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Preface 
Safe food and the access to it is key to sustaining life and promoting good health. Unsafe food containing harmful 

microorganisms or chemical substances causes more than 200 diseases, ranging from diarrhoea to cancers that 

particularly affect infants, young children, elderly and immunocompromised individuals. The global burden of 

foodborne disease affects public health, society, and economy, therefore good collaboration between 

governments, producers and consumers is needed to help ensure food safety and stronger food systems. The 

most recent survey conducted by WHO (2015) showed an estimated 600 million ill individuals and 420 000 

yearly deaths associated to unsafe food. The economic impact is mainly due to the lack of safe food in low and 

middle income causing a US$ 110 billion is lost each year in productivity and medical expenses. The main 

challenges to assure food safety remain tied to our food production and supply chain, where factors like 

environmental contamination, consumer preferences, timely detection and surveillance of outbreaks play a 

crucial role.  Recently, DNA-based methodologies for microbial detection and investigation have sparked 

special interest, mainly linked to the development of sequencing technologies. Contrary to the traditional 

culture-dependent methods, DNA-based techniques such as Whole Genome Sequencing (WGS) that targets fast 

and sensitive results at a relative low price and short processing time. Moreover, WGS confers high 

discriminatory power that allows to determine important genomic characteristics linked to food safety like 

taxonomy, pathogenic potential, virulence and antimicrobial resistance and the genetic transfer thereof. The 

understanding of these characteristics is fundamental to design detection and mitigation strategies to apply along 

the entire food-chain following a ‘One Health’ perspective, leading to gain knowledge about the microbiota that 

affect humans, animals, and environment.  

 

The aim of the thesis is to gain insight into the genomics of foodborne microbes for their characterization and 

to create or improve strategies for their detection and mitigation methods. Particularly, this thesis is focused on 

the assessment of the pathogenic potential based on genomic analyses including taxonomy, virulence, antibiotic 

resistance and mobilome studies. The second focus is to profit from the genomic insights to design rapid and 

time-effective detection devices and reliable mitigation methods to tackle foodborne pathogens. In more details 

the following topics will be handled:  

The presence of multi-drug resistant strains in ready-to-eat fermented food represents a risk of public health for 

the spread of AMR determinants in the food chain and in the gut microbiota of consumers. Genomic analyses 

permitted to accurately assess the safety of E. faecium strain UC7251, with respect to its virulence and co-

location of antibiotic and heavy metal resistance genes in mobile elements with conjugation capacity in different 

matrices. This work emphasizes the importance of a surveillance for the presence of AMR bacteria in food and 

to incite the development of innovative strategies for the mitigation of the risk related to antimicrobial resistance 

diffusion in food. 

The accuracy of taxonomic identification drives the subsequent analysis and, for this reason, a suitable method 

to identify species is crucial. The species re-classification of Enterococcus faecium clade B was investigated, 
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using a combined approach of phylogenomics, multilocus sequence typing, average nucleotide identity and 

digital DNA–DNA hybridization. The goal is to show how the genome analysis is more effective and give more 

detailed results concerning the species definition, respect to the analysis of the 16S rRNA sequence. This led to 

the proposal to reclassify all the E. faecium clade B as E. lactis, recognizing the two groups are phylogenetically 

separate, where a specific safety assessment procedure can be designed, before their use in food or as probiotics, 

including the consideration for inclusion in the European QPS list. 

From this taxonomic re-classification, we developed a PCR-based method for rapid detection and differentiation 

of these two species and to discuss main phenotypic and genotypic differences from a clinical perspective. To 

this aim, core-genome alignment base on pangenome analysis was used. Allelic difference between certain core 

genes allowed primer design and species identification through PCR with 100% specificity and no cross-

reactivity. Moreover, clinical E. lactis genomes categorised as a potential risk due to the ability of enhanced 

bacterial translocation. 

Antimicrobial agents that are alternative to antibiotics are one of the main areas of development and 

improvement in the current food chain. Metallic nanoparticles like Platinum nanoparticles (PtNPs), have awaken 

interest due to their potent catalytic activities similar to oxidases and peroxidases granting strong antimicrobial 

effects, have been proposed as potential candidates to overcome the drawbacks of antibiotics like drug 

resistance. The goal is to study the mode of action of PtNPs related to biofilm formation capacity, reactive 

oxygen species (ROS) coping mechanism and quorum sensing using foodborne bacteria. 
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General introduction: Importance of WGS for 
surveillance, detection, and mitigation of 

foodborne bacteria. 
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Importance of genomic surveillance for safety assessment, detection, 

and mitigation of foodborne bacteria. 

1 Current risk assessment and implementation with WGS 

The current food safety systems are facing challenges to improve the key components of the framework 

regarding regulatory schemes, surveillance, coordination mechanisms, emergency response, and food safety 

education and training. The way foods are being produced, delivered, and consumed are changing day-to-day 

and, together with the expanding globalization, ensuring food safety is a shared responsibility among many 

stakeholders. Food monitoring and surveillance systems are crucial for risk assessment and prevention of 

potential foodborne outbreaks and forecast of potential emerging threats. Recently, according to WHO/FAO in 

compliance with Codex Alimentarius, the Microbiological Risk Assessment Guidance for Food describes the 

risk assessment as an integral approach through the estimation of risk, uncertainty analysis and transparency. 

This approach is based on hazard identification and hazard characterization of microbial infectious agents or 

toxins and their adverse effects on human health, where the use of Whole Genome Sequencing (WGS) derived 

data is not adopted as a mandatory tool for outbreak prevention and epidemiological studies (1).  Nevertheless, 

the European Food Safety Authority (EFSA)) developed the EFSA One Health WGS System that interoperates 

with  the ECDC Molecular Typing to base hazard identification on a combination of laboratory-based studies 

and molecular typing methods based on WGS (2, 3). With that in mind, the overall benchmark for the current 

risk assessment framework to ensure microbiological safety in foods is based on a combination of microbial 

typing methods based on traditional molecular techniques that allow the identification of microbial pathogens. 

