 
ranged from 38-40%, except for isolate EN1356 with a GC content of 54%. Per base sequence 
quality passed for all except isolates EN1145, EN1411, and EN1711, each with around 730,000 
reads, leading to their exclusion from further analysis, reducing the cohort size to 124 isolates for 
further analysis. (Appendix B, Figure 2). Post-trimming, the average read count decreased from 
4,656,174 to 2,909,073 reads per sample due to the removal of low-quality sequences. Using 
Unicycler for de novo assembly, FASTA files were generated and evaluated with QUAST. Table 1 
(Appendix C) summarizes the genomic assembly statistics for Enterococcus spp. samples. The 
assembly statistics revealed 12 to 168 contigs per sample, with a mean of 54.3. L50 values ranged 
from 1 to 20, averaging 6.3. N50 sizes varied from 42,888 to 1,478,739, with a mean of 211,898. 
Genome fraction percentages were high (86 - 91%) for most isolates, except EN1356, which had 
a genome fraction of only 0.03%. 

Phenotypic and Genotypic Species Identification  
In this study, MALDI-TOF MS (DB-4110) was used for bacterial species identification as a part of 
the routine testing in the clinical laboratory at the hospital. This initial classification included 115 
isolates as E. faecalis, 11 as E. faecium, and one as E.  casseliflavus. Genotypic species identification 
was performed, with results summarized in Table 1. Both MALDI-TOF MS and JSpeciesWS showed 
a high degree of agreement, with 112 isolates (90.3%) confirmed as E. faecalis. Notably, TYGS 
confirmed 111 of these, revealing a slight discrepancy. For E. faecium, all 11 isolates identified 
phenotypically were confirmed genotypically by both JSpeciesWS and TYGS, representing 8.9% of 
the total sample. Similarly, the single isolate identified as E. casseliflavus was consistently 
confirmed by both genotypic methods, accounting for 0.8% of the sample. An exception was noted 
for one urine sample, EN1356, initially classified as E. faecalis but later identified as 
Corynebacterium pseudodiphtheriticum by TYGS. JSpeciesWS found only 64.03% identity to the E. 
faecalis reference genome, well below the standard threshold for species delineation, but did not 
provide an alternative species prediction. This highlighted the added utility of TYGS in identifying 
this isolate as C. pseudodiphtheriticum. This discovery led to the exclusion of this isolate, as C. 
pseudodiphtheriticum is typically a common member of the normal respiratory flora and is not 
expected to be detected in a urine sample.  

Table 1 | The distribution of bacterial species identified using MALDI-TOF MS as the phenotypic method, 
with JSpeciesWS and TYGS providing genotypic confirmation.  

Species  Phenotypic method Genotypic method 

 MALDI-TOF MS [n (%)] JSpeciesWS [n (%)] TYGS [n (%)] 

E. faecalis  112 (90.3) 112  (90.3) 111 (89.5) 

E. faecium  11 (8.9) 11  (8.9) 11  (8.9) 

E. casseliflavus  1 (0.8) 1  (0.8) 1  (0.8) 

C. pseudodiptheriticum - - 1  (0.8) 

Total identified 124 124 124 
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Genotypic Antibiotic Susceptibility Prediction 
The previously conducted disk diffusion AST of Enterococcus spp. isolates (n=102) provided 
comprehensive data on the response to various antibiotic classes, as detailed in Appendix D, Table 
2. The testing encompassed a broad spectrum of antibiotics across different classes.  

For all Enterococcus isolates, irrespective of sample type, the antibiotics ampicillin (ß-lactam), 
gentamicin (aminoglycoside), and vancomycin (glycopeptide) were routinely tested. Among 65 
isolates tested for ampicillin, eight (12.3%) were resistant, while 57 (87.7%) were susceptible. 
Gentamicin displayed complete resistance, with all 26 tested isolates being resistant. All 29 
isolates tested for vancomycin were susceptible (100.0%). Certain antibiotics from the ß-lactam 
class were automatically reported as resistant without further testing in the clinical laboratory. 
These included cefadroxil, cefotaxime, and penicillin V, each showing 100.0% resistance. For 
isolates detected in blood cultures, additional antibiotics were tested. Penicillin G exhibited a 
resistance rate of 100.0% in all 22 isolates. Imipenem (carbapenem) showed a varied response, 
with eight (47.1%) out of 17 isolates being resistant and nine (52.9%) susceptible. Tobramycin 
displayed very high resistance, with all 51 tested isolates being resistant. Piperacillin/tazobactam 
showed a lower resistance rate, with nine (12.3%) out of 73 isolates being resistant and 64 
(87.7%) susceptible. In addition to the antibiotics mentioned above, ciprofloxacin (quinolone) and 
chloramphenicol were automatically reported as resistant for blood isolates, both showing 100% 
resistance. Trimethoprim showed resistance in 36 (42.9%) out of 84 isolates, with 48 (57.1%) 
being intermediate. 

The ResFinder tool was instrumental in identifying acquired ARGs in 123 Enterococcus spp. 
isolates across 22 antibiotic classes. A detailed summary of these findings is presented in Table 2, 
which underscores the prevalence of resistance within macrolide, lincosamide, and streptogramin 
(MLS) antibiotic classes. Notably, 95.9% of the isolates (119/123) were found to possess at least 
one lincosamide resistance gene, primarily lsa(A) and lnu(B). Streptogramin resistance was even 
more prevalent, with 99% of the isolates (122/123) showing at least one resistance gene, 
primarily mediated through the erm(B) gene. Macrolide resistance was also notably prevalent, 
with 43.1% of the isolates (53/123) carrying at least one resistance gene such as erm(B) and 
msr(C). This resistance was particularly pronounced in E. faecium, where all isolates displayed 
macrolide resistance genes. Tetracycline resistance was another finding, with 69.9% of the 
isolates (86/123) harboring at least one tet(M), tet(L), or tet(S) gene. This resistance was 
predominantly observed in E. faecalis, where a high percentage of isolates (75.7%) were resistant.  

 

Table 2 | Distribution and prevalence analysis of ARG detected by ResFinder in 123 Enterococcus spp. 
isolates, including E. faecalis, E. faecium, and E. casseliflavus.  

Antibiotic 
class* 

Detected 
resistance gene 

by ResFinder 

E. faecalis       
[n = 111 
(%)] 

E. faecium  
[n = 11, 
(%)] 

E. 
casseliflavus 
[(n = 1, (%)] 

Total  
[n =123, 
(%)] 

Aminoglycoside aac(6')-aph(2''), 
ant(6)-Ia, aac(6')-Ii 
aph(3')-III, aph(2'')-
Ia, str 

29 (26.1) 11 (100.0) 0 (0) 40 (32.5) 

Chloramphenicol cat(pC233), 
cat(pC221), cat 

13 (11.7) 0 (0) 0 (0) 13 (10.6) 

Glycopeptide vanC2XY 0 (0) 0 (0) 1 (100.0) 1 (0.8) 
Lincosamide lsa(A), lsa(E), Inu(B) 111 (100.0) 8 (72.7) 0 (0) 119 (95.9) 
Macrolide erm(B), msr(C) 42 (37.8) 11 (100.0) 0 (0) 53 (43.1) 
Pleuromutilin lsa(E) 1 (0.9) 4 (36.4) 0 (0) 5 (4.1) 
Streptogramin erm(B), msr(C) 111 (100.0) 11 (100.0) 0 (0) 122 (99) 
Tetracycline tet(M), tet(L), tet(S) 84 (75.7) 2 (18.2) 0 (0) 86 (69.9) 
Trimethoprim dfrG, dfrD 17 (15.3) 0 (0) 0 (0) 17 (13.8) 

*Antibiotic classes not listed, such as aminocyclitol, β-lactam, fosfomycin, ionophores, nitroimidazole, oxazolidinone, quinolones, rifamycin, and sulfonamide, 
exhibited no detected resistance genes in the analyzed isolates. 
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Species-specific results showed that all E. faecium isolates exhibited at least one resistance gene 
to both aminoglycosides and macrolides, while the single E. casseliflavus isolate was resistant 
solely to glycopeptides, identified by the vanC2XY gene. The analysis indicated no resistance genes 
for several antibiotic classes, including β-lactams and fosfomycin.  

Table 3 shows the concordance between phenotypic AST and genetic predictions by ResFinder 
across multiple antibiotic classes. Not all isolates were tested for all antibiotics in clinical routine; 
therefore, the number of phenotypic results for each antibiotic varied and was less than the 
number of resistance genotypes predicted by ResFinder. The results indicate considerable 
discordance in susceptibility predictions, particularly in certain antibiotic classes. For β-lactams, 
phenotypic testing was conducted on 99 isolates, all of which displayed resistance. In contrast, 
genetic predictions by ResFinder suggested susceptibility, resulting in 100.0% discordance. 
Similarly, high discordance rates were observed in aminoglycosides (72.6%). Conversely, 
glycopeptides showed complete concordance between the two methods, with all 28 tested 
isolates found susceptible both phenotypically and genetically. The overall discordance across all 
antibiotics tested was 83.2%.  

Table 3 | Comparison of phenotypic AST and predicted antibiotic susceptibility by ResFinder. 

Antibiotic class 

Phenotypic AST vs. predicted antibiotic 
susceptibility by ResFinder  Discordant 

across methods 
[n (%)] RR SS RS SR 

Aminoglycoside (n = 62)1 17 0 0 45 45 (72.6) 

ß-lactam (n = 99)1 0 0 99 0 99 (100.0) 

Chloramphenicol (n = 10) 0 0 0 10 10 (100.0) 

Trimethoprim (n = 34) 9 0 0 25 25 (73,5) 

Quinolone (n = 94) 0 0 0 94 94 (100.0) 

Sulphoamide (n = 29) 0 0 0 29 29 (100.0) 

Glycopeptide (n = 28) 1 0 28 0 0 0 (0) 

Lincosamide (n = 7) 7 0 0 0 0 (0) 

Total (% of 363) 33 (9.1) 28 (7.7) 99 (27.3) 203 (55.9) 302 (83.2) 

AST, antibiotic susceptibility testing; RR resistant by both phenotypic AST and ResFinder; SS susceptible by both phenotypic AST and ResFinder; RS 
resistant by phenotypic AST and susceptible by ResFinder; SR susceptible by phenotypic AST and resistant by ResFinder. 
1Routine tests for Enterococcus isolates cover β-lactams, aminoglycosides, and glycopeptides. Cephalosporins and additional β-lactams are reported as 
resistant by default. Blood culture isolates are also tested for carbapenems, and more β-lactams, with certain fluoroquinolones and phenicols automatically 
marked resistant. Testing may vary based on lab practice and clinical needs. 

 

Plasmid Replicons 
PlasmidFinder identified 20 distinct plasmid replicon types across 123 isolates from the species 
E. faecalis, E. faecium, and E. casseliflavus, as detailed in Appendix E, Table 3. Notably, no plasmids 
were detected in E. casseliflavus, and hence, it was not included in the summarized plasmid 
distribution data for E. faecalis and E. faecium. The repUS43 plasmid replicon was the most 
prevalent, detected in 58 isolates (47.5% of the total sample), predominantly among E. faecalis 
where it appeared in 57 (51.4%) of the 111 isolates. Only one (9.1%) of the 11 E. faecium isolates 
contained this plasmid replicon. Plasmid replicons rep9a, rep9b, and rep6, showed species-
specific distributions and were found exclusively in E. faecalis isolates. In contrast, the repUS15 
plasmid replicon, associated with plasmid pNB2354p1, was identified solely within E. faecium, 
present in 10 (90.9%) of the E. faecium isolates. The rep2 replicon, linked to plasmid pRE25, was 
detected in bothas species but exhibited a markedly higher occurrence in E. faecium (63.6%) 
compared to E. faecalis (10.8%). 
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Additional single-occurrence replicons also demonstrated varied distribution among the isolates. 
For instance, the rep18b replicon (linked to plasmid pEF418) was detected in one E. faecium 
isolate (9.1%) and two E. faecalis isolates (1.8%). Rep1 (linked to plasmids pAMbeta and pIP816) 
was found in one E. faecium isolate (9.1%). Notably, 21 isolates (17.2%) did not contain any of the 
plasmids that PlasmidFinder was capable of identifying, indicating a diverse and potentially 
unique plasmid landscape in the analyzed Enterococcus population. 

Number of Resistance Genes and Plasmid Replicons 
The results for the comparison of the number of ARGs and plasmid replicons between species and 
sample types are presented in Figure 3. The distribution of ARGs in E. faecalis and E. faecium 
shows notable variability (Figure 3A). Among the 111 E. faecalis isolates, the number of resistance 
genes ranges from one to nine per isolate, with many displaying multiple ARGs. Specifically, 26 
isolates have a single resistance gene (lsa(A)), 27 isolates harbor two ARGs, and 15 isolates have 
three ARGs. In contrast, E. faecium, with a smaller sample size of 11 isolates, shows a minimum of 
two ARGs per isolate and a maximum of seven, with six of these isolates carrying seven ARGs. The 
Mann-Whitney U test indicates a statistically significant difference in ARG distributions between 
the two species (p-value = 0.001), suggesting a higher antibiotic resistance potential in E. faecium. 
Descriptive analysis of the boxplot shows the median number of ARGs in E. faecium as higher 
compared to E. faecalis, with wider interquartile ranges (IQR) observed in E. faecium. E. 
casseliflavus, which was detected to have a single resistance gene (vanC2XY), is not shown in the 
figure due to too low sample size. The distribution of ARGs among different clinical samples, as 
illustrated in Figure 3B, includes blood (n=14), urine (n=102), and wound (n=6) samples. Despite 
the existence of variability, no statistically significant differences were identified via the Kruskal-
Wallis test (p-value > 0.05). In blood samples, the ARG count ranges from one to seven. Similar 
distributions are seen in urine and wound samples, with resistance genes ranging up to four in 
wound samples.  

In E. faecalis, a considerable proportion of isolates (20/111) lacks plasmid replicons, while others 
display up to six replicons (Figure 3C). In contrast, E. faecium exhibits a range of none to five 
plasmid replicons, with some isolates notably carrying higher numbers of replicons. Three 
isolates (EN1859 E. faecalis, EN489 E. faecalis, EN548 E. faecium) collected from urine, were 
predicted to have five plasmid replicons. Additionally, two isolates (EN1335 E. faecalis, EN1341 
E. faecalis) were found to host six plasmid replicons. These isolates were collected from, blood 
and urine, respectively. The result from the Mann-Whitney U test confirmed a significant 
difference in the number of plasmid replicons between the species (p-value = 0.009). The boxplot 
details the median and range for both species, showing a generally higher median and greater 
dispersion of replicon counts in E. faecium. Analyzing plasmid replicons across blood, urine, and 
wound samples reveals varying numbers, with blood samples ranging from zero to six replicons 
and wound samples up to four (Figure 3D). Despite these variations, the Kruskal-Wallis test 
indicated no statistically significant differences (p-value > 0.05) across the sample types, 
suggesting the number of plasmid replicons does not correlate with sample origin. The 
corresponding boxplots provide a visual comparison, displaying closely situated medians and 
similar interquartile ranges across the different sample types. 
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Figure 3 | (A) Distribution of the number of ARG as predicted by ResFinder across E. faecalis (n = 111) and 
E. faecium (n = 11). The Mann-Whitney U test revealed a significant difference in the number of resistance 
genes between E. faecalis and E. faecium (p-value = 0.001). (B) Distribution of the number of resistance 
genes found within different clinical sample types, with blood (n = 14), urine (n = 102), and wound (n = 6). 
Kruskal-Wallis test showed no statistically significant differences in the number of predicted resistance 
genes between sample types (p-value > 0.05). (C) Distribution of the number of plasmid replicons 
predicted by PlasmidFinder per species. The sample size for each species was E. faecalis (n = 111), E. 
faecium (n = 11), and E. casseliflavus (n = 1, data not included in the figure). A significant difference in the 
number of predicted plasmid replicons were observed between E. faecalis and E. faecium using Mann-
Whitney U test (p-value = 0.009). (D) Distribution of the number of plasmid replicons per sample type. The 
sample size for each sample type was blood (n = 14), urine (n = 102), and wound (n = 6). Kruskal-Wallis 
test showed no significant differences in the number of predicted plasmid replicons between sample types 
(p value > 0.05). 
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High Diversity of Sequence Types  
The typing technique MLST was employed to further characterize the Enterococcus spp. isolates 
based on sequence differences in seven housekeeping genes. A high diversity of STs was detected 
among Enterococcus spp. isolates (Figure 4). The STs found in 111 E. faecalis isolates are detailed 
in Figure 4A, showing a mix of prevalent and less common STs. Four distinct STs were identified, 
with ST6 being the most common at 14%, followed by ST16 at 11%. A substantial portion, 35%, 
is grouped into a category labeled 'Other STs,' which includes all STs representing less than 4% 
individually. The designation 'ND' (not determined) signifies isolates for which the ST could not 
be established. Figure 4B shows the ST distribution among 11 E. faecium isolates, revealing a more 
even distribution among fewer STs. ST192 is the most prevalent at 37%, and ST78 is found in 18% 
of isolates. Data for E. casseliflavus were not presented, so the analysis could not be performed for 
this species. Detailed characterization of the Enterococcus isolates, including sample IDs, species 
identification, plasmid types, and detected ARGs, is provided in Appendix F, Table 4. 

 

 

Figure 4 | Distribution of STs among Enterococcus spp. isolates. (A) E. faecalis showcases a mix of prevalent 
and less common STs, with a substantial proportion labeled as 'Other STs' (<4%) to include the wide array 
of infrequent STs. (B) E. faecium. The chart illustrates the presence of both dominant and rare STs within 
this species. Notably, E. casseliflavus is not represented due to the inability to perform CGE MLST on this 
species. 'ND' signifies isolates for which the ST could not be determined. MLST, multi-locus sequence typing; 
ND, not determined; ST, sequence type. 
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E. faecalis n = 111                E. faecium n = 11 
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Discussion 
This study aimed to genotypically characterize Enterococcus spp. isolates from patients with 
suspected community-onset sepsis, using an in-house bioinformatics pipeline for WGS analysis. 
Additionally, the study compared these genotypic results with conventional methods, such as 
MALDI-TOF MS and AST, to provide a comprehensive understanding of Enterococcus isolates, 
focusing on their epidemiological and pathological profiles. The phenotypic analysis revealed the 
resistance pattern among Enterococcus spp. isolates (Appendix D, Table 2). The AST results 
showed a prevalence of 12.3% resistance to ampicillin, all in E. faecium isolates. This aligns with 
previous reports from Sweden where E. faecium isolates exhibited 74% resistance to ampicillin, 
and E. faecalis showed no resistance (Hällgren et al., 2001; Simonsen et al., 2003). The 100.0% 
resistance prevalence to gentamicin observed in this study contrasts with earlier findings of 20% 
high-level gentamicin resistance in E. faecalis and no resistance in E. faecium (Hällgren et al., 
2001). Gentamicin resistance was also noted in another study focusing on bloodstream infections 
(Holmbom et al., 2020). Additionally, high resistance rates for other antibiotics from the β-lactam 
class, such as cefadroxil, cefotaxime, penicillin V, and penicillin G, as well as tobramycin, 
ciprofloxacin and chloramphenicol, were observed. These findings are in line with significant 
resistance trends reported by Hällgren et al. and Holmbom et al., highlighting the widespread 
issue of multidrug resistance in Enterococcus spp. and underscoring the need for comprehensive 
susceptibility testing to inform effective antibiotic therapy (Hällgren et al., 2001; Holmbom et al., 
2020). Enterococci exhibit intrinsic resistance to β-lactam antibiotics primarily due to the 
presence of low-affinity penicillin-binding proteins. These proteins have a reduced binding 
affinity for β-lactams, allowing the bacteria to survive and proliferate despite the presence of these 
antibiotics (Ligozzi et al., 1991; Slgnoretto et al., 1994). Consequently, the laboratory in this study, 
automatically reported enterococci isolates as resistant (R) to β-lactam antibiotics without 
performing prior susceptibility testing. This practice ensures that inappropriate antibiotic 
therapy is avoided and emphasizes the need for alternative treatment options for infections 
caused by enterococci. 

Antibiotic resistance patterns observed in this align and diverge in certain respects from global 
trends. Resistance rates of 84.8% in Enterococcus spp. to ampicillin were reported in a Turkish 
study, supporting the results of this study (Butcu et al., 2011). Similarly, their findings of 58% 
resistance to gentamicin in E. faecium align with the complete resistance observed in this study, 
highlighting a global concern for high-level aminoglycoside resistance. This study found 0% 
resistance to vancomycin among all tested isolates, aligning with previous findings of sporadic 
vancomycin resistance in Sweden (Hällgren et al., 2001; Simonsen et al., 2003). However, it is 
crucial to note the emergence of a vancomycin-resistant E. faecium isolate in Stockholm (Fang et 
al., 2007). This isolate, containing a vanD gene, showed high-level resistance to vancomycin and 
low-level resistance to teicoplanin. These findings emphasize the need for ongoing surveillance 
and stringent infection control measures to prevent the spread of such resistant organisms. In 
addition, vancomycin resistance remains a growing concern globally, with various countries 
reporting significantly higher resistance rates. For example, in Brazil, vancomycin-resistant E. 
faecium isolates have become endemic in hospitals, showing significant genetic diversity and 
increased prevalence (Camargo et al., 2006). Similarly, data from the National Healthcare Safety 
Network in the United States indicate a high prevalence of vancomycin-resistant E. faecium in 
healthcare-associated infections, with resistance rates consistently around 96% in different types 
of infections (Tsai et al., 2021). These contrasting figures highlight the critical need for ongoing 
surveillance and the development of tailored strategies to address the spread of antibiotic 
resistance in different regions. 

Genotypically, this study predicted a high prevalence of resistance within the MLS antibiotic 
classes, as well as notable tetracycline resistance among the Enterococcus spp. isolates (Table 2). 
The study identified that 95.9% of the isolates harbored at least one lincosamide resistance gene, 
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primarily lsa(A) and lnu(B). This finding aligns with the detailed review by Petinaki and 
Papagiannitsis, which highlighted the role of erm genes in conferring resistance to MLS antibiotics 
in Enterococcus spp. (Petinaki & Papagiannitsis, 2019). The erm(B) gene, in particular, was present 
in 99% of the isolates, underscoring its significant contribution to streptogramin resistance. 
Previous studies, such as those by Berbel et al., have also documented the prevalence of erm(B) in 
enterococci, indicating its widespread presence and major role in MLS resistance (Berbel et al., 
2019). The global reports further confirm the high prevalence of erm(B), detected in 97.2% of 
resistant Enterococcus isolates, supporting the findings (Abu Lila et al., 2023).  

Macrolide resistance was predicted in 43.1% of the isolates, with genes such as erm(B) and msr(C) 
being the primary contributors (Table 2). The predominance of erm genes in macrolide resistance 
is well-documented in the literature, particularly in E. faecium (Berbel et al., 2019). Tetracycline 
resistance was predicted in 69.9% of the isolates, primarily mediated by tet(M), tet(L), and tet(S) 
genes. This resistance was notably higher in E. faecalis, with 75.7% of isolates showing resistance. 
The detection of these tetracycline resistance genes is consistent with findings from other studies, 
which have also reported high frequencies of tet genes in Enterococcus spp. Specifically, one study 
noted that resistance to tetracycline was caused by single and combinations of acquired tet genes 
in 99.5% of isolates, confirming the widespread nature of this resistance mechanism (Coll et al., 
2024). These findings highlight the critical need for ongoing surveillance and the development of 
new antimicrobial strategies to manage the high prevalence of resistance genes among 
Enterococcus spp. The significant presence of erm(B), lsa(A), lnu(B), and tet genes underscores the 
importance of targeted therapeutic approaches and antibiotic stewardship programs to mitigate 
the spread of resistance (Muloi et al., 2023). Further research is essential to explore the dynamics 
of resistance and to develop new therapeutic options to combat resistant Enterococcus strains. 

The accuracy of AST is crucial for guiding appropriate treatment strategies in clinical settings. This 
study aimed to evaluate the concordance between phenotypic AST results and genotypic 
predictions using ResFinder across various antibiotic classes for Enterococcus spp. isolates (Table 
3). The findings revealed high discordance rate (83.2%), particularly for certain antibiotic classes. 
Notably, the discordance observed for ß-lactams and quinolones contrasts with the findings of 
Coll et al., who reported high sensitivity and specificity for β-lactam and ciprofloxacin (Coll et al., 
2024). This discrepancy suggests that the isolates in this study may possess unique resistance 
mechanisms not covered by the current ResFinder database or that there may be differences in 
testing protocols. The 100.0% discordance for chloramphenicol and sulphonamides further 
underscores the need for updated and comprehensive genotypic databases that can account for 
regional variations in resistance patterns. Several factors may contribute to the observed 
discordances, including the presence of silenced resistance genes and errors in phenotypic 
testing. Silenced resistance genes, which are present but not expressed, can lead to false positive 
genotypic predictions (Coll et al., 2024). Coll et al.  identified silenced tetracycline and 
aminoglycoside resistance genes as a major source of false positives. These findings of high 
discordance rates for aminoglycosides are consistent with the study, suggesting that gene 
silencing may also be a contributing factor in the dataset. Errors in phenotypic testing can also 
play a significant role (Doyle et al., 2020). Technical issues, human error, and variability in testing 
methods can lead to inaccurate phenotypic results. These errors could explain some of the high 
discordance rates observed in this study, particularly for antibiotics where ResFinder predictions 
were consistently contradicted by phenotypic results. The high discordance rate observed in this 
study highlight the challenges of relying solely on genotypic predictions for guiding antibiotic 
therapy.  

While WGS and genotypic predictions hold promise for rapid and comprehensive resistance 
profiling, the findings emphasize the need for continued reliance on phenotypic AST as a critical 
component of antimicrobial stewardship programs. This study also underscores the importance 
of continuous updating and validation of genotypic databases like ResFinder. Incorporating a 
broader range of resistance mechanisms, particularly those specific to local or regional bacterial 
populations, could improve the accuracy of genotypic predictions. Previous studies have shown 
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varying levels of concordance between genotypic predictions and phenotypic results. For 
instance, a study by Bortolaia et al. demonstrated high concordance for most antimicrobial-
species combinations, yet noted discrepancies due to issues such as suboptimal sequence quality 
and phenotypic test criteria (Bortolaia et al., 2020). The results further underscore the importance 
of continuous updating and validation of genotypic databases like ResFinder. Incorporating a 
broader range of resistance mechanisms, particularly those specific to local or regional bacterial 
populations, could improve the accuracy of genotypic predictions. 

In the assessment of Enterococcus species, the integration of both MALDI-TOF MS and advanced 
genotypic methods such as TYGS and JSpeciesWS emerges as a critical strategy for achieving 
precise microbial identification. The effectiveness of MALDI-TOF MS, particularly noted for its 
rapid processing and high accuracy, supports its widespread adoption in routine diagnostics. In a 
study by Kim et al., the reliability of MALDI-TOF MS was validated by demonstrating its consistent 
performance in the rapid and accurate identification of microbial species, surpassing traditional 
biochemical methods (Kim et al., 2023). Furthermore, Costa-Alcalde et al. corroborated these 
findings by illustrating that MALDI-TOF MS significantly outperforms other commercial molecular 
diagnostic systems, offering faster and more reliable identifications, thus underscoring the utility 
of MALDI-TOF MS in clinical settings (Costa-Alcalde et al., 2019).  