Yet, with the advancements in sequencing technologies, open sharing of genomic data and open source 

bioinformatic software tools are revolutionizing food safety science (4).  Genomics and bioinformatics have 

been crucial in developing the standard molecular typing methodologies used for laboratory-based detection and 

investigation of foodborne disease outbreaks, the most used being Pulse-Field Gel Electrophoresis (PFGE), 

Multi-Locus Sequence Typing (MLST), and Multi-Locus Variable-Number of Tandem Repeats Analysis 

(MLVA) (5). However, these tests require limited bioinformatics and genomics compared to the potential 

contribution that this resource could provide. Together with the rapid development of different next-generation 

sequencing (NGS) and high-throughput technologies, WGS might soon replace routine molecular approaches 

for routine typing of microbial genomes. Cost-, labour- and time-effectiveness and high sensitivity and 

resolution are the strongest improvements to traditional techniques (6). Given that foodborne diseases represent 

a burden to public health linked especially to high medical costs and economic losses due to food recalls, the 

rapid identification of foodborne microbes and pathogenicity traits is crucial. Implementation of WGS has the 

potential to improve different aspects linked to foodborne bacteria, such as the management of infectious 

diseases, the prompt intervention during food outbreaks, the support of risk assessment, and the re-organization 

of taxonomy. Whitin this scope, the identification and characterization the pathogenicity potential of foodborne 
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microbes include the assessment of genes that contribute to virulence and antimicrobial resistance (AMR). In 

that respect, WGS is expected to improve the surveillance of emerging AMR and virulence factors (VF) by 

providing a greater understanding of the transmission of these specialty genes throughout the food chain, and 

therefore lead to a transformation of risk assessment in the food industry (7). The purpose of the application of 

WGS expands to the investigation of microorganisms and by-products thereof, intentionally added to food and 

feed as additives to support the risk assessment of these regulated products. Certainly, genome data can be 

exploited to study taxonomy and evolution relationships and presence of genes of concern carried by some 

strains usually applied in the food production (8).  

2 Genomic data to support food safety assessment 

2.1. Taxonomy and epidemiology 

WGS is useful not only in the characterization of pathogens, but also for the identification of taxonomic 

relationships that could help to recognize the origin and cause at the beginning of an outbreak. At any point in 

time, a snapshot of pathogen DNA gathered from infected individuals can be analyzed to reconstruct the history 

of those transmission events. This evolutionary history and genome relatedness to other pathogens can provide 

information about the origin of disease outbreaks, including whether new strains are entering the population, 

and can help construct the epidemiology network (Table 1) (9). 

The relationship between strains isolated in different steps of the food chain and from patients can be assessed 

with the investigation of Single Nucleotide Polymorphisms (SNPs) and allele-based approaches. A small 

number of different nucleotides detected in different isolates support the hypothesis that the analyzed genomes 

originate from the same strain. This means that a food product can be linked to a human infection. The genetic 

diversity should also consider the mutation rate, which characterizes different species; therefore, the exact 

number of SNPs to correlate different isolates should be determined case by case, in a species-based manner 

(10). Allele-based approaches, such as MLST and MLVA, where orthologs are identified using an automated 

approach against a curated database of possible alleles is used to confer a sequence type assigned to the isolate 

that can be used for downstream phylogenetic analyses (11).  

Furthermore, taxonomy analyses based on 16S rRNA gene has been applied as the gold standard for sequence-

based bacterial analysis for decades. However, it has been demonstrated several times that the targeting of this 

gene does not hold the high enough resolution capacity for species assignment (12). As WGS has become more 

widely accessible, tools such Average Nucleotide Identity (ANI) and Digital DNA-DNA Hybridization (dDDH) 

and pangenome analysis, provide the ultimate classification methods for microbial taxonomy, necessary to 

establish a valid Overall Genome Related Index (OGRI) (13). OGRI defines threshold values for 16S rRNA 

gene sequence similarity (98.65%), ANI (96%) and DDH (70%), which provide accurate results for species 

delineation. For example, using the OGRI approach,  Enterococcus faecium clade B was demonstrated to belong 

to the Enterococcus lactis (14). Also, the reclassification and new genera and species delineation of the 

Lactobacillaceae family was performed using this approach (15). The implementation of these powerful tools 
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is wide applicable to all type of bacteria and has definitive implication on the evolution of the taxonomical 

assignment. 

2.2. Antimicrobial resistance genes, virulence and mobile genetic elements 

Together with taxonomical and epidemiological data, surveillance system of outbreaks involves the 

determination of genomic characteristics including traits like AMR profile, VFs and mobile genetic elements 

(MGE) (Table 1). Today, WGS has already become a crucial part for the safety assessment as recommended by 

European Food Safety Authority (EFSA) and the World Health Organization (WHO) encompassing the  One 

Health approach to integrate human health, animal health and the environment (16). The use of WGS can refine 

the description of AMR genes, VF markers and MGE to unify the hazard identification and evaluate potential 

risks. Regarding genetic markers related to virulence, such as those conferring the capacity of attachment, 

adhesion, invasion or replication, genomic data facilitate their recognition and assessment. Several VF 

prediction tools have been developed, a few examples are VirulenceFinder (17), SPIFinder  and VFDB (18). 

However, genes providing higher pathogenicity or are not always previously known. Whole Genome 

Association Studies (WGAS) is a useful tool that facilitates the identification genetic risk factors like genes, k-

mers, mutations or SNPs associated with increased pathogenicity or virulence (19). Furthermore, as for AMR, 

the limit of resolution of phenotypic techniques is overcome by exhaustive list of AMR genes that can be 

predicted from molecular data, including the potential for occurrence of multidrug resistance (MDR) not only 

in pathogens but also foodborne bacteria such as probiotics (20). Bioinformaticians have developed multiple 

tools, mainly prediction tools, to detect the presence of AMR genes (acquired or spontaneous mutation) against 

a known reference database or with a gene annotation approach. Some of these tools are can be found on the 

Center for Genomic Epidemiology (CGE) like ResFinder (21), Comprehensive Antibiotic Resistance Database 

(CARD)(22), BLAST (Basic Local Alignment Search Tool) (23), ABRicate , Search Engine for Antimicrobial 

Resistance (SEAR) (24), ARG-ANNOT and Antimicrobial Resistance Identification By Assembly (ARIBA). 

Moreover, AMR can occur through various mechanisms, including mutations of chromosomal genes and the 

acquisition of antibiotic resistance genes from other strains in a process termed horizontal gene transfer (HGT). 

HGT  of AMR genes between bacteria can occur via three main mechanisms, namely transformation (uptake of 

naked DNA), transduction (transfer by bacteriophages) and conjugation (transfer by plasmids and other MGE) 

(25, 26). Conjugation, in particular, seems to play an important role in the transmission and spread of foodborne 

AMR of public health importance, and it can occur within the gastrointestinal tract of animals and humans (27). 

Though WGS-derived genomic data is not able to provide information about the frequency of these events like 

in vivo or in vitro tests, it can be used to whether a plasmid has the molecular machinery for conjugation to 

occur and therefore predict the mobility profile of a plasmid (28). As an example, various studies investigated 

the occurrence of MDR  strains in different foods using WGS, the most alarming being ready-to-eat foods such 

as, dairy and fermented meats (29–31). Particularly, the case of fermented sausage E. faecium isolate strain 

UC7251, where WGS and downstream analyses elucidated multiple antibiotic and heavy metal resistance 

cassettes on one mobilizable plasmid and a chromosomal transposon Tn916, giving insights into the AMR 
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dissemination in the swine production and consumption chain  (31). Several other studies have been conducted 

using WGS as tool for AMR and virulence factors distribution, one of the mnay examples of WGS-based 

surveillance of AMR determinants include seven E. coli  STEC strains found in raw milk cheese containing 

other AMR and virulence factors hazardous for human health (32), and the epidemiological reconstruction of  

Salmonella  zoonosis with multiple serotypes, where the prevalence of AMR genes, plasmid replicons and 

virulence genes that were identical in different species highlighted exchange of serovars across different hosts 

(33). 

2.3. Quorum Sensing and Biofilm Formation and Stress-response systems 

Quorum Sensing (QS) is a communication mechanism among bacteria that enables the control of processes such 

as biofilm formation, virulence factor expression and stress adaptation mechanisms. The recent advances of high 

throughput sequencing and the increasing amount of genomic data have enabled to uncover the hidden secrets 

of microbial dynamics to survive and disseminate throughout the environment compromising so the One Health 

continuum (34). However, regarding QS further analyses must be performed in order to profit from the deep 

insights the genome sequence can provide in order to better understand this mechanism in different species.  

One example is the study of QS mechanisms of  Pseudomonas aeruginosa  PAO1 through WGS analysis, where 

it was revealed that QS in P. aeruginosa is  also regulated by  transcriptional regulator mexT other than the 

normal Rhl system (35). Also, through similar genomic scrutiny it was revealed that low virulence 

Staphylococcus aureus develop mutations in quorum sensing system agr, highly involved in the control of 

virulence factors and biofilm formation (36). Moreover, concerning the latter, biofilms endure exogenous 

stressors through the production of EPS (Extracellular Polymeric Substance) enhancing adherence and 

anchorage of bacteria. 

Two studies studied the biofilm formation capacity of Listeria monocytogenes and the corresponding 

distribution and composition of genetic operons coding for them. WGS revealed that the presence of genetic 

markers inL, SSi and ermC are strictly related to source of isolation, further help in the characterization of clonal 

complexes and so, epidemiology (37, 38). 

WGS also unveiled that the enterococcal surface protein gene esp in E. faecalis and E. faecium, highly involved 

in biofilm production and surface attachment, in in fact inside a pathogenicity island (PAI).ecalis.. In 

Interestingly, genome derived data showed that in E. faecium, only isolates from clinical infections contain the 

PAI with esp, whereas in E. faecalis commensal (human, animal) and environmental strains may also contain it 

(39, 40).  Indeed, apart from the quorum sensing machinery, bacteria are exposed to changing and challenging 

environmental conditions that are perceived as stresses, to which they need to adapt to ensure their survival. 

Pathogens in particular, have evolved intricate systems known as stress involving several molecular pathways 

at the levels of transcription, translation, and stability of transcripts and of proteins. A better understanding of 

these stress response mechanisms may be useful for developing new strategies to fight bacteria that, in some 

cases, represent an important life threat. A study by Liu and colleagues used NGS data to investigate the 

oxidative stress response of Salmonella ser. Enteritidis. Their findings suggested that there is a relation between 
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virulence and oxidative stress, as oxidatively stressed S. Enteritidis cells simultaneously repressed key motility 

encoding genes and induced a wide range of adhesin- and salmonellae-essential virulence-encoding genes, that 

are critical for the biofilm formation and intracellular survival (41).
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Table 1. Schematic summary on the advantages and disadvantages of genomic surveillance of foodborne pathogens 

 Taxonomy and Epidemiology AMR, VF and MGEs Detection and Mitigation 

Advantages - Local and global transmission reconstructed by 
WGS have shown that different clones have 
emerged following multiple independent events 
worldwide and have elucidated the role of this 
zoonotic pathogens in the spread of AMR.  

- WGS-derived dDDH, ANI and in silico 16S 
rRNA of a large set of available genomes 
facilitated the differentiation between clades and 
species. 

- Traditional serotyping using PCR is error prone, 
WGS has facilitated the identification of 
serotypes giving a more complete outlook of 
outbreak and non-outbreak isolates. 

- Nation-level systematic comparison of MLVA, 
core genome SNP (cgSNP), and core genome 
MLST (cgMLST) indicated that a combination of 
WGS and MLVA is a realistic approach to 
improve pathogen surveillance. 

 
- Discovery of further putative virulence factors 

contributing to virulence other than genes 
defined by EFSA, derived from homology 
search in a large set of genomes. 

- Hybrid sequencing allows to predict 
transposon, bacteriophages and plasmids 
harbouring AMR genes with potential transfer 
capacities through conjugation and transduction 
in food and environmental models. 