However, the case of isolate EN1356, initially identified as E. faecalis and differently predicted by 
TYGS as C. pseudodiphtheriticum, underscores the potential pitfalls in microbial diagnostics (Table 
1). This isolate exhibited an ANIb of only 64.03%, significantly below the threshold typically 
required for species delineation, and had an atypically high GC content of 54%. Such anomalies 
suggest a probable error in the initial phenotypic screening or sample handling. Typically 
associated with respiratory flora, the detection of C. pseudodiphtheriticum in a urine sample 
further raises the possibility of sample contamination or atypical clinical manifestations. It is 
possible that different bacterial colonies were used for different methods, indicating that the 
original culture was not pure and contained more than one species. This instance highlights the 
critical need for meticulous quality control measures and the verification of genotypic data 
through robust validation processes to prevent misdiagnoses. The challenges presented by the GC 
content anomaly observed in isolate EN1356 point to potential issues such as environmental 
contamination during DNA extraction, sample mishandling, or even a sample mix-up. The 
integration of genotypic methods with traditional phenotypic methods, as discussed by Švec et al., 
provides a comprehensive approach for the screening and identification of Enterococcus strains 
(Švec et al.,2005).  

The analysis of plasmid replicons revealed distinct patterns of plasmid prevalence between E. 
faecalis and E. faecium using CGE PlasmidFinder (Appendix E, Table 3). Notably, the repUS43 
replicon was predominantly found in E. faecalis, detected in 51.4% of the isolates, compared to E. 
faecium (9.1%). This high prevalence suggests a potential adaptation or selective advantage 
conferred by this plasmid in E. faecalis, possibly related to enhanced survival mechanisms or 
resistance traits that are advantageous in environments predominantly inhabited by this species 
(Benabbou et al., 2023). The repUS43 plasmid harbors antibiotic resistance genes, including those 
conferring resistance to vancomycin (vanA), tetracycline (tetM), and erythromycin (ermB) 
(Fatoba et al., 2022). The findings align with those of Mbanga et al., who also reported a significant 
presence of repUS43 in E. faecalis isolates from environmental sources, indicating a similar 
ecological adaptation (Mbanga et al., 2021). The exclusive presence of certain replicons like 
repUS15 in E. faecium (90.9%) and their absence in E. faecalis suggest host-specific adaptation, 
linked to the unique resistance genes. Specifically, repUS15 harbors the resistance genes aac(6')-
Ii, erm(B), and tet(M) (Messele et al., 2023). Studies, such as those by Benabbou et al., indicate that 
plasmids harboring multiple resistance genes provide a competitive edge in hospital settings 
(Benabbou et al., 2023). Similarly, the presence of the rep2 replicon present in both species but 
more common in E. faecium, supports rapid spread of ARGs across bacterial populations 
(Terentjeva et al., 2024).  
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The higher number of resistance genes in E. faecium compared to E. faecalis suggests greater 
adaptive capacity in the former, likely facilitated by its plasmid content (Wang et al., 2021) (Figure 
3A). This underscores the need for targeted surveillance of plasmid-mediated resistance, 
especially in clinical isolates. The study identified notable disparities in the distribution of ARGs 
between E. faecalis and E. faecium.  E. faecium isolates demonstrated a higher number of ARGs 
(Figure 3A), aligning with findings by Zhou et al.  that suggest E. faecium has adapted traits 
enhancing its survival in nosocomial environments, likely due to selective pressures from 
extensive antibiotic use in such settings (Zhou et al., 2020). The capacity of E. faecium to acquire 
and retain ARGs more effectively than E. faecalis is further underscored by the presence of 
vancomycin-resistant E. faecium in hospitals, highlighting its significant adaptive capacity in these 
environments (van Hal et al., 2021). Despite the observed variation between species, no 
significant differences in the number of ARGs were found between different clinical sample types 
(Figure 3B). This suggests a generalized distribution of resistance mechanisms, which may reflect 
uniform exposure to antibiotics across different sites of infection or the ability of these pathogens 
to maintain resistance genes regardless of the infection environment. This finding suggests that 
the threat of resistance is pervasive and not limited to specific types of infection, highlighting the 
need for broad-based approaches to surveillance and antibiotic stewardship programs. 

Significant differences in the number of plasmid replicons were observed between E. faecalis and 
E. faecium, with E. faecium isolates often harboring more replicons (Figure 3C). This may indicate 
a greater genetic adaptability in E. faecium, possibly facilitated by plasmid-mediated gene transfer, 
which may contribute to the observed differences in ARG accumulation between the species. 
Plasmids are important vectors for horizontal gene transfer between bacteria and their role in the 
spread of resistance genes is well documented, highlighting the importance of understanding 
plasmid dynamics to develop strategies to counter this public health threat (Cho et al., 2022; Zhao 
et al., 2024). The homogeneity in the distribution of plasmid replicons across different clinical 
samples mirrors the findings for ARGs, suggesting a similar dispersal mechanism or selective 
pressure across infection types. This homogeneity may indicate that once resistance traits are 
acquired, they are maintained within bacterial populations regardless of the site of infection, 
possibly due to the advantages they confer under antimicrobial pressure. Understanding the 
dynamics of plasmid distribution and its impact on resistance profiles can provide insights into 
the mechanisms of resistance spread and inform the development of strategies to counter public 
health risks (Almeida et al., 2020; Cinthi et al., 2022; Shang et al., 2019). 

The high diversity of STs among E. faecalis and E. faecium isolates was observed, particularly in E. 
faecalis, which display a wide range of STs (Figure 4). E. faecalis presented a broad spectrum of 
STs, with ST6 emerging as the most predominant among the isolates. This finding is consistent 
with global studies suggesting the adaptability of E. faecalis to different ecological niches, which 
may facilitate the development of resistance to various antimicrobial agents. The study identified 
five different STs within E. faecalis, notably ST6 (14%) and ST16 (11%), highlighting the potential 
for these STs to dominate in clinical and community settings (Schwartzman et al., 2024). The 
genetic variability in E. faecalis, including prevalent and less common STs, may allow adaptation 
to varying conditions and antimicrobial pressures, posing challenges for infection control and 
therapy (Padakanti et al., 2022). ST16, linked to clonal complex (CC) 16, highlights the adaptive 
traits of E. faecalis that enhance its survival and proliferation in nosocomial environments (Heim 
et al., 2023). The predominance of specific STs in E. faecium, particularly those associated with 
CC17, reflects selective pressures from clinical antibiotic use (Stȩpień-Pyśniak et al., 2019). CC17, 
including STs such as ST17, ST78, ST192, ST203, and ST555, is notorious for its association with 
hospital-acquired traits and resistance to vancomycin and other key antibiotics (Peng et al., 2022). 
This aligns with the study’s findings, where ST78 was prevalent in 18% of the isolates. The 
geographic and temporal variations in these STs demonstrate the dynamic nature of bacterial 
adaptation to antibiotic pressures. Continuous surveillance and molecular typing are crucial for 
tracking these changes and adjusting treatment protocols accordingly  (Pfaller et al., 2019). 
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Ethical aspects, gender perspectives, and impact on the society 
Ethical approval is a fundamental requirement for clinical studies to ensure that the research is 
conducted in accordance with established ethical standards, especially to safeguard the rights, 
dignity, and well-being of participants (Emanuel et al., 2000; Gostin, 1991). It involves reviewing 
the study’s objectives, methods, and impacts, and includes obtaining informed consent to ensure 
participants understand the research risks. Such approval upholds the principles of respect, 
beneficence, and justice (Vohora, 2018). The initial Skaraborg study on sepsis epidemiology, 
characteristics, and outcomes secured ethical approval from Gothenburg's regional ethical review 
board, under permit number 376/11 (Ljungström, 2017). This study adhered to ethical principles, 
ensuring respect for participant rights and welfare. Enterococci isolates were recovered from 
routine patient care cultures, focusing solely on bacterial genomes and WGS analysis, thus not 
requiring individual consent. No personal data were included, and the study did not directly 
impact patients. Ethical considerations in sequencing pathogens involve maintaining high 
standards in managing and sharing genomic data, addressing complexities in global health equity 
(Johnson & Parker, 2019). 

Although this study did not involve animal models, it adheres to the Three R's principles: 
minimizing animal use (Reduce), employing advanced genomic techniques (Refine), and using 
routine care isolates, eliminating the need for new subjects (Replace). Samples were obtained 
from both female and male patients with suspected community-onset sepsis. Since no patient data 
were used, sex distribution was unknown, and sex could not be analyzed as a variable. However, 
sex differences can influence the incidence and severity of enterococcal infections. Studies show 
a higher prevalence of enterococci bloodstream infections in males, possibly due to differences in 
immune response influenced by sex steroid hormones (Correa-Martínez et al., 2021).  This 
research enhances the understanding of enterococci and their genomics, supporting better 
diagnostics and treatments, ultimately improving patient outcomes. It advances knowledge in 
pathogen genomics, which is crucial for tracking and controlling infectious diseases, such as sepsis 
(Firth & Lipkin, 2013). The findings can contribute to the development of new diagnostic tools 
and treatments, potentially leading to better management and control of antibiotic resistant 
infections. 
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Future perspectives 
This thesis has demonstrated the utility of WGS in characterizing Enterococcus spp. isolates from 
patients with suspected community-onset sepsis. By employing an in-house bioinformatics 
pipeline, it provided significant insights into the genomic landscape and resistance profiles of 
these pathogens, elucidating critical differences between phenotypic and genotypic methods of 
antibiotic resistance detection. Notably, the research identified a pronounced tendency for 
antibiotic resistance in E. faecium compared to E. faecalis and clarified the role of plasmids in 
mediating resistance among these pathogens (Rogers et al., 2021). The emergence of 
discrepancies between phenotypic and genotypic predictions underscores the complex nature of 
antibiotic resistance mechanisms, suggesting that genotypic analysis can reveal hidden resistance 
traits that phenotypic methods may overlook. This enhances our understanding of the underlying 
mechanisms of antibiotic resistance, which is crucial for developing more effective treatment 
strategies. 

Future research should focus on expanding geographical and environmental sampling to assess 
the variability of resistance genes and plasmids across different regions and contexts. Conducting 
a large-scale, multi-center study involving Enterococcus spp. isolates from diverse geographical 
locations and various environmental sources would provide deeper insights into the 
environmental influences on resistance mechanisms (Sharad et al., 2024). Integrating 
metagenomic sequencing into these studies could offer a comprehensive view of microbial 
communities, elucidating how interspecies interactions contribute to the development and spread 
of resistance genes (Qu et al., 2024). Understanding these interactions is crucial for tailoring 
region-specific antibiotic stewardship programs and mitigating the spread of resistance.  
Furthermore, the development of multi-marker panels for sepsis diagnostics could revolutionize 
early detection and treatment strategies, combining genomic and phenotypic markers to enhance 
diagnostic accuracy and patient outcomes. The ongoing miRSeps project at the University of 
Skövde exemplifies such efforts, focusing on the identification of biomarkers for sepsis diagnosis 
through a systems biology approach. Addressing these research directions will enhance our 
understanding of antibiotic resistance in Enterococcus spp. and inform the development of 
effective therapeutic and preventive measures to combat this growing public health threat.  



23 
 

Acknowledgments 
I extend my deepest gratitude to my thesis supervisor, docent Diana Tilevik, at the University of 
Skövde. Her unwavering support, patience, and trust have been invaluable throughout my 
research journey. Her guidance has not only shaped my academic skills but also inspired me to 
pursue excellence in all aspects of my work. 

I am profoundly grateful to associate professor Andreas Tilevik, senior lecturer Anna-Karin 
Pernestig, and senior lecturer Magnus Fagerlind for their essential contributions to my research. 
Their expert advice and continuous support have significantly enriched my work, providing me 
with the tools and confidence to explore new and challenging ideas. I would also like to thank 
Kristoffer Nilsson Grimstad, whose assistance was crucial during the analysis phase of my work. 
His insights greatly enhanced the quality of my research, and I am deeply appreciative of his help. 

My heartfelt thanks go to my family, who have been the bedrock of my support system. Your love, 
sacrifice, and unwavering belief in my dreams have fueled my determination and resilience. The 
emotional and financial support you have provided has allowed me to pursue my studies abroad, 
and every step of this journey has been made possible because of your generous and enduring 
support. Your encouragement has been my constant source of strength, and I am eternally grateful 
for the sacrifices you've made to help me reach my goals. 

I would also like to thank my friends from home, who have kept me grounded and motivated. Your 
steady belief in my abilities and constant encouragement have been a source of strength and 
inspiration. Furthermore, I express my appreciation to my new friends in Sweden, whose 
friendship and companionship have been a source of joy and comfort during these demanding 
times. The bonds we have formed have not only enriched my experience but have also provided a 
supportive community away from home. 

Together, each of you has played an important role in my personal and academic growth, and I am 
very thankful for every moment of encouragement and wisdom shared along the way.  