- WGS can provide comprehensive resistance 
genotypes and is capable of accurately 
predicting resistance phenotypes, making it a 
valuable tool for surveillance.  
 

 
- Genomic scrutiny allows for the detection of 

specialty genes that can be potentially used to design 
DNA specific probes for bacterial detection in 
different matrices. 

- Information gained from surveillance can then 
inform policy and risk mitigation strategies to 
combat increasing AMR and protect antimicrobials 
important to human health.  

- The rapid transformation from molecular 
epidemiology to genomics of infectious diseases is 
ushering in a new era of "precision public health" by 
uncovering the detailed dynamics of infection 
transmission and antimicrobial resistance to enable 
more effective and better targeted control 
interventions. 

Disadvantages - A key factor in the management of global 
outbreaks is the early and successful coordination 
of hospital practices and government agencies 
around the world.  

- Global outbreak management can succeed only if 
WGS data can be acquired, stored, and, most 
importantly, shared consistently in a variety of 
clinical settings. 

- The price and application range of most 
commercial software for bioinformatic analysis 
should harmonize affordability and user-
friendliness. 

 

- At the present time, WGS-based analyses 
cannot yield an inferred MIC or zone diameter. 
Hence the potential utility of WGS-based 
approaches must be considered at the level of 
detecting gene presence or absence.  

- WGS does not directly provide information on 
levels of gene expression. Although other 
technologies can do so, e.g. RNA sequencing, it 
seems unlikely that these will find a place in the 
clinical laboratory before WGS. 

 

- To fully utilize the potential of WGS, open access 
databases need to be implemented for sharing the 
WGS data, while safeguarding legitimate data 
protection and ownership. 

- Further development, critical evaluation and 
harmonized application of WGS-based typing 
solutions for detection and mitigation of pathogens 
can only be delivered through engaging intersectoral 
and international collaborations.  

- Standardization of WGS outbreak analyses is key to 
ensure a precise level of flexibility to be tailored to 
the needs of specific situations and health care 
practices with various resources and capabilities. 
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3 WGS-based surveillance and mitigation of foodborne pathogens 

Contamination in food and food producing environment led to a decreased in productivity and an increased health 

risk. Bacterial contamination frequently occurs as biofilms on foods or food contact materials. Biofilms allow 

bacteria to be more resistant to stress enhancers like sanitizers and antimicrobials. Sessile communities of bacteria 

have shown increased transmission of antimicrobial resistance, often associated with multi-drug resistance (MDR), 

and so have been recognized as a major AMR reservoir and transmission source. The development of innovative 

tools is urgently needed as often traditional detection and mitigation techniques are not as sensitive and effective 

to prevent bacterial growth. The use of WGS expands beyond hazard identification (AMR, VF, MGE) for outbreak 

prevention but reaches a further dimension where genomic information can be exploited to develop innovative 

techniques detection and mitigation of foodborne pathogens.  A few characteristics that these methodologies can 

provide are rapid, on-site and sensitive tests that are also user-friendly and can be used along the entire food chain 

or so called Point-Of-Need (PON) approach (42). The genomic data provided by WGS can be used principally to 

design probes that are specific for determining hazards from a species level to very genomic features contributing 

to pathogenicity.  Emerging methods commonly incorporate nucleic acids amplification, immunosensors, 

metabolic assays and nanomaterials. Such hybrid techniques aim to reduce the complexity of food screening 

processes and increase feasibility for in situ detection. 

 

Figure 1. Surveillance and control pipeline of foodborne pathogens based on WGS-derived data.  
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3.1. Detection and biosensing   

Amplification of DNA is essential for the detection of target food pathogen.  These probes are generally amplified 

via polymerase chain reaction (PCR), the most commonly used nucleic acid amplification method for detecting 

pathogenic microorganisms. Since its discovery many different advances on the original PCR protocol have been 

describe and the viability of PCR tests for rapid detection of foodborne pathogens has been extensively explored 

(43). This method can detect a single copy of a target DNA sequence with respect to single pathogen in food. It is 

permissible because it amplifies the target organism sequence rather than the signal and by producing less false 

positives. So, PCR has become a very widely used detection method for the food-borne pathogens using nucleic 

acid as a target. Additionally, Real time PCR or quantitative PCR (qPCR) and Loop-mediated isothermal 

amplification (LAMP), have been successfully applied for diagnostics as well (43). qPCR is used to quantify DNA 

and cDNA, determining gene or transcript numbers present within a sample. Among its advantages there is a quick 

turn-around time, high sensitivity, and user-friendly technology . Furthermore, the LAMP method does not require 

a cyclic process with a specific temperature profile, but amplifies DNA with greater specificity, efficiency, and 

rapidity by maintaining a uniform temperature for an elongated period. Many amplification techniques should 

combine simple design, cost efficiency, and user-friendliness for development of Point-Of-Care Testing (POCT), 

which is one of the big challenges yet to achieve (44).   

Current biosensor research is directed towards integration of Nucleic Acid Testing into microfluidic devices to 

further increase the biosensing capacity and develop diagnostic tools that can meet affordable, sensitive, specific, 

user-friendly, Rrpid and robust, equipment-free and deliverable (ASSURED) criteria recommended by the World 

Health Organization (WHO) (45). Use of nucleic acids for detection of pathogens involves the extraction of the 

dNA/RNA from the food matrix, an amplification stepas the complete test is minimized to several hours. In 

general, the procedure for rapid detection of DNA/RNA from pathogenic bacterial comprises five steps: pre-

concentration, extraction, detection, signal transduction into a measurable signal and data analysis (46).  

Furthermore, nanoscale agents, such as nanomaterials have awakened the interest in the field of biosensing and 

have presented great potential for pathogen detection. Nanomaterials are material units that are less than 100 nm 

in size, and biomarkers are biological molecules taken from an organism that can be reproduced for testing and 

analysis. Nanomaterials that have been utilized with biomarkers to detect foodborne and waterborne pathogens 

include quantum dots, gold, silver, magnetic materials, metal oxides, and carbon-based materials (47). Recent 

developments in nanotechnology have allowed for more rapid, accurate, and cost-effective biosensors for pathogen 

monitoring. Advances in the manipulation of these nanomaterials permit binding of different biomolecules such 

as bacteria, toxins, proteins, and nucleic acids. The nanosensors are operated at a scale similar to the biological 

processes to increase the specificity of biological response.  The key challenge for developing effective biosensors 
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is their specificity, sensitivity and detection time to assess the presence of food-borne pathogens in normal and 

toxin-supplemented samples (48). Metallic nanoparticles such as gold and silver have been used in signal 

amplification of numerous bio-diagnostic devices. Gold nanoparticles (AuNPs) in particular have been used in a 

variable optical and electrical assay. The redox activity is an interesting characteristic of gold NPs, which enhances 

the sensitivity of electrochemical biosensors in the analysis of foodborne pathogens (48). In general, the use of 

gold NPs onto electrochemical biosensors in conjugation with ssDNA complementary to the microbial DNA under 

evaluation improves their binding with DNA-gold NPs on the transducer surface and enhances the sensitivity of 

the developed biosensor. 

3.2. Mitigation and prevention 

Information gathered from surveillance can contribute to the development of risk mitigation strategies to combat 

increasing widespread of harmful bacteria and their implications like AMR dissemination. Starting from the food 

processing steps, controlling the growth of microorganisms and limiting the transmission/expression of hazards 

by applying Good Agricultural Practices (GAP), and later in the food industry in the way of production, storage, 

processing, and distribution of foods of animal origin (49). Additionally, prudent antimicrobial use in animal 

husbandries and control procedures targeting all foods of animal origin throughout the processing are the main 

effective intervention strategies to prevent the transmission of resistant bacteria from foods to humans and vice 

versa. Moreover, the transmission of AMR can be tackled during production and between food industry workers 

carrying the resistant strains so that person-to-person spread of these pathogens in animal food sector can be 

reduced. So, efforts to prevent such a challenge should also be built on application of effective food safety 

management, including Good Manufacturing Practices (GMP) and Good Hygienic Practices (GHP) (50). 

Moreover, it is clear that AMR bacteria have outpaced any diagnosis or surveillance procedures, leaving behind 

untreatable infections in humans and animals, but, data generated from WGS, for example population structure 

genomics, may warn us from repeating patterns and emerging risks (51). The use of bioprotective cultures like 

lactic acid bacteria (LAB) is also proposed as a sustainable alternative to antimicrobials like antibiotics. The 

principal effect of LAB derives mainly from a decrease of pH values in foods as well as the antibacterial activity 

of organic acids or peptides (bacteriocins) and bacteriocin-like inhibitory substances (BLISs). However, special 

attention should be taken to minimize the potential role of LAB as a source of transferable AMR genes throughout 

the food chain. WGS plays a pivotal role in performing a complete risk assessment supported by a thorough study 

of their biochemical and genetic characteristics to determine the presence of AMR genes and their potential to 

transfer them to other bacteria. The strategies designed to combat this growing threat of MDR pathogens, face a 

particular challenge as there is a rapid dissemination of resistance genes between bacteria (52, 53). Other than 

natural occurring antimicrobial peptides, WGS has opened the door for the in silico design of novel antimicrobial 

peptide sequences from biosynthetic gene clusters using genome mining tools (54).  With the use of machine-

learning technologies and WGS, many databases with publicly available AMP sequences are being used to gather 
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data, extract potential peptide sequences and to predict their performance with Train-Test and K-fold cross-

validation (55). Similar to detection strategies, WGS can aid in the design and development of mitigation 

techniques, or a combination of them, to tackle specific genetic traits or metabolic pathways. Novel technologies 

like nanoscale tools, can be combined with pathogen-specific DNA probes in combination with, for example, 

metallic or metal-oxide nanoparticles. A few of the mechanisms of include cell structure disruption, disintegration 

of cell membrane, protein dysfunction, generation of reactive oxygen species, impairing nutrient assimilation and 

others (56–58). Other than their intrinsic properties, nanoscale tools can be exploited as nanocarriers for 

antimicrobials. Efficient delivery of drugs at the right dosage has been demonstrated. Some examples are lipid-

based, metallic-based and polymeric nanocarriers. However, recent research has shown that nucleic acid 

nanocarriers have improved physicochemical properties and antibacterial effect and possess excellent 

biocompatibility, biodegradability and targeting properties. For instance, they have shown promising results 

against bacterial biofilms, have excellent antimicrobial activities and reduce the effect of bacterial toxins (59). 

4 Current Challenges of WGS 

While this powerful tool brings many benefits for the scope of safety assessment, there are many different aspects 

that need to be improved for it to be applied routinely and become a gold standard. Some of these factors concern 

the standardization of wet lab protocols and bioinformatics pipelines, the ability to manage a large amount of data, 

the interpretation results and, the way of data sharing compliant with regulations (4). The effectiveness of the 

current standard techniques in microbiology and molecular biology is reduced by the extensive hands-on time 

protocols and associated to high costs. The workflow to obtain a genome sequence includes a part of wet lab (DNA 

extraction, library preparation and sequencing procedure) and a bioinformatic part, in which all the raw data are 

managed to check the quality (coverage and contaminations). Quality control procedures are required for all 

components of the WGS process including sample DNA quality and quantity, sequence quality scores including 

depth of sequence coverage, read length and sequence quality (60). As with other WGS components, the 

bioinformatics analysis process, once optimized, needs to be version controlled and any subsequent alterations 

will require some form of revalidation. With bioinformatic tools accessible to everyone, the challenge remains in 

data interpretation and quality of the analysis.  Given that the data and results management should be handled by 

trained microbiologist, which rarely are trained as bioinformaticians, makes it a challenge. The use of command-

based tools imposes a gap between non-connoisseurs and specialists, making the harmonization even harder to 

reach. Therefore, many web-based bioinformatic tools have been developed to obtain relevant information from 

genome analysis, both for expert and amateurs, with or without the availability of computational resources (61).  