24 
 

References 
Abu Lila, A. S., Alharby, T. N., Alanazi, J., Alanazi, M., Abdallah, M. H., Rizvi, S. M. D., Moin, A., Khafagy, 

E. S., Tabrez, S., Al Balushi, A. A., & Hegazy, W. A. H. (2023). Clinical Resistant Strains of 
Enterococci and Their Correlation to Reduced Susceptibility to Biocides: Phenotypic and 
Genotypic Analysis of Macrolides, Lincosamides, and Streptogramins. Antibiotics, 12(3). 
https://doi.org/10.3390/ANTIBIOTICS12030461 

Agudelo Higuita, N. I., & Huycke, M. M. (2014). Enterococcal Disease, Epidemiology, and 
Implications for Treatment. https://www.ncbi.nlm.nih.gov/books/ 

Akter, T., Haque, M. N., Ehsan, R., Paul, S. I., Foysal, M. J., Tay, A. C. Y., Islam, M. T., & Rahman, M. M. 
(2023). Virulence and antibiotic-resistance genes in Enterococcus faecalis associated with 
streptococcosis disease in fish. Scientific Reports, 13(1). https://doi.org/10.1038/S41598-
022-25968-8 

Almeida, L. M., Gaca, A., Bispo, P. M., Lebreton, F., Saavedra, J. T., Silva, R. A., Basílio-Júnior, I. D., 
Zorzi, F. M., Filsner, P. H., Moreno, A. M., & Gilmore, M. S. (2020). Coexistence of the 
Oxazolidinone Resistance-Associated Genes cfr and optrA in Enterococcus faecalis From a 
Healthy Piglet in Brazil. Frontiers in Public Health, 8. 
https://doi.org/10.3389/FPUBH.2020.00518 

Andrews S. (2010). FastQC: A Quality Control tool for High Throughput Sequence Data. 
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 

Apitzsch, S., Larsson, L., Larsson, A. K., & Linder, A. (2021). The physical and mental impact of 
surviving sepsis - a qualitative study of experiences and perceptions among a Swedish 
sample. Archives of Public Health = Archives Belges de Sante Publique, 79(1). 
https://doi.org/10.1186/S13690-021-00585-5 

Arias, C. A., & Murray, B. E. (2012). The rise of the Enterococcus: beyond vancomycin resistance. 
Nature Reviews Microbiology 2012 10:4, 10(4), 266–278. 
https://doi.org/10.1038/nrmicro2761 

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., Lesin, V. M., 
Nikolenko, S. I., Pham, S., Prjibelski, A. D., Pyshkin, A. V., Sirotkin, A. V., Vyahhi, N., Tesler, G., 
Alekseyev, M. A., & Pevzner, P. A. (2012). SPAdes: a new genome assembly algorithm and its 
applications to single-cell sequencing. Journal of Computational Biology : A Journal of 
Computational Molecular Cell Biology, 19(5), 455–477. 
https://doi.org/10.1089/CMB.2012.0021 

Benabbou, T. A., Ghellai, L., Benreguieg, M., Bellil, Y., Mokhtar, M., & Chahrour, W. (2023). Draft 
genome sequencing data of Enterococcus faecium BT22, a vancomycin-resistant 
opportunistic pathogen isolated from hospital effluents. Data in Brief, 51. 
https://doi.org/10.1016/J.DIB.2023.109664 

Berbel, D., Càmara, J., García, E., Tubau, F., Guérin, F., Giard, J. C., Domínguez, M. Á., Cattoir, V., & 
Ardanuy, C. (2019). A novel genomic island harbouring lsa(E), lnu(B) genes and a defective 
prophage in a Streptococcus pyogenes isolate resistant to lincosamide, streptogramin A and 
pleuromutilin antibiotics. International Journal of Antimicrobial Agents, 54(5), 647–651. 
https://doi.org/10.1016/J.IJANTIMICAG.2019.08.019 

Beukers, A. G., Zaheer, R., Goji, N., Amoako, K. K., Chaves, A. V., Ward, M. P., & McAllister, T. A. 
(2017). Comparative genomics of Enterococcus spp. isolated from bovine feces. BMC 
Microbiology 2017 17:1, 17(1), 1–18. https://doi.org/10.1186/S12866-017-0962-1 

Bezdicek, M., Hanslikova, J., Nykrynova, M., Dufkova, K., Kocmanova, I., Kubackova, P., Mayer, J., & 
Lengerova, M. (2023). New Multilocus Sequence Typing Scheme for Enterococcus faecium 
Based on Whole Genome Sequencing Data. Microbiology Spectrum, 11(4). 



25 
 

https://doi.org/10.1128/SPECTRUM.05107-22/SUPPL_FILE/SPECTRUM.05107-22-
S0003.PDF 

Bhardwaj, S. B. (2019). Enterococci: an important nosocomial pathogen. In Pathogenic bacteria. 
IntechOpen. 

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics (Oxford, England), 30(15), 2114–2120. 
https://doi.org/10.1093/BIOINFORMATICS/BTU170 

Bone, R. C., Balk, R. A., Cerra, F. B., Dellinger, R. P., Fein, A. M., Knaus, W. A., Schein, R. M. H., & 
Sibbald, W. J. (1992). Definitions for sepsis and organ failure and guidelines for the use of 
innovative therapies in sepsis. Chest, 101(6), 1644–1655. 
https://doi.org/10.1378/chest.101.6.1644 

Bortolaia, V., Kaas, R. S., Ruppe, E., Roberts, M. C., Schwarz, S., Cattoir, V., Philippon, A., Allesoe, R. 
L., Rebelo, A. R., Florensa, A. F., Fagelhauer, L., Chakraborty, T., Neumann, B., Werner, G., 
Bender, J. K., Stingl, K., Nguyen, M., Coppens, J., Xavier, B. B., … Aarestrup, F. M. (2020). 
ResFinder 4.0 for predictions of phenotypes from genotypes. Journal of Antimicrobial 
Chemotherapy, 75(12), 3491–3500. https://doi.org/10.1093/JAC/DKAA345 

Brinkwirth, S., Ayobami, O., Eckmanns, T., & Markwart, R. (2021). Hospital-acquired infections 
caused by enterococci: a systematic review and meta-analysis, WHO European Region, 1 
January 2010 to 4 February 2020. Eurosurveillance, 26(45), 2001628. 
https://doi.org/10.2807/1560-7917.ES.2021.26.45.2001628 

Bullock, B., & Benham, M. D. (2023). Bacterial Sepsis. StatPearls. 
https://www.ncbi.nlm.nih.gov/books/NBK537054/ 

Butcu, M., Seniha, •, Akcay, S., Sengoz, A., Sebahat, I. •, Derya, A. •, Engin, O., & Calisici, G. (2011). In 
vitro susceptibility of enterococci strains isolated from urine samples to fosfomycin and other 
antibiotics. https://doi.org/10.1007/s10156-011-0212-7 

Camargo, I. L. B. C., Gilmore, M. S., & Darini, A. L. C. (2006). Multilocus sequence typing and analysis 
of putative virulence factors in vancomycin-resistant and vancomycin-sensitive 
Enterococcus faecium isolates from Brazil. Clinical Microbiology and Infection, 12(11), 1123–
1130. https://doi.org/10.1111/J.1469-0691.2006.01496.X 

Carlos Rodríguez, J., Ángel Bratos, M., Merino, E., & Ezpeleta, C. (2016). [Use of MALDI-TOF in the 
rapid diagnosis of sepsis]. Enfermedades Infecciosas y Microbiologia Clinica, 34 Suppl 2, 19–
25. https://doi.org/10.1016/S0213-005X(16)30186-0 

Chiu, C., & Legrand, M. (2021). Epidemiology of sepsis and septic shock. Current Opinion in 
Anaesthesiology, 34(2), 71–76. https://doi.org/10.1097/ACO.0000000000000958 

Cho, S., McMillan, E. A., Barrett, J. B., Hiott, L. M., Woodley, T. A., House, S. L., Frye, J. G., & Jackson, 
C. R. (2022). Distribution and Transfer of Plasmid Replicon Families among Multidrug-
Resistant Enterococcus faecalis and Enterococcus faecium from Poultry. Microorganisms, 
10(6). https://doi.org/10.3390/MICROORGANISMS10061244 

Cinthi, M., Coccitto, S. N., Fioriti, S., Morroni, G., Simoni, S., Vignaroli, C., Magistrali, C. F., Albini, E., 
Brenciani, A., & Giovanetti, E. (2022). Occurrence of a plasmid co-carrying cfr(D) and poxtA2 
linezolid resistance genes in Enterococcus faecalis and Enterococcus casseliflavus from 
porcine manure, Italy. The Journal of Antimicrobial Chemotherapy, 77(3), 598–603. 
https://doi.org/10.1093/JAC/DKAB456 

Coll, F., Gouliouris, T., Blane, B., Yeats, C. A., Raven, K. E., Ludden, C., Khokhar, F. A., Wilson, H. J., 
Roberts, L. W., Harrison, E. M., Horner, C. S., Le, T. H., Nguyen, T. H., Nguyen, V. T., Brown, N. 
M., Holmes, M. A., Parkhill, J., Estee Török, M., & Peacock, S. J. (2024). Antibiotic resistance 



26 
 

determination using Enterococcus faecium whole-genome sequences: a diagnostic accuracy 
study using genotypic and phenotypic data. The Lancet Microbe, 5(2), e151–e163. 
https://doi.org/10.1016/S2666-5247(23)00297-5 

Correa-Martínez, C. L., Schuler, F., & Kampmeier, S. (2021). Sex differences in vancomycin-
resistant enterococci bloodstream infections-a systematic review and meta-analysis. Biology 
of Sex Differences, 12(1). https://doi.org/10.1186/S13293-021-00380-5 

Costa-Alcalde, J. J., Barbeito-Castiñeiras, G., González-Alba, J. M., Aguilera, A., Galán, J. C., & Pérez-
del-Molino, M. L. (2019). Comparative evaluation of the identification of rapidly growing 
non-tuberculous mycobacteria by mass spectrometry (MALDI-TOF MS), GenoType 
Mycobacterium CM/AS assay and partial sequencing of the rpoβ gene with phylogenetic 
analysis as a reference method. Enfermedades Infecciosas y Microbiologia Clinica, 37 3(3), 
160–166. https://doi.org/10.1016/J.EIMC.2018.04.012 

DANMAP. (2020). DANMAP 2020 - Use of antimicrobial agents and occurrence of antimicrobial 
resistance in bacteria from food animals, food and humans in Denmark. National Food 
Institute, Technical University of Denmark. https://www.danmap.org/reports/2020 

Dolin, H. H., Papadimos, T. J., Chen, X., & Pan, Z. K. (2019). Characterization of Pathogenic Sepsis 
Etiologies and Patient Profiles: A Novel Approach to Triage and Treatment. Microbiology 
Insights, 12, 117863611882508. https://doi.org/10.1177/1178636118825081 

Doualeh, M., Payne, M., Litton, E., Raby, E., & Currie, A. (2022). Molecular Methodologies for 
Improved Polymicrobial Sepsis Diagnosis. International Journal of Molecular Sciences 2022, 
Vol. 23, Page 4484, 23(9), 4484. https://doi.org/10.3390/IJMS23094484 

Doyle, R. M., O’sullivan, D. M., Aller, S. D., Bruchmann, S., Clark, T., Pelegrin, A. C., Cormican, M., 
Benavente, E. D., Ellington, M. J., Mcgrath, E., Motro, Y., Phuong, T., Nguyen, T., Phelan, J., Shaw, 
L. P., Stabler, R. A., Van Belkum, A., Van Dorp, L., Woodford, N., … Harris, K. A. (2020). 
Discordant bioinformatic predictions of antimicrobial resistance from whole-genome 
sequencing data of bacterial isolates: an inter-laboratory study. Microbial Genomics, 6. 
https://doi.org/10.1099/mgen.0.000335 

Dugani, S., Veillard, J., & Kissoon, N. (2017). Reducing the global burden of sepsis. CMAJ : Canadian 
Medical Association Journal, 189(1), E2. https://doi.org/10.1503/CMAJ.160798 

El Zowalaty, M. E., Lamichhane, B., Falgenhauer, L., Mowlaboccus, S., Zishiri, O. T., Forsythe, S., & 
Hemly, Y. A. (2023). Antimicrobial resistance and whole genome sequencing of novel 
sequence types of Enterococcus faecalis, Enterococcus faecium, and Enterococcus durans 
isolated from livestock. Scientific Reports 2023 13:1, 13(1), 1–13. 
https://doi.org/10.1038/s41598-023-42838-z 

Emanuel, E. J., Wendler, D., & Grady, C. (2000). What makes clinical research ethical? Jama, 
283(20), 2701–2711. 

Enroth, H., Retz, K., Andersson, S., Andersson, C., Svensson, K., Ljungström, L., Tilevik, D., & 
Pernestig, A. K. (2019). Evaluation of QuickFISH and maldi Sepsityper for identification of 
bacteria in bloodstream infection. Infectious Diseases (London, England), 51(4), 249–258. 
https://doi.org/10.1080/23744235.2018.1554258 

Evans, L., Rhodes, A., Alhazzani, W., Antonelli, M., Coopersmith, C. M., French, C., MacHado, F. R., 
McIntyre, L., Ostermann, M., Prescott, H. C., Schorr, C., Simpson, S., Wiersinga, W. J., Alshamsi, 
F., Angus, D. C., Arabi, Y., Azevedo, L., Beale, R., Beilman, G., … Levy, M. (2021). Surviving 
Sepsis Campaign: International Guidelines for Management of Sepsis and Septic Shock 2021. 
Critical Care Medicine, 49(11), E1063–E1143. 
https://doi.org/10.1097/CCM.0000000000005337 



27 
 

Fang, H., Hedin, G., Telander, B., Li, G., & Nord, C. E. (2007). Emergence of VanD-type vancomycin-
resistant Enterococcus faecium in Stockholm, Sweden. Clinical Microbiology and Infection, 
13(1), 106–108. https://doi.org/10.1111/J.1469-0691.2006.01569.X 

Fatoba, D. O., Amoako, D. G., Akebe, A. L. K., Ismail, A., & Essack, S. Y. (2022). Genomic analysis of 
antibiotic-resistant Enterococcus spp. reveals novel enterococci strains and the spread of 
plasmid-borne Tet(M), Tet(L) and Erm(B) genes from chicken litter to agricultural soil in 
South Africa. Journal of Environmental Management, 302, 114101. 
https://doi.org/10.1016/J.JENVMAN.2021.114101 

Feng, Y., Wang, Y., Zhu, B., Gao, G. F., Guo, Y., & Hu, Y. (2021). Metagenome-assembled genomes 
and gene catalog from the chicken gut microbiome aid in deciphering antibiotic resistomes. 
Communications Biology 2021 4:1, 4(1), 1–9. https://doi.org/10.1038/s42003-021-02827-2 

Fiore, E., Van Tyne, D., & Gilmore, M. S. (2019). Pathogenicity of Enterococci. Microbiology 
Spectrum, 7(4). https://doi.org/10.1128/MICROBIOLSPEC.GPP3-0053-2018 

Firth, C., & Lipkin, W. I. (2013). The genomics of emerging pathogens. Annual Review of Genomics 
and Human Genetics, 14(Volume 14, 2013), 281–300. https://doi.org/10.1146/ANNUREV-
GENOM-091212-153446/CITE/REFWORKS 

Fleischmann-Struzek, C., Mikolajetz, A., Schwarzkopf, D., Cohen, J., Hartog, C. S., Pletz, M., 
Gastmeier, P., & Reinhart, K. (2018). Challenges in assessing the burden of sepsis and 
understanding the inequalities of sepsis outcomes between National Health Systems: secular 
trends in sepsis and infection incidence and mortality in Germany. Intensive Care Medicine, 
44(11), 1826–1835. https://doi.org/10.1007/S00134-018-5377-4 

Flipse, J., von Wintersdorff, C. J. H., van Niekerk, J. M., Jamin, C., van Tiel, F. H., Hasman, H., & van 
Alphen, L. B. (2019). Appearance of vanD-positive Enterococcus faecium in a tertiary hospital 
in the Netherlands: prevalence of vanC and vanD in hospitalized patients. Scientific Reports 
2019 9:1, 9(1), 1–9. https://doi.org/10.1038/s41598-019-42824-4 

Gostin, L. (1991). Ethical principles for the conduct of human subject research: population-based 
research and ethics. Law, Medicine and Healthcare, 19(3–4), 191–201. 

Guarino, M., Perna, B., Cesaro, A. E., Maritati, M., Spampinato, M. D., Contini, C., & De Giorgio, R. 
(2023). 2023 Update on Sepsis and Septic Shock in Adult Patients: Management in the 
Emergency Department. Journal of Clinical Medicine, 12(9), 12. 
https://doi.org/10.3390/JCM12093188 

Gunsolus, I. L., Sweeney, T. E., Liesenfeld, O., & Ledeboer, N. A. (2019). Diagnosing and Managing 
Sepsis by Probing the Host Response to Infection: Advances, Opportunities, and Challenges. 
Journal of Clinical Microbiology, 57(7). https://doi.org/10.1128/JCM.00425-19 

Gupta, E., Saxena, J., Kumar, S., Sharma, U., Rastogi, S., Srivastava, V. K., Kaushik, S., & Jyoti, A. 
(2023). Fast Track Diagnostic Tools for Clinical Management of Sepsis: Paradigm Shift from 
Conventional to Advanced Methods. Diagnostics, 13(2). 
https://doi.org/10.3390/DIAGNOSTICS13020277 

Hällgren, A., Abednazari, H., Ekdahl, C., Hanberger, H., Nilsson, M., Samuelsson, A., Svensson, E., 
Nilsson, L. E., Claesson, B., Kärnell, A., Kjellberg, E., Larsson, P., Rylander, M., & Sörén, L. 
(2001). Antimicrobial susceptibility patterns of enterococci in intensive care units in Sweden 
evaluated by different MIC breakpoint systems. Journal of Antimicrobial Chemotherapy, 
48(1), 53–62. https://doi.org/10.1093/JAC/48.1.53 

Hammerum, A. M. (2012). Enterococci of animal origin and their significance for public health. 
Clinical Microbiology and Infection, 18(7), 619–625. https://doi.org/10.1111/J.1469-
0691.2012.03829.X 



28 
 

Heim, A. von B. T., Janice, J., Bjørnholt, J. V., Lunestad, B. T., Hegstad, K., & Svanevik, C. S. (2023). 
Genomic insights into Enterococcus faecium isolates from marine bivalves highlight One 
Health concerns and healthcare linkages. Microbial Genomics, 9(12). 
https://doi.org/10.1099/MGEN.0.001154 

Holmbom, M., Möller, V., Nilsson, L. E., Giske, C. G., Rashid, M. U., Fredrikson, M., Hällgren, A., 
Hanberger, H., & Balkhed, Å. Ö. (2020). Low incidence of antibiotic-resistant bacteria in 
south-east Sweden: An epidemiologic study on 9268 cases of bloodstream infection. PloS 
One, 15(3). https://doi.org/10.1371/JOURNAL.PONE.0230501 

Jain, H., Mulay, S., & Mullany, P. (2016). Persistence of endodontic infection and Enterococcus 
faecalis: Role of horizontal gene transfer. Gene Reports, 5, 112–116. 
https://doi.org/10.1016/J.GENREP.2016.09.010 

Johnson, S. B., & Parker, M. (2019). The ethics of sequencing infectious disease pathogens for 
clinical and public health. Nature Reviews Genetics, 20(6), 313–315. 

Jordan, J. A., & Durso, M. B. (2005). Real-Time Polymerase Chain Reaction for Detecting Bacterial 
DNA Directly from Blood of Neonates Being Evaluated for Sepsis. The Journal of Molecular 
Diagnostics : JMD, 7(5), 575. https://doi.org/10.1016/S1525-1578(10)60590-9 

Kim, S. H., Chon, J. W., Jeong, H. W., Song, K. Y., Kim, D. H., Bae, D., Kim, H., & Seo, K. H. (2023). 
Identification and phylogenetic analysis of Enterococcus isolates using MALDI-TOF MS and 
VITEK 2. AMB Express, 13(1), 1–6. https://doi.org/10.1186/S13568-023-01525-
Y/FIGURES/1 

Köser, C. U., Ellington, M. J., & Peacock, S. J. (2014). Whole-genome sequencing to control 
antimicrobial resistance. Trends in Genetics : TIG, 30(9), 401–407. 
https://doi.org/10.1016/J.TIG.2014.07.003 

Kosmeri, C., Giapros, V., Serbis, A., & Baltogianni, M. (2024). Application of Advanced Molecular 
Methods to Study Early-Onset Neonatal Sepsis. International Journal of Molecular Sciences, 
25(4). https://doi.org/10.3390/IJMS25042258 

Krawczyk, B., Wityk, P., Gałęcka, M., & Michalik, M. (2021). The Many Faces of Enterococcus spp.-
Commensal, Probiotic and Opportunistic Pathogen. Microorganisms, 9(9). 
https://doi.org/10.3390/MICROORGANISMS9091900 

Kristich, C. J., Rice, L. B., & Arias, C. A. (2014). Enterococcal Infection—Treatment and Antibiotic 
Resistance. Enterococci: From Commensals to Leading Causes of Drug Resistant Infection. 
http://europepmc.org/books/NBK190420 

Lam, M. M. C., Seemann, T., Bulach, D. M., Gladman, S. L., Chen, H., Haring, V., Moore, R. J., Ballard, 
S., Grayson, M. L., Johnson, P. D. R., Howden, B. P., & Stineara, T. P. (2012). Comparative 
analysis of the first complete Enterococcus faecium genome. Journal of Bacteriology, 194(9), 
2334–2341. https://doi.org/10.1128/JB.00259-12 

Lebreton, F., Willems, R. J. L., & Gilmore, M. S. (2014). Enterococcus Diversity, Origins in Nature, 
and Gut Colonization. Enterococci: From Commensals to Leading Causes of Drug Resistant 
Infection. https://www.ncbi.nlm.nih.gov/books/NBK190427/ 

Leekha, S., Terrell, C. L., & Edson, R. S. (2011). General Principles of Antimicrobial Therapy. Mayo 
Clinic Proceedings, 86(2), 156. https://doi.org/10.4065/MCP.2010.0639 

Lever, A., & Mackenzie, I. (2007). Sepsis: definition, epidemiology, and diagnosis. BMJ : British 
Medical Journal, 335(7625), 879. https://doi.org/10.1136/BMJ.39346.495880.AE 

Ligozzi, M., Aldegheri, M., Predari, S. C., & Fontana, R. (1991). Detection of penicillin-binding 
proteins immunologically related to penicillin-binding protein 5 of Enterococcus hirae ATCC 



29 
 

9790 in Enterococcus faecium and Enterococcus faecalis. FEMS Microbiology Letters, 83(3), 
335–339. https://doi.org/10.1111/j.1574-6968.1991.tb04486.x 

Ljungström, L., Andersson, R., & Jacobsson, G. (2019). Incidences of community onset severe 
sepsis, Sepsis-3 sepsis, and bacteremia in Sweden – A prospective population-based study. 
PLOS ONE, 14(12), e0225700. https://doi.org/10.1371/JOURNAL.PONE.0225700 

Ljungström, L., Enroth, H., Claesson, B. E. B., Ovemyr, I., Karlsson, J., Fröberg, B., Brodin, A. K., 
Pernestig, A. K., Jacobsson, G., Andersson, R., & Karlsson, D. (2015). Clinical evaluation of 
commercial nucleic acid amplification tests in patients with suspected sepsis. BMC Infectious 
Diseases, 15(1). https://doi.org/10.1186/S12879-015-0938-4 

Ljungström, Lars. (2017). Community onset sepsis in Sweden - a population based study. In 
Department of Infectious Diseases, Institute of Biomedicine Sahlgrenska Academy at University 
of Gothenburg Göteborg, Sweden. 

Maccallum, W. G., & Hastings, T. W. (1899). A CASE OF ACUTE ENDOCARDITIS CAUSED BY 
MICROCOCCUS ZYMOGENES (NOV. SPEC.), WITH A DESCRIPTION OF THE 
MICROORGANISM. The Journal of Experimental Medicine, 4(5–6), 521–534. 
https://doi.org/10.1084/JEM.4.5-6.521 

Mancini, N., Carletti, S., Ghidoli, N., Cichero, P., Burioni, R., & Clementi, M. (2010). The Era of 
Molecular and Other Non-Culture-Based Methods in Diagnosis of Sepsis. Clinical 
Microbiology Reviews, 23(1), 235. https://doi.org/10.1128/CMR.00043-09 

Mbanga, J., Amoako, D. G., Abia, A. L. K., Allam, M., Ismail, A., & Essack, S. Y. (2021). Genomic 
Analysis of Enterococcus spp. Isolated From a Wastewater Treatment Plant and Its 
Associated Waters in Umgungundlovu District, South Africa. Frontiers in Microbiology, 12. 
https://doi.org/10.3389/FMICB.2021.648454/FULL 

Meier-Kolthoff, J. P., & Göker, M. (2019). TYGS is an automated high-throughput platform for state-
of-the-art genome-based taxonomy. Nature Communications, 10(1). 
https://doi.org/10.1038/S41467-019-10210-3 

Mellhammar, L., Christensson, B., & Linder, A. (2015). Public Awareness of Sepsis Is Low in 
Sweden. Open Forum Infectious Diseases, 2(4), 1–5. https://doi.org/10.1093/OFID/OFV161 

Mellhammar, L., Wullt, S., Lindberg, Å., Lanbeck, P., Christensson, B., & Linder, A. (2016). Sepsis 
Incidence: A Population-Based Study. Open Forum Infectious Diseases, 3(4). 
https://doi.org/10.1093/OFID/OFW207 

Messele, Y. E., Trott, D. J., Hasoon, M. F., Veltman, T., McMeniman, J. P., Kidd, S. P., Petrovski, K. R., 
& Low, W. Y. (2023). Phylogeny, Virulence, and Antimicrobial Resistance Gene Profiles of 
Enterococcus faecium Isolated from Australian Feedlot Cattle and Their Significance to 
Public and Environmental Health. Antibiotics, 12(7), 1122. 
https://doi.org/10.3390/ANTIBIOTICS12071122/S1 

Miller, W. R., Munita, J. M., & Arias, C. A. (2014). Mechanisms of antibiotic resistance in enterococci. 
Expert Review of Anti-Infective Therapy, 12(10), 1221–1236. 
https://doi.org/10.1586/14787210.2014.956092 

Muloi, D. M., Jauneikaite, E., Anjum, M. F., Essack, S. Y., Singleton, D. A., Kasudi, M. R., Wade, M. J., 
Egyir, B., Nunn, J. G., Midega, J. T., Peacock, S. J., Feasey, N. A., Baker, K. S., & Zadoks, R. N. 
(2023). Exploiting genomics for antimicrobial resistance surveillance at One Health 
interfaces. The Lancet Microbe, 4(12), e1056–e1062. https://doi.org/10.1016/S2666-
5247(23)00284-7 



30 
 

Murray, P. R. (2015). The Clinician and the Microbiology Laboratory. Mandell, Douglas, and 
Bennett’s Principles and Practice of Infectious Diseases, 1, 191–223. 
https://doi.org/10.1016/B978-1-4557-4801-3.00016-3 

Mutuku, C., Gazdag, Z., & Melegh, S. (2022). Occurrence of antibiotics and bacterial resistance 
genes in wastewater: resistance mechanisms and antimicrobial resistance control 
approaches. World Journal of Microbiology and Biotechnology, 38(9). 
https://doi.org/10.1007/S11274-022-03334-0 

O’Driscoll, T., & Crank, C. W. (2015). Vancomycin-resistant enterococcal infections: epidemiology, 
clinical manifestations, and optimal management. Infection and Drug Resistance, 8, 217. 
https://doi.org/10.2147/IDR.S54125 

Padakanti, S., Badhiwala, V., Hwang, M., Choi, H., Chatterjee, P., Dhar, S., Kaye, K. S., & Jinadatha, C. 
(2022). 137. Comparison of genotypic resistance pattern between Enterococcus faecium and 
Enterococcus faecalis to better understand the occurrence of mutations. Open Forum 
Infectious Diseases, 9(Supplement_2). https://doi.org/10.1093/OFID/OFAC492.215 

Palmer, K. L., Kos, V. N., & Gilmore, M. S. (2010). Horizontal gene transfer and the genomics of 
enterococcal antibiotic resistance. Current Opinion in Microbiology, 13(5), 632–639. 
https://doi.org/10.1016/J.MIB.2010.08.004 

Peng, Z., Yan, L., Yang, S., & Yang, D. (2022). Antimicrobial-Resistant Evolution and Global Spread 
of Enterococcus faecium Clonal Complex (CC) 17: Progressive Change from Gut Colonization 
to Hospital-Adapted Pathogen. China CDC Weekly, 4(2), 17. 
https://doi.org/10.46234/CCDCW2021.277 

Petinaki, E., & Papagiannitsis, C. (2019). Resistance of Staphylococci to Macrolides-Lincosamides- 
Streptogramins B (MLSB): Epidemiology and Mechanisms of Resistance. Staphylococcus 
Aureus. https://doi.org/10.5772/INTECHOPEN.75192 

Pfaller, M. A., Cormican, M., Flamm, R. K., Mendes, R. E., & Jones, R. N. (2019). Temporal and 
Geographic Variation in Antimicrobial Susceptibility and Resistance Patterns of Enterococci: 
Results From the SENTRY Antimicrobial Surveillance Program, 1997–2016. Open Forum 
Infectious Diseases, 6, 54–62. https://doi.org/10.1093/OFID/OFY344 