Useful platforms have been developed for comprehensive genome analysis, from assembly to functional 

annotation of coding sequences, infer taxonomy and other functional integral analyses. A few examples of these 



Chapter 1 

12 

 

platforms are Galaxy (https://usegalaxy.org/)  PATRIC/RAST (62) and  Center of Genomic Epidemiology 

(http://genomicepidemiology.org/services/).  

On Another note, the type of sequencing technology can also affect tremendously the quality and resolution of 

genomic data. NGS was firstly introduced with low throughput DNA fragment sequencing and has evolved to high 

throughput next generation and third generation sequencing techniques. Short-read sequencing is highly accurate 

and produces read lengths of 100-300 bp, which are then assembled into incomplete or draft genomes, this provides 

high read accuracy and low sequencing costs. The limitations of short-read sequencing is the lack of contiguity 

giving an incomplete image of the genome (63). On the other hand, single molecule sequencing technologies such 

as Pacific Biosciences (PacBio) and Oxford Nanopore Technologies generate long reads, which can resolve the 

majority of repeat elements in bacterial genomes and improve the contiguity of assemblies. However, long reads 

generated by these platforms could have high error rates, resulting in the introduction of single base substitutions 

and small indels into the final assembly. Alternatively, hybrid assembly using both short reads and long reads 

generated by single molecule sequencing technologies can facilitate assembly of complete bacterial genomes, but 

the high per-genome cost of long-read sequencing restricts the extensive use of this approach in bacterial genomics 

(64).  

Another point of discussion concerns the management of the big amount of data generated from sequencing. The 

aim to use in a routinary way a pipeline for the genome analysis can be achieved only in the case that the data 

would be submitted in a standardized fashion. Some public repositories (e.g. SRA and ENA) make raw data 

available for everyone, with the risk of including low data quality. The harmonization should involve not only the 

management of data storage, but also the entire procedure of sequencing and the pipeline workflow; moreover, 

pipelines should be suitable for a precise application, including a well standardized protocol(65). The 

standardization also should involve the management of common, non-proprietary file formats and data storage and 

therefore the development and adoption of guidelines and standards for data collection, annotation, archiving, and 

reuse in an environment that supports user feedback and issue tracking.  

With the current food safety assessment scheme, it remains unclear to which extent WGS data can be peacefully 

integrated into quantitative risk assessment models and how this incorporation could impact detection and 

mitigation measures. Gene prediction and annotation belonging to the hazard identification rely mostly on 

databases of known pathogenicity-related genomic features. Additionally, the study of the structure of a bacterial 

population and epidemiology studies is based on a reference database of isolates specific to a given point in time. 

In brief, the support information conferred by WGS deeply depends on the reference databases that are used to 

generate them (66). In this scenario, the success of outbreak investigations will also  depend on how timely and 

accurate WGS data can be created and analyzed (67). Machine learning -based algorithms could further speed-up 

such investigations, especially as the number of complete microbial genomes in NCBI 
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(http://www.ncbi.nlm.nih.gov) is rapidly growing.  Such algorithms could potentially increase the accuracy and 

speed of clinically and epidemiologically relevant predictions. Yet, to yield accurate predictions, these algorithms 

require large amounts of high-quality data and current microbial genome databases are mostly biased toward 

cultivable pathogenic bacteria. Future improvements are needed principally to achieve better data curation and 

collection such as comprehensive and standardized metadata collection from phenotypic profiling using traditional 

microbiology methods for isolate characterization together with high quality WGS data (60). 
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1 Abstract 

The presence of multi-drug resistant (MDR) bacteria in ready-to-eat foods comprises a threat for the public health 

due to their ability to acquire and transfer antibiotic-resistant determinants that could settle in the microbiome of 

the human digestive tract. In this study, Enterococcus faecium UC7251 isolated from a fermented dry sausage was 

characterized phenotypically and genotypically to hold resistance to multiple antibiotics including 

aminoglycosides, macrolides, β-lactams and tetracyclines. We furtherly investigated this strain following a hybrid 

sequencing and assembly approach (short and long reads) and determined the presence of various mobile genetic 

elements (MGE) responsible of horizontal gene transfer (HGT). On the chromosome of UC7251, we found one 

Integrative Conjugative Element (ICE) and a conjugative transposon Tn916 carrying tetracycline resistance. 

UC7251 carries two plasmids, one small plasmid harboring a rolling circle replication and one MDR megaplasmid. 

The latter was identified as mobilizable and containing a putative integrative conjugative element-like region, 

prophage sequences, insertion sequences, heavy-metal resistance genes and several antimicrobial resistance 

(AMR) genes confirming the phenotypic resistance characteristics. The transmissibility potential of AMR markers 

was observed through mating experiments where Tn916-carried tetracycline resistance was transferred at intra- 

and inter-species level. This work highlights the significance of constant monitoring of products of animal origin, 

especially RTE foodstuffs, to stimulate the development of novel strategies in the race for constraining the spread 

of antibiotic resistance. 

2 Introduction 

Enterococcus faecium is an ubiquitous species found in a large number of foods, mainly fermented products of 

animal origin like cheeses and fermented sausages (1). Some strains of this species have been also recognized as 

probiotics conferring benefits to their hosts (2). Nevertheless, in the past three decades, E. faecium emerged as an 

important nosocomial multi-drug resistant (MDR) pathogen responsible for hospital-acquired infections (3). The 

duality of this species has led the European Food Safety Authority (EFSA) to state a safety assessment scheme 

based on the absence of genetic markers generally present in the hospital-associated (HA) biotypes for those E. 

faecium strains that are intentionally introduced into the food chain (4). Although E. faecium is extensively used 

as a probiotic and as part of the fermentation processes, it does not actually hold the Qualified Presumption of 

Safety (QPS) status due to its potential pathogenicity (5). 