Qin, X., Galloway-Pẽa, J. R., Sillanpaa, J., Roh, J. H., Nallapareddy, S. R., Chowdhury, S., Bourgogne, 
A., Choudhury, T., Muzny, D. M., Buhay, C. J., Ding, Y., Dugan-Rocha, S., Liu, W., Kovar, C., 
Sodergren, E., Highlander, S., Petrosino, J. F., Worley, K. C., Gibbs, R. A., … Murray, B. E. (2012). 
Complete genome sequence of Enterococcus faecium strain TX16 and comparative genomic 
analysis of Enterococcus faecium genomes. BMC Microbiology, 12. 
https://doi.org/10.1186/1471-2180-12-135 

Qu, T., Wang, P., Zhao, X., Liang, L., Ge, Y., & Chen, Y. (2024). Metagenomics reveals differences in 
the composition of bacterial antimicrobial resistance and antibiotic resistance genes in 
pasteurized yogurt and probiotic bacteria yogurt from China. Journal of Dairy Science, 107(6), 
3451–3467. https://doi.org/10.3168/JDS.2023-23983 

Ramos, S., Silva, V., Dapkevicius, M. de L. E., Igrejas, G., & Poeta, P. (2020). Enterococci, from 
Harmless Bacteria to a Pathogen. Microorganisms 2020, Vol. 8, Page 1118, 8(8), 1118. 
https://doi.org/10.3390/MICROORGANISMS8081118 

Reinhart, K., Daniels, R., Kissoon, N., Machado, F. R., Schachter, R. D., & Finfer, S. (2017). 
Recognizing Sepsis as a Global Health Priority — A WHO Resolution. New England Journal of 
Medicine, 377(5), 414–417. 
https://doi.org/10.1056/NEJMP1707170/SUPPL_FILE/NEJMP1707170_DISCLOSURES.PD
F 



31 
 

Reinseth, I. S., Ovchinnikov, K. V., Tønnesen, H. H., Carlsen, H., & Diep, D. B. (2020). The Increasing 
Issue of Vancomycin-Resistant Enterococci and the Bacteriocin Solution. Probiotics and 
Antimicrobial Proteins, 12(3), 1203. https://doi.org/10.1007/S12602-019-09618-6 

Richter, M., & Rosselló-Móra, R. (2009). Shifting the genomic gold standard for the prokaryotic 
species definition. Proceedings of the National Academy of Sciences of the United States of 
America, 106(45), 19126–19131. https://doi.org/10.1073/PNAS.0906412106 

Richter, M., Rosselló-Móra, R., Oliver Glöckner, F., & Peplies, J. (2016). JSpeciesWS: A web server 
for prokaryotic species circumscription based on pairwise genome comparison. 
Bioinformatics, 32(6), 929–931. https://doi.org/10.1093/BIOINFORMATICS/BTV681 

Rogers, L. A., Strong, K., Cork, S. C., McAllister, T. A., Liljebjelke, K., Zaheer, R., & Checkley, S. L. 
(2021). The Role of Whole Genome Sequencing in the Surveillance of Antimicrobial Resistant 
Enterococcus spp.: A Scoping Review. Frontiers in Public Health, 9, 599285. 
https://doi.org/10.3389/FPUBH.2021.599285/BIBTEX 

Rudd, K. E., Johnson, S. C., Agesa, K. M., Shackelford, K. A., Tsoi, D., Kievlan, D. R., Colombara, D. V., 
Ikuta, K. S., Kissoon, N., Finfer, S., Fleischmann-Struzek, C., Machado, F. R., Reinhart, K. K., 
Rowan, K., Seymour, C. W., Watson, R. S., West, T. E., Marinho, F., Hay, S. I., … Naghavi, M. 
(2020). Global, regional, and national sepsis incidence and mortality, 1990-2017: analysis 
for the Global Burden of Disease Study. Lancet (London, England), 395(10219), 200–211. 
https://doi.org/10.1016/S0140-6736(19)32989-7 

Rychert, J. (2019). Benefits and Limitations of MALDI-TOF Mass Spectrometry for the 
Identification of Microorganisms. Journal of Infectiology and Epidemiology, 2(4), 1–5. 
https://doi.org/10.29245/2689-9981/2019/4.1142 

Salomão, R., Ferreira, B. L., Salomão, M. C., Santos, S. S., Azevedo, L. C. P., & Brunialti, M. K. C. (2019). 
Sepsis: evolving concepts and challenges. Brazilian Journal of Medical and Biological Research 
= Revista Brasileira de Pesquisas Medicas e Biologicas, 52(4). https://doi.org/10.1590/1414-
431X20198595 

Sands, K., Carvalho, M. J., Portal, E., Thomson, K., Dyer, C., Akpulu, C., Andrews, R., Ferreira, A., 
Gillespie, D., Hender, T., Hood, K., Mathias, J., Milton, R., Nieto, M., Taiyari, K., Chan, G. J., 
Bekele, D., Solomon, S., Basu, S., … Walsh, T. R. (2021). Characterization of antimicrobial-
resistant Gram-negative bacteria that cause neonatal sepsis in seven low- and middle-
income countries. Nature Microbiology 2021 6:4, 6(4), 512–523. 
https://doi.org/10.1038/s41564-021-00870-7 

Saxenborn, P., Baxter, J., Tilevik, A., Fagerlind, M., Dyrkell, F., Pernestig, A. K., Enroth, H., & Tilevik, 
D. (2021). Genotypic Characterization of Clinical Klebsiella spp. Isolates Collected From 
Patients With Suspected Community-Onset Sepsis, Sweden. Frontiers in Microbiology, 12. 
https://doi.org/10.3389/FMICB.2021.640408 

Schwartzman, J. A., Lebreton, F., Salamzade, R., Shea, T., Martin, M. J., Schaufler, K., Urhan, A., Abeel, 
T., Camargo, I. L. B. C., Sgardioli, B. F., Prichula, J., Guedes Frazzon, A. P., Giribet, G., Van Tyne, 
D., Treinish, G., Innis, C. J., Wagenaar, J. A., Whipple, R. M., Manson, A. L., … Gilmore, M. S. 
(2024). Global diversity of enterococci and description of 18 previously unknown species. 
Proceedings of the National Academy of Sciences of the United States of America, 121(10). 
https://doi.org/10.1073/PNAS.2310852121 

Shang, Y., Li, D., Shan, X., Schwarz, S., Zhang, S. M., Chen, Y. X., Ouyang, W., & Du, X. D. (2019). 
Analysis of two pheromone-responsive conjugative multiresistance plasmids carrying the 
novel mobile optrA locus from Enterococcus faecalis. Infection and Drug Resistance, 12, 
2355–2362. https://doi.org/10.2147/IDR.S206295 



32 
 

Sharad, N., Srivastava, S., Kiro, V. V., Varma, S., Srivastav, S., Ningombam, A., Malhotra, R., & Mathur, 
P. (2024). Enterococcal Infections: A Comparative Analysis between the Pandemic and the 
Pre-pandemic Period. Coronaviruses, 5(1). 
https://doi.org/10.2174/0126667975266889231102063923 

Shemirani, M. I., Tilevik, D., Tilevik, A., Jurcevic, S., Arnellos, D., Enroth, H., & Pernestig, A. K. (2023). 
Benchmarking of two bioinformatic workflows for the analysis of whole-genome sequenced 
Staphylococcus aureus collected from patients with suspected sepsis. BMC Infectious 
Diseases, 23(1), 1–16. https://doi.org/10.1186/S12879-022-07977-0/TABLES/9 

Simonsen, G. S., Småbrekke, L., Monnet, D. L., Sørensen, T. L., Møller, J. K., Kristinsson, K. G., 
Legerqvist-Widh, A., Torell, E., Digranes, A., Harthug, S., & Sundsfjord, A. (2003). Prevalence 
of resistance to ampicillin, gentamicin and vancomycin in Enterococcus faecalis and 
Enterococcus faecium isolates from clinical specimens and use of antimicrobials in five 
Nordic hospitals. Journal of Antimicrobial Chemotherapy, 51(2), 323–331. 
https://doi.org/10.1093/JAC/DKG052 

Singer, M., Deutschman, C. S., Seymour, C., Shankar-Hari, M., Annane, D., Bauer, M., Bellomo, R., 
Bernard, G. R., Chiche, J. D., Coopersmith, C. M., Hotchkiss, R. S., Levy, M. M., Marshall, J. C., 
Martin, G. S., Opal, S. M., Rubenfeld, G. D., Poll, T. Der, Vincent, J. L., & Angus, D. C. (2016). The 
Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA, 
315(8), 801–810. https://doi.org/10.1001/JAMA.2016.0287 

Slgnoretto, C., Boarettl, M., & Caneparl, P. (1994). Cloning, sequencing and expression in 
Escherichia coli of the low-affinity penicillin binding protein of Enterococcus faecalis. FEMS 
M,Crobiology Letters, 123, 99–106. https://doi.org/10.1111/j.1574-6968.1994.tb07207.x 

Srzić, I., Adam, V. N., & Pejak, D. T. (2022). SEPSIS DEFINITION: WHAT’S NEW  IN THE 
TREATMENT GUIDELINES. Acta Clinica Croatica, 61(Suppl 1), 67. 
https://doi.org/10.20471/ACC.2022.61.S1.11 

Stein, L. D. (2011). An introduction to the informatics of “next-generation” sequencing. Current 
Protocols in Bioinformatics, Chapter 11(SUPPL.36). 
https://doi.org/10.1002/0471250953.BI1101S36 

Stȩpień-Pyśniak, D., Hauschild, T., Dec, M., Marek, A., & Urban-Chmiel, R. (2019). Clonal Structure 
and Antibiotic Resistance of Enterococcus spp. from Wild Birds in Poland. 
Https://Home.Liebertpub.Com/Mdr, 25(8), 1227–1237. 
https://doi.org/10.1089/MDR.2018.0461 

Strandberg, G., Walther, S., Agvald Öhman, C., & Lipcsey, M. (2020). Mortality after Severe Sepsis 
and Septic Shock in Swedish Intensive Care Units 2008-2016-A nationwide observational 
study. Acta Anaesthesiologica Scandinavica, 64(7), 967–975. 
https://doi.org/10.1111/AAS.13587 

Švec, P., Vancanneyt, M., Seman, M., Snauwaert, C., Lefebvre, K., Sedláček, I., & Swings, J. (2005). 
Evaluation of (GTG)5-PCR for identification of Enterococcus spp. FEMS Microbiology Letters, 
247(1), 59–63. https://doi.org/10.1016/J.FEMSLE.2005.04.030 

Terentjeva, M., Ķibilds, J., Avsejenko, J., Cīrulis, A., Labecka, L., & Bērziņš, A. (2024). Antimicrobial 
Resistance in Enterococcus spp. Isolates from Red Foxes (Vulpes vulpes) in Latvia. 
Antibiotics, 13(2), 114. https://doi.org/10.3390/ANTIBIOTICS13020114/S1 

Thiercelin, M. E., & Jouhaud, L. (1899). Sur un diplocoque saprophyte de l’intestin susceptible de 
devenir pathogene. CR Soc. Biol, 5(1), 3. 

Tsai, H. Y., Lee, Y. L., Liu, P. Y., Lu, M. C., Shao, P. L., Lu, P. L., Cheng, S. H., Ko, W. C., Lin, C. Y., Wu, T. 
S., Yen, M. Y., Wang, L. S., Liu, C. P., Lee, W. Sen, Shi, Z. Y., Chen, Y. S., Wang, F. Der, Tseng, S. H., 



33 
 

Chen, Y. H., … Hsueh, P. R. (2021). Antimicrobial susceptibility of bacteremic vancomycin-
resistant Enterococcus faecium to eravacycline, omadacycline, lipoglycopeptides, and other 
comparator antibiotics: Results from the 2019–2020 Nationwide Surveillance of Multicenter 
Antimicrobial Resistance in Taiwan (SMART). International Journal of Antimicrobial Agents, 
58(1), 106353. https://doi.org/10.1016/J.IJANTIMICAG.2021.106353 

van Hal, S. J., Willems, R. J. L., Gouliouris, T., Ballard, S. A., Coque, T. M., Hammerum, A. M., Hegstad, 
K., Westh, H. T., Howden, B. P., Malhotra-Kumar, S., Werner, G., Yanagihara, K., Earl, A. M., 
Raven, K. E., Corander, J., Bowden, R., Pinholt, M., Loens, K., Xavier, B. B., … Goossens, H. 
(2021). The global dissemination of hospital clones of Enterococcus faecium. Genome 
Medicine, 13(1). https://doi.org/10.1186/S13073-021-00868-0 

Vohora, D. (2018). Ethical considerations in clinical research. In Pharmaceutical medicine and 
translational clinical research (pp. 265–283). Elsevier. 