Previous studies indicated that the population structure of E. faecium is divided into three distinct clades. Clade 

A1 bearing clinical isolates, clade A2 mainly represented by strains from animal and human commensals that 

might cause sporadic human infections, both carrying determinants for virulence and antimicrobial resistance 

(AMR). The third, clade B, is characterized by community associated (CA) isolates lacking HA traits (6). Recently, 

clade B isolates were proposed to be reclassified as Enterococcus lactis because of the closer genomic proximity 
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to this new species and lack of HA markers (7). The genetic transmission of HA markers among isolates, for 

instance between farm animals and humans in the agricultural setting, revealed consequently the contamination of 

products of animal origin that affect the entire production and supply chain (8).  The rise of MDR enterococci in 

the food chain represents a major public health concern as they are easily disseminated through the environment 

(9). Livestock animals and the farm environment exemplify an important reservoir of AMR bacteria due to the 

widely use of antibiotics (10), particularly in swine for prophylactic reasons (11). Also, resistance to heavy metals 

is a matter of concern because of possible co-selection of antibiotic resistance. Specifically, resistance towards 

copper is common in swine derived isolates due to the use of copper sulfate as a growth promoter in feed for pigs 

(12). Enterococci harboring MDR genes have been frequently isolated from the swine samples (13) and their 

diffusion arises concerns about the potential transmission to meat-based ready-to eat (RTE) foods, which proposes 

a risk because of the lack of microbial inactivation prior consumption (14). Considering the emergence of MDR 

enterococci and HA isolates, the current criteria for safety assessment is represented by a MIC of ampicillin of ≤ 

2mg/L and lack of IS16/esp/hyl genes, associated with plasticity, adhesion, and carbohydrate metabolism, 

respectively (4). Further information on epidemiology and population structure can be analyzed by applying the 

Multi Locus Sequence Typing (MLST) scheme. Following this, E. faecium can be classified in different sequence 

types (STs), where ST17 was identified as the ancestral clone of HA isolates, forming the Clonal Complex 17 

(CC17) (15). Nonetheless, it is crucial to understand the distribution of other putative virulence markers (PVM), 

involved in colonization and resistance recognized in other studies (3, 16). Horizontal gene transfer (HGT) is one 

the mechanism at the base of AMR and virulence markers dissemination among bacteria that, facilitates their 

survival and adaptation in stressful conditions. HGT of AMR genes between E. faecium and other species has been 

investigated mostly in clinical settings; furthermore, gene exchange in food was also demonstrated (14). 

Additionally, the transfer of resistance towards linezolid (17), oxazolinodone (18), aminoglycosides (19), 

glycopeptides, erythromycin and tetracycline (20) has been demonstrated between food isolated strains. The 

detection of AMR has also reached the retail level with the presence of AMR dissemination in RTE foods such as 

dairy products (21), salads (22), seafood (23) and meat products (24), pork-origin included (25).  

Whole Genome Sequencing (WGS) has facilitated the understanding of the mechanisms that support the 

dissemination of mobile genetic elements (MGEs) in bacteria. The aim of this study is to investigate the genomic 

characteristics of a Vancomycin-susceptible MDR (VSE-MDR) E. faecium strain isolated from ready-to-eat 

fermented sausage and to evaluate the potential transmissibility of AMR markers through MGEs. 

3 Materials and methods 

3.1 Bacterial strain, cultivation, and antibiotic susceptibility testing 
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The strain UC7251 was isolated from a dry fermented Italian salami on Slanetz & Bartley Medium (Oxoid) 

containing 4 µg/ml Ampicillin (Sigma). The strain was sub-cultivated in Brain Heart Infusion (Oxoid) overnight 

at 37°C and species-specific PCR using primers for the ddl gene (Table 1S) was performed to confirm its 

taxonomical classification. Susceptibility to different antibiotics was determined by broth microdilution method 

according to EUCAST (26). The antimicrobial agents used were ampicillin, vancomycin, gentamycin, kanamycin, 

streptomycin, erythromycin, clindamycin, tylosine, tetracycline and chloramphenicol. The antibiotics were 

obtained from Sigma (St. Louis, Missouri, USA). The minimum inhibitory concentrations (MICs) were compared 

to the breakpoints recommended by EUCAST (2003) (http://www.eucast.org/) and EFSA (4).  

3.2 Heavy metal susceptibility testing 

Susceptibility towards Copper (Cu), Zinc (Zn), Cadmium (Cd) and Mercury (Hg) was tested as previously 

described (27, 28). Briefly, overnight cultures were spotted onto Mueller-Hinton agar (Oxoid) supplemented with 

different concentrations (0.05 to 40 mM) of ZnCl2 (Carlo Erba), HgCl2 (Sigma Aldrich) and CdSO4 (Sigma 

Aldrich) resuspended in distilled water, and CuSO4 (Merck Millipore) adjusted to pH 7.2 with 1 M NaOH. After 

24 to 48 h of incubation at 37°C, the plates were visually inspected for bacterial growth on the spots.  

3.3 Conjugal Transfer 

In vitro conjugation experiments were performed as described before (29). UC7251 was used as donor strain and 

29 bacterial strains as recipients (see Table 3S). Briefly, 1 ml of a culture (OD600= 0.8) of donor and recipient 

strains were passed through a 0.45µm filter (MF-Millipore Membrane Filters, Merck). Right after, the filter was 

placed onto a non-selective agar plates favoring the growth of recipient strains and incubated at 37ºC for 24h. 

Conjugation with Bacillus, Enterococcus, Listeria, Pseudomonas, and Staphylococcus as recipient strains, were 

carried out onto BHI (Oxoid), Clostridium on RCM (Oxoid), for lactobacilli, Pedioccoccus and Weisella onto 

MRS (Difco). After the respective incubation period, cells were resuspended from the filter using saline solution 

and were diluted in a 10-fold dilution series and enumerated by spread plating onto appropriate agar media. 

Transconjugant selection was performed using the selective conditions reported in Table 3S. Transconjugant 

colonies were randomly selected and analyzed to check the presence or absence of the antibiotic resistance genes, 

by extracting the DNA with microLYSIS kit (Microzone) and performing PCR with primers for tetracycline and 

erythromycin resistance genes (Table 1S). The passage of potential plasmid-borne antibiotic resistance genes 

coding for aminoglycosides (aad6, aph3-IIIa, aadE, satA, ant(6)-Ia) and lincosamides (IsaE, LnuB) resistance, 

was also tested by PCR using the primers listed on Table 1S.  