Werner, G., Coque, T. M., Hammerum, A. M., Hope, R., Hryniewicz, W., Johnson, A., Klare, I., 
Kristinsson, K. G., Leclercq, R., Lester, C. H., Lillie, M., Novais, C., Olsson-Liljequist, B., Peixe, L. 
V., Sadowy, E., Simonsen, G. S., Top, J., Vuopio-Varkila, J., Willems, R. J., … Woodford, N. (2008). 
Emergence and spread of vancomycin resistance among enterococci in Europe. Euro 
Surveillance : Bulletin Européen Sur Les Maladies Transmissibles = European Communicable 
Disease Bulletin, 13(47), 19046. https://doi.org/10.2807/ESE.13.47.19046-
EN/CITE/PLAINTEXT 

Wick, R. R., Judd, L. M., Gorrie, C. L., & Holt, K. E. (2017). Unicycler: Resolving bacterial genome 
assemblies from short and long sequencing reads. PLOS Computational Biology, 13(6), 
e1005595. https://doi.org/10.1371/JOURNAL.PCBI.1005595 

Zhao, M., He, S., Wen, R., Li, C., Chen, X., Lin, X., Wang, H., & Tang, Y. (2024). Membrane vesicles 
derived from Enterococcus faecalis promote the co-transfer of important antibiotic 
resistance genes located on both plasmids and chromosomes. The Journal of Antimicrobial 
Chemotherapy, 79(2), 320–326. https://doi.org/10.1093/JAC/DKAD381 

Zhou, X., Willems, R. J. L., Friedrich, A. W., Rossen, J. W. A., & Bathoorn, E. (2020). Enterococcus 
faecium: from microbiological insights to practical recommendations for infection control 
and diagnostics. Antimicrobial Resistance and Infection Control, 9(1). 
https://doi.org/10.1186/S13756-020-00770-1 

  

  



34 
 

Appendix 

Appendix A | Comparative analysis of FastQC results pre- and post-trimming 
 

 

 

 

A           B 

C           D 

E            F 

Figure 1 | FastQC quality control analyses of raw sequencing reads from sample EN57 are shown, comparing 
pre- and post-trimming conditions using Trimmomatic. (A) Basic statistics includes the total number of 
sequences, sequence length, the percentage of sequences flagged as poor quality, and GC content. The 'Per 
base sequence content', 'Sequence Duplication Levels', and 'Adapter Content' modules failed, indicated by 
red Xs. (B) After trimming, shows improvements where 'Per base sequence content' and 'Adapter Content' 
successfully pass, evident by green ticks. Additionally, 'Per tile sequence quality' and 'Sequence Length 
Distribution' present warnings, marked by orange exclamation marks, while 'Sequence Duplication Levels' 
remains unchanged and still fails. (C) In the per base sequence content module, the nucleotide composition 
at the first 12 base pairs exhibits considerable variability, with pronounced peaks reflecting uneven sequence 
quality at the beginning of the reads. (D) After trimming, this variability is notably reduced, resulting in a 
more uniform and consistent nucleotide distribution across the sequence length. (E,) The adapter content 
module specifically details the presence of adapter sequences before trimming, with notable peaks 
represented in yellow and purple, indicating Nextera Transposase adapter and PolyG adapter. This 
visualization demonstrates a substantial initial adapter contamination across several read positions. (F) 
After the trimming process, the adapter sequences are reduced. This reduction is evident in the minimal 
residual adapter content, effectively showcasing the successful elimination of these adapter sequences from 
the reads. 
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Appendix B | Read counts in Enterococcus spp. samples pre- and post-trimming 

 

Figure 2 | Distribution of sequence read counts across 127 FASTQ Enterococcus spp. samples before and after data trimming with Trimmomatic. The y-axis represents 
the total number of reads. Each bar is divided into two sections: the base green section represents the read counts before trimming, and the overlaid purple section 
denotes the counts after trimming. This visual representation allows for a direct comparison of data quality and quantity before and after the trimming process. 
Notably, three samples—EN1145, EN1411, and EN1711—were excluded from subsequent analysis due to insufficient quality. The average read count decreased from 
4,656,174 before trimming to 2,909,073 after trimming, indicating an average loss of 1,747,100 reads per sample due to the trimming of low-quality sequences. 
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Appendix C | Summary of genomic assembly statistics across Enterococcus spp. 
samples 
 

Table 1 | Comparative overview of QUAST genomic assembly statistics for Enterococcus spp. samples (n = 
124). 

Parameter Minimum Maximum Mean 
Contigs 12 168 54.3 
L50 1 20 6.3 
N50 42,888 1,478,739 211,898 
Genome fraction (%) 75.4 92.95 87.1 
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Appendix D | Antibiotic susceptibility profile for Enterococcus spp. isolates 
 

Table 2 | Phenotypic antibiotic susceptibility test of Enterococcus spp. Isolates.  

Antibiotic (n)* 
Resistant 

[n (%)] 
Susceptible 

[n (%)] 
Intermediate 

 [n (%)] 
Aminoglycoside 
Gentamicin (26) 26 (100.0) 0 (0) 0 (0) 
Tobramycin (51) 51 (100.0) 0 (0) 0 (0) 
β-lactam 
Amoxicillin/clavulanate (66) 9 (13.6) 57 (86.4) 0 (0) 
Amoxicillin (67) 9 (13.4) 58 (86.6) 0 (0) 
Ampicillin (65) 8 (12.3) 57 (87.7) 0 (0) 
Cefadroxil (99) 99 (100.0) 0 (0) 0 (0) 
Cefotaxim (94) 94 (100.0) 0 (0) 0 (0) 
Cefoxitin (0) 0 (0) 0 (0) 0 (0) 
Ceftazidim (88) 88 (100.0) 0 (0) 0 (0) 
Cefuroxim (83) 83 (100.0) 0 (0) 0 (0) 
Imipenem (17) 8 (47.1) 9 (52.9) 0 (0) 
Isoxazolylpenicillin (85) 85 (100.0) 0 (0) 0 (0) 
Mecillinam (84) 84 (100.0) 0 (0) 0 (0) 
Meropenem (41) 41 (100.0) 0 (0) 0 (0) 
Penicillin G (22) 22 (100.0) 0 (0) 0 (0) 
Penicillin V (19) 19 (100.0) 0 (0) 0 (0) 
Piperacillin/Tazobactam (73) 9 (12.3) 64 (87.7) 0 (0) 
Chloramphenicol 
Chloramphenicol (11) 11 (100.0) 0 (0) 0 (0) 
Glycopeptide 
Vancomycin (29) 0 (0) 29 (100.0) 0 (0) 
Lincosamide 
Clindamycin (7) 7 (100.0) 0 (0) 0 (0) 
Nitrofuran 
Nitrofurantoin (81) 7 (8.6) 74 (91.4) 0 (0) 
Quinolone 
Ciprofloxacin (94) 94 (100.0) 0 (0) 0 (0) 
Nalidixinsyra (2) 2 (100.0) 0 (0) 0 (0) 
Norfloxacin (80) 80 (100.0) 0 (0) 0 (0) 
Sulphonamide 
Trimethoprim/Sulphonamide 
(79) 

28 (35.4) 0 (0) 51 (54.6) 

Trimethoprim 
Trimethoprim (84) 36 (42.9) 0 (0) 48 (57.1) 
Tetracycline 
Doxycline (0) 0 (0) 0 (0) 0 (0) 
Tetracycline (0)  0 (0) 0 (0) 0 (0) 
Macrolide 
Erytromycin (0) 0 (0) 0 (0) 0 (0) 
Fusidane 
Fusidin (0) 0 (0) 0 (0) 0 (0) 
Oxazolidinone 
Linezolid (0) 0 (0) 0 (0) 0 (0) 
Rifamycin 
Rifampicin (0) 0 (0) 0 (0) 0 (0) 
Total amount of cases: 1,447 1000 (69.1) 348 (24.1) 99 (6.8) 

*Enterococci samples routinely tested for ampicillin, gentamicin, and vancomycin. Resistant is automatically reported for cefadroxil, 
cefotaxime, and penicillin V without conducting susceptibility tests for these antibiotics. If the enterococci isolate is detected in a blood 
culture, the testing expands to include the antibiotics penicillin G, imipenem, tobramycin, and piperacillin/tazobactam. For blood 
culture isolates, automatic resistance is additionally reported for ciprofloxacin and chloramphenicol, alongside the previously 
mentioned antibiotics.  
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Appendix E | Plasmid replicons prediction 
 

Table 3 | Prevalence of plasmid replicons among faecium (n=11) and E. faecalis (n=111) E. detected by 
PlasmidFinder.  

Rep family Plasmid Prototype 
E. faecium  

[n = 11] 
(%) 

E. faecalis  
[n = 111] 

(%) 

Total  isolates  
[n = 122] (%) 

US43 DOp1 1 (9.1) 57 (51.4) 58 (47.5) 
9a pAD1 ND 29 (26.1) 29 (23.8) 
9b pBEE99, EF62pC, pMG2200 ND 27 (24.3) 27 (22.1) 
6 pS86 ND 21 (18.9) 21 (17.2) 
2 pRE25 7 (63.6) 12 (10.8) 19 (15.6) 
9c pCF10,  pTW9 ND 13 (11.7) 13 (10.7) 
US12 pUB110, SAP014A 3 (27.3) 8 (7.2) 11 (9) 
US15 pNB2354p1 10 (90.9) ND 10 (8.2) 
7a pRE25 ND 8 (7.2) 8 (6.6) 
17 AUS0004p1 7 (63.6) 0 (0) 7 (5.7) 
US11 AE016832 ND 6 (5.4) 6 (4.9) 
8b pEJ97p1 ND 5 (4.5) 5 (4.1) 
22 pUB110 ND 4 (3.6) 4 (3.3) 
US7 pHTbeta, MG1 2 (18.2) 0 (0) 2 (1.6) 
18b pEF418 1 (9.1) 2 (1.8) 3 (2.5) 
1 pAMbeta, pIP816 1 (9.1) ND 1 (0.8) 
14a AUS0085p5 1 (9.1) ND 1 (0.8) 
14b AUS0085p6 1 (9.1) ND 1 (0.8) 
7b pRUM ND 1 (0.9) 1 (0.8) 
US41 PML21 ND 1 (0.9) 1 (0.8) 

No plasmid  1 (9.1) 20 (18.0) 21 (17.2) 

ND = Not  Detected. 
Note: E. casseliflavus was also screened, but no plasmids were detected in this species; therefore, it is excluded from this table.  
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Appendix F | Enterococcus spp. isolate characterization summary 
Table 4 | Detailed Characterization of 123 Enterococcus spp. Isolates. Each isolate is listed with its sample 
ID and sample type, alongside species identification conducted via MALDI-TOF. The accuracy of these 
identifications was further confirmed through JSpeciesWS (ANI%) and TYGS. Furthermore information on 
STs (MLST), the number of plasmids detected, and the predicted ARGs. 

Sample 
ID EN 

Sample 
type 

MALDI-
TOF 

JSpeciesWS 
(ANI%)* 

TYGS MLST Plasmid 
replicon type 

Detected ARGs 

57 Blood E. faecium 98,85 E. faecium ST78 rep2, repUS15 aac(6')-Ii, ant(6)-Ia, aph(3')-III, 
msr(C), lnu(B), erm(B) 

95 Urine E. faecalis 98,72 E. faecalis ST25 rep6, repUS43 aph(3')-III, lsa(A), tet(M), dfrG 
98 Urine E. faecalis 98,93 E. faecalis ST6 repUS43, 

rep9a, rep9b 
aac(6')-aph(2''), lsa(A), erm(B), 

tet(M) 
101 Urine E. faecalis 98,71 E. faecalis ST9 rep9c aac(6')-aph(2''), lsa(A), erm(B), 

tet(M) 
110 Blood E. faecalis 98,71 E. faecalis ST9 rep9c aac(6')-aph(2''), lsa(A), erm(B), 

tet(M) 
126 Urine E. faecalis 98,94 E. faecalis ST134 No Plasmid lsa(A) 
140 Urine E. faecalis 98,7 E. faecalis ST 9 rep9c, rep22 ant(6)-Ia, aph(3')-III, aac(6')-

aph(2''), lsa(A), erm(B), tet(M), 
tet(L) 

161 Urine E. faecalis 98,84 E. faecalis ST6 rep9a, repUS43 aac(6')-aph(2''), lsa(A), erm(B), 
tet(M) 

221 Urine E. faecalis 98,84 E. faecalis ST6 repUS43, rep9a aac(6')-aph(2''), lsa(A), erm(B), 
tet(M) 

298 Urine E. faecium 98,84 E. faecium ST32 No Plasmid aac(6')-Ii, msr(C) 
309 Urine E. faecalis 98,7 E. faecalis ST64 repUS43 lsa(A), tet(M), dfrG 
322 Urine E. faecalis 98,74 E. faecalis ST81 rep9a lsa(A) 
324 Urine E. faecium 99,09 E. faecium ST192 rep17, 

repUS15, 
repUS12, rep2, 

repUS7 

aac(6')-Ii, ant(6)-Ia, aph(3')-III, 
msr(C), lsa(E), lnu(B), erm(B) 

345 Urine E. faecalis 98,7 E. faecalis ST30 rep2, rep6 lsa(A), tet(M) 
361 Urine E. faecalis 98,86 E. faecalis ST21 rep7b, 

repUS43, 
rep9b, rep18b 

ant(6)-Ia, aph(3')-III, lsa(A), 
erm(B), cat(pC233), tet(M) 

436 Urine E. faecalis 98,78 E. faecalis ST64 repUS43 lsa(A), tet(M), dfrG 
437 Urine E. faecium 99,12 E. faecium ST192 rep17, 

repUS15, rep2, 
repUS7, 
repUS12 

aac(6')-Ii, ant(6)-Ia, aph(3')-III, 
msr(C), lsa(E), lnu(B), erm(B) 

439 Urine E. faecalis 98,9 E. faecalis ST6 repUS43, 
rep9a, rep9b 

aac(6')-aph(2''), lsa(A), erm(B), 
tet(M) 

441 Urine E. faecalis 98,81 E. faecalis ST145 No Plasmid lsa(A) 
453 Urine E. faecalis 98,84 E. faecalis ST285 rep7a, 

repUS43, 
repUS12, rep2 

lsa(A), erm(B), cat(pC221), 
tet(S), tet(M) 

475 Urine E. faecalis 98,96 E. faecalis ST16 repUS43 lsa(A), erm(B), tet(M) 
489 Urine E. faecalis 98,82 E. faecalis ST285 rep2, repUS12, 

rep9b, rep7a, 
repUS43 

lsa(A), erm(B), cat(pC221), 
tet(S), tet(M) 

498 Urine E. faecalis 98,56 E. faecalis ST915 rep6, repUS41 lsa(A) 
519 Urine E. faecalis 98,72 E. faecalis ST64 repUS43 lsa(A), tet(M), dfrG 
528 Urine E. faecalis 98,91 E. faecalis ST40 repUS43, rep6, 

rep9a, rep9b 
lsa(A), tet(M), dfrG 

548 Urine E. faecium 98,97 E. faecium ST78 rep17, 
repUS15, 
rep18b, 

rep14b, rep2 

aac(6')-Ii, aac(6')-aph(2''), 
aph(2'')-Ia, msr(C), lnu(B) 

569 Blood E. 
casseliflavus 

97,67 E. 
casseliflavus 

NA* No Plasmid VanC2XY 

578 Urine E. faecalis 98,83 E. faecalis ST16 repUS43 lsa(A), erm(B), erm(B), tet(M), 
dfrG 

597 Urine E. faecalis 98,75 E. faecalis ST97 No Plasmid lsa(A) 
602 Blood E. faecium 98,52 E. faecium ST644 repUS15 aac(6')-Ii, msr(C) 
611 Urine E. faecalis 98,67 E. faecalis ST44 rep9a lsa(A), tet(M) 
617 Urine E. faecalis 98,7 E. faecalis ST9 rep22, rep9c ant(6)-Ia, aph(3')-III, aac(6')-

aph(2''), lsa(A), erm(B), erm(B), 
erm(B), tet(M), tet(L) 

618 Blood E. faecalis 98,7 E. faecalis ST9 rep22, rep9c ant(6)-Ia, aph(3')-III, aac(6')-
aph(2''), lsa(A), erm(B), erm(B), 

erm(B), tet(M), tet(L) 
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627 Urine E. faecalis 98,89 E. faecalis ST425 repUS11 lsa(A) 
672 Urine E. faecalis 98,93 E. faecalis ST268 repUS43 lsa(A), tet(M) 
703 Urine E. faecalis 98,75 E. faecalis ST21 rep9b, rep6, 

repUS43 
lsa(A), tet(M) 

715 Urine E. faecalis 98,71 E. faecalis ST25 rep6, repUS43 aph(3')-III, lsa(A), tet(M), dfrG 
720 Urine E. faecalis 98,71 E. faecalis ST25 rep6, repUS43 aph(3')-III, lsa(A), tet(M), dfrG 
768 Blood E. faecalis 98,71 E. faecalis ST64 repUS43, rep9b erm(B), lsa(A), tet(M) 
773 Wound E. faecalis 98,78 E. faecalis ST97 rep9a lsa(A) 
845 Wound E. faecalis 98,93 E. faecalis ST16 No Plasmid lsa(A) 
847 Urine E. faecalis 98,68 E. faecalis ST179 repUS43, rep9b lsa(A), tet(M) 
849 Blood E. faecalis 98,76 E. faecalis ST30 rep9a, repUS43 lsa(A), erm(B), tet(M) 
869 Urine E. faecium 98,97 E. faecium ST78 rep17, 

repUS15, rep2, 
rep14a 

aac(6')-Ii, aac(6')-aph(2''), 
ant(6)-Ia, aph(3')-III, msr(C), 

lnu(B), lnu(B), erm(B), erm(B), 
erm(B) 

870 Urine E. faecalis 98,93 E. faecalis ST268 repUS43 lsa(A), tet(M) 
877 Wound E. faecalis 98,83 E. faecalis ST30 No Plasmid lsa(A), tet(M) 
885 Urine E. faecalis 98,71 E. faecalis ST9 rep9c aac(6')-aph(2''), lsa(A), erm(B), 

tet(M) 
906 Blood E. faecalis 98,86 E. faecalis ST220 No Plasmid lsa(A) 
917 Urine E. faecalis 98,71 E. faecalis ST19 rep9b, rep18b, 

repUS43 
ant(6)-Ia, lsa(A), tet(M), dfrG 

921 Urine E. faecium 99,15 E. faecium ST192 rep17, repUS15 aac(6')-Ii, msr(C) 
936 Urine E. faecalis 98,69 E. faecalis ST239 rep8b, rep9b, 

rep6 
lsa(A) 

939 Urine E. faecalis 98,74 E. faecalis ST64 rep9c, repUS43 lsa(A), tet(M), dfrG 
948 Urine E. faecalis 98,78 E. faecalis ST64 repUS11, 

repUS43 
ant(6)-Ia, aph(3')-III, lsa(A), 

erm(B), tet(M) 
1031 Wound E. faecalis 98,8 E. faecalis ST62 rep9b lsa(A) 
1034 Wound E. faecalis 98,77 E. faecalis ST62 rep9b lsa(A) 
1108 Urine E. faecalis 98,78 E. faecalis ST283 rep8b lsa(A), tet(M) 
1109 Urine E. faecalis 98,7 E. faecalis ST209 rep9b lsa(A) 
1114 Urine E. faecalis 98,7 E. faecalis ST35 repUS43 lsa(A), tet(M) 
1129 Urine E. faecalis 98,87 E. faecalis ST16 repUS43 ant(6)-Ia, lsa(A), erm(B), tet(M), 

dfrG 
1130 Urine E. faecalis 98,83 E. faecalis ST21 No Plasmid lsa(A) 
1131 Urine E. faecalis 98,88 E. faecalis ST16 repUS43, 

rep9a, rep9c, 
rep6 

erm(B), lsa(A), tet(M), dfrG 

1132 Urine E. faecalis 98,84 E. faecalis ST21 rep6 lsa(A) 
1133 Blood E. faecalis 98,66 E. faecalis ST44 No Plasmid lsa(A), tet(M) 
1143 Blood E. faecalis 98,84 E. faecalis ST21 rep6 lsa(A) 
1152 Urine E. faecalis 98,66 E. faecalis ST44 No Plasmid lsa(A), tet(M) 
1212 Urine E. faecalis 98,93 E. faecalis ST268 repUS43 lsa(A), tet(M) 
1239 Urine E. faecalis 98,85 E. faecalis ST30 repUS43, rep9a lsa(A), tet(M) 
1241 Urine E. faecalis 98,71 E. faecalis ST6 repUS43, rep9a aac(6')-aph(2''), lsa(A), erm(B), 

tet(M) 
1242 Urine E. faecalis 98,69 E. faecalis ST64 rep9b, rep9c, 

repUS43 
lsa(A), erm(B), tet(M) 

1262 Urine E. faecalis 98,91 E. faecalis ST16 repUS43, rep8b str, aph(3')-III, aac(6')-aph(2''), 
lsa(A), lsa(E), lnu(B), erm(B), cat, 

tet(M) 
1270 Urine E. faecalis 98,92 E. faecalis ST6 rep9a, rep9b, 

repUS43 
ant(6)-Ia, aph(3')-III, aac(6')-
aph(2''), lsa(A), erm(B), tet(M) 

1271 Blood E. faecalis 98,92 E. faecalis ST6 rep9a, rep9b, 
repUS43 

ant(6)-Ia, aph(3')-III, aac(6')-
aph(2''), lsa(A), erm(B), tet(M) 

1274 Urine E. faecalis 98,9 E. faecalis ST16 repUS43 str, lsa(A), erm(B), cat, tet(M) 
1277 Urine E. faecalis 98,8 E. faecalis ST19 rep9a lsa(A) 
1335 Blood E. faecalis 98,78 E. faecalis ST30 rep6, rep8b, 

rep7a, 
repUS12, rep2, 

repUS11 

lsa(A), erm(B), cat(pC221), 
tet(M) 

1341 Urine E. faecalis 98,78 E. faecalis ST30 rep8b, rep7a, 
rep2, repUS11, 
repUS12, rep6 

lsa(A), erm(B), cat(pC221), 
tet(M) 

1354 Urine E. faecalis 98,67 E. faecalis ST56 rep9a lsa(A), tet(S) 
1356 Urine E. faecalis 64,03 C. pseudodi-

ptheriticum 
NA NA NA 

1417 Urine E. faecalis 98,66 E. faecalis ST44 No Plasmid lsa(A), tet(M) 
1421 Blood E. faecalis 98,66 E. faecalis ST44 No Plasmid lsa(A), tet(M) 
1441 Blood E. faecalis 98,65 E. faecalis ND repUS43, rep6 lsa(A), tet(M) 
1452 Urine E. faecalis 98,65 E. faecalis ND rep6, repUS43 lsa(A), tet(M) 
1470 Urine E. faecalis 98,75 E. faecalis ST56 rep9a lsa(A), tet(S) 
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1476 Urine E. faecalis 98,71 E. faecalis ST30 rep2, rep6 ant(6)-Ia, aph(3')-III, lsa(A), 
tet(M) 

1477 Urine E. faecalis 98,72 E. faecalis ST30 rep2, rep6, 
rep9b 

ant(6)-Ia, aph(3')-III, lsa(A), 
tet(M) 

1507 Urine E. faecalis 98,88 E. faecalis ST40 repUS43, rep9a lsa(A), tet(M) 
1542 Urine E. faecalis 98,99 E. faecalis ST16 repUS43, rep9a lsa(A), tet(M) 
1574 Urine E. faecalis 98,92 E. faecalis ST16 No Plasmid lsa(A) 
1575 Urine E. faecalis 98,84 E. faecalis STND No Plasmid lsa(A) 
1594 Urine E. faecalis 98,85 E. faecalis ST30 rep9a lsa(A), tet(M) 
1641 Urine E. faecalis 99,07 E. faecalis ST843 No Plasmid lsa(A) 
1642 Urine E. faecalis 98,45 E. faecalis ST466 No Plasmid lsa(A) 
1649 Urine E. faecalis 98,67 E. faecalis ST64 repUS43 lsa(A), tet(M), dfrG 
1690 Urine E. faecalis 98,91 E. faecalis ST6 rep9a, rep9b, 

repUS43 
aac(6')-aph(2''), lsa(A), tet(M) 

1694 Urine E. faecalis 98,85 E. faecalis ST16 repUS43 str, lsa(A), cat, tet(M), dfrG 
1697 Urine E. faecalis 98,71 E. faecalis ST19 rep9b, repUS43 lsa(A), tet(M) 
1720 Blood E. faecalis 99,02 E. faecalis ST79 rep9b lsa(A), tet(S) 
1741 Urine E. faecalis 98,93 E. faecalis ST16 No Plasmid lsa(A) 
1746 Urine E. faecalis 98,71 E. faecalis ST6 rep9c aac(6')-aph(2''), lsa(A), erm(B), 

tet(M) 
1762 Urine E. faecium 98,34 E. faecium ST1194 repUS43, rep1, 

repUS43 
aac(6')-Ii, aph(3')-III, msr(C), 
erm(B), lsa(E), lnu(B), tet(M) 

1783 Urine E. faecalis 98,81 E. faecalis ST6 rep9a, rep9b, 
repUS43 

aac(6')-aph(2''), lsa(A), erm(B), 
tet(M) 

1784 Urine E. faecalis 98,68 E. faecalis ST64 repUS11, 
rep9a, repUS43 

lsa(A), tet(M), dfrG 

1785 Urine E. faecalis 98,67 E. faecalis ST30 No Plasmid lsa(A) 
1792 Urine E. faecalis 98,91 E. faecalis ST6 repUS43, 

rep9a, rep9b 
aac(6')-aph(2''), lsa(A), erm(B), 

tet(M) 
1805 Urine E. faecalis 98,83 E. faecalis ND rep9a lsa(A) 
1811 Urine E. faecalis 98,78 E. faecalis ST30 No Plasmid lsa(A), tet(M) 
1832 Urine E. faecalis 98,76 E. faecalis ST16 repUS43 str, lsa(A), erm(B), cat, tet(M) 
1834 Urine E. faecalis 98,78 E. faecalis ST6 rep9b, 

repUS11, 
repUS43 

lsa(A), tet(M) 

1836 Urine E. faecium 99,12 E. faecium ST203 rep2, rep17, 
repUS15 

aac(6')-Ii, aac(6')-aph(2''), 
aph(3')-III, ant(6)-Ia, msr(C), 

erm(B), erm(B), erm(B), tet(M) 
1849 Urine E. faecalis 98,78 E. faecalis ST285 rep2, rep7a, 

repUS43, 
repUS12 

lsa(A), erm(B), cat(pC221), 
tet(M), tet(S) 

1850 Urine E. faecalis 98,88 E. faecalis ST6 rep9a, rep9b, 
repUS43 

aac(6')-aph(2''), lsa(A), erm(B), 
tet(M) 

1854 Urine E. faecium 99,12 E. faecium ST192 rep17,repUS15, 
rep2, repUS12 

aac(6')-Ii, ant(6)-Ia, aph(3')-III, 
msr(C), lsa(E), lnu(B), erm(B), 

erm(B), erm(B) 
1855 Urine E. faecalis 98,76 E. faecalis ST9 rep22, rep9c ant(6)-Ia, aph(3')-III, aac(6')-

aph(2''), lsa(A), erm(B), erm(B), 
erm(B), tet(M), tet(L) 

1859 Urine E. faecalis 98,56 E. faecalis ND repUS12, 
rep7a, 

repUS43, 
rep9b, rep2 

aac(6')-aph(2''), ant(6)-Ia, 
aph(3')-III, lsa(A), erm(B), 

cat(pC221), tet(M) 

1863 Urine E. faecalis 98,76 E. faecalis ST9 rep9c aac(6')-aph(2''), lsa(A), erm(B), 
tet(M) 

1903 Urine E. faecalis 98,59 E. faecalis ST59 rep7a, 
repUS12, rep6, 

rep2 

lsa(A), erm(B), cat(pC221) 

1909 Urine E. faecalis 98,83 E. faecalis ST285 rep2, rep7a, 
repUS43, 
repUS12 

lsa(A), erm(B), cat(pC221), 
tet(M), tet(S) 

1932 Wound E. faecalis 98,8 E. faecalis ST41 repUS43, rep6, 
rep9a, rep2 

lsa(A), tet(M), dfrD 

1937 Urine E. faecalis 98,91 E. faecalis ST6 repUS43, rep9b aac(6')-aph(2''), lsa(A), erm(B), 
tet(M) 

1942 Urine E. faecalis 98,87 E. faecalis ST6 rep9a, rep9b, 
repUS43 

aac(6')-aph(2''), lsa(A), erm(B), 
tet(M) 

2002 Urine E. faecalis 98,69 E. faecalis ST209 rep6 lsa(A) 
2003 Urine E. faecalis 98,64 E. faecalis ST59 No Plasmid lsa(A) 
2011 Urine E. faecalis 98,82 E. faecalis ST30 No Plasmid lsa(A), tet(M) 
2026 Urine E. faecalis 98,68 E. faecalis ST64 rep9a, rep9c, 

rep6, repUS43 
lsa(A), erm(B), tet(M), dfrG 

*Software used: JSpeciesWS v3.9.8, PlasmidFinder v2.1, ResFinder v4.4.3, MLST v2.0.9. NA, Not applicable; STs, sequence types; ARGs, 
antibiotic resistance genes. 