3.4 Multilocus sequence typing (MLST) analysis  
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Allelic profiles and sequence types were derived by PubMLST (30). The obtained ST were analysed using 

Phyloviz and the goeBURST algorithm to compute a spanning forest graph to build the relatedness between 

isolates based on Single Locus Variants (SLV) to identify clonal complexes (31). Furthermore, given that the 

resolution of MLST is limited, cgMLST (core genome MLST) was also determined using the cgmlst.org website. 

This method uses an allele numbering system for a scheme of 1423 cgMLST target genes, which confers a higher 

level of discrimination (32). 

3.5 Detection of markers relevant for the assessment of safety and antibiotic resistance 

determinants 

The strain UC7251 was screened for the hospital-associated genetic markers IS16, hylEfm and esp by PCR, using 

primers previously listed in the related section. Strains U0317 and E980 were used respectively as positive and 

negative controls. The presence of the antibiotic resistance determinants coding for the phenotypical resistances 

observed in UC7251 was investigated by PCR using the primers reported in Table 1S.  The complete pbp5 gene 

was amplified, sequenced, and analyzed as described before (33), while the amplification of ermB, tetM, tetL, 

aph3-IIIa ,satA ,ant(6)-Ia and aadE was performed as described elsewhere (34–39). Here, new primers aad6_F 

and aad6_R for aad6 screening, Lnu-B_F and Lnu-B_R for Lnu(B) screening, IsaE_F and lsaE_R for Isa(E) 

screening were designed de novo using Primer3 (40), and run the amplification reaction with the following 

conditions: initial denaturation at 95°C for 2 min; 35 cycles at 94°C for 40 s, 53°C for 45 s, and 72°C for 50 s; and 

extension at 72°C for 5 min. 

3.6 Genome sequencing and database submission 

A hybrid sequencing approach (short and long read) was followed to complete the assembly of UC7251. Genomic 

DNA was extracted from the cultured bacterium with NucleoSpin Tissue (Macherey-Nagel, Germany). Short read 

resequencing was performed with Illumina Miseq, 250 paired-end after Nextera XT paired-end library preparation. 

Long read sequencing was performed with PacBio Sequel II SMRT sequencing. After trimming the sequences 

using trimgalore! (GitHub - FelixKrueger/TrimGalore), hybrid assembly was carried out using Unicycler (41). 

The finished genome was deposited on NCBI under assembly accession No. ASM41165v2. 

3.7 Bioinformatic Analyses 

A total of 74 E. faecium complete genomes, including reference strains were selected to carry out phylogenetic 

and taxonomic analyses in comparison with UC7251 (Table 2S). Assembled genomes were downloaded from 

NCBI in September 2021 and were subsequently annotated using Prokka (42). Annotation results were then 

submitted to pan- and core-genome analysis using Roary (43). The phylogenetic tree was constructed using 
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RAxML-NG, V1.0.0(44) and iTOL was used to visualize and organize the tree (45). The genomes were also 

submitted to digital DNA-DNA hybridization (dDDH) using the Genome-to-Genome Distance Calculator 

(GGDC) (46). Average Nucleotide Identity (ANI) analysis was performed using fastANI (47).  

In silico investigation of UC7251 was performed using the bioinformatics software platform Geneious prime v. 

10.1. The Basic Local Alignment Tool (BLAST) from NCBI was used to investigate the presence and identity of 

different genetic markers contributing AMR, VF and MGE. The genome was interrogated for the presence of 

AMR genes using the Comprehensive Antibiotic Resistance Database (CARD) (48) and ResFinder (49). 

Ampicillin resistance was studied by evaluating the allelic variation in the strain of interest, against the reference 

sequence for PBP5-S/R profiles. Virulence markers were investigated according to the latest guidelines of EFSA 

(4) using manual annotation,  VirulenceFinder (50) and VFAnalyzer (51).  

HGT determinants were analyzed through MobileElementFinder (52) and Island Viewer 4 (53). In addition, 

integrative and conjugative elements were predicted using ICEberg 2.0 (54), which detects the signature sequences 

of the integrative modules and conjugation modules based on the profile hidden Markov models (profile HMMs). 

The origin of transfer site (oriT) was determined with OriTFinder (55). Lastly, the genome was screened for the 

presence of sequences of phage origin with Prophage Hunter (56) and CRISPR-Cas sites using CRISPR-CasFinder 

(57). 

4 Results and discussion 

4.1 Isolation and characterization of MDR E. faecium UC7251 from RTE food   

In the framework of risk assessment of MDR in ready to eat foods, UC7251 was isolated from a dry-fermented 

sausage at a count of 3 x 105 CFU g-1 and identified as Enterococcus faecium by species-specific amplification of 

the ddl gene. This strain was resistant to ampicillin, streptomycin, kanamycin, erythromycin, clindamycin, tylosine 

and tetracycline and presented a MIC higher than the cutoff values defined by EUCAST and EFSA (Table 1).  

PCR analyses, using a pool of primers pairs targeted to the most commonly AMR genes found in enterococci 

(Table 1S) identified the genetic determinants for these resistances. E. faecium UC7251 was identified as a MDR 

strain, and harbored genes coding for aminoglycoside modifying enzymes, three genes for macrolide resistance 

and two genes responsible for tetracycline resistance. Moreover, the sequence of the amplicon targeted to the 

penicillin binding protein 5 PBP5, involved in β-lactams resistance, demonstrated that this strain showed the pbp5-

S1/R20 allelic profile, conferring resistance to ampicillin (58). E. faecium showed to be intrinsically resistant to 

low levels of ampicillin through cell wall synthesis protein complex PBP; pbp5 is part of this operon and sequence 

variations allow to differentiate the two groups of E. faecium according to allelic profile and expression levels 

(33). Within the context of a study focusing on the detection of ampicillin resistant E. faecium in ready to eat 
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fermented foods, a strain that presented resistance towards ampicillin with a MIC value of 64 μg/ml and carried 

the hybrid allelic profile PBP5-S1/R20 is of concern for the consumers safety. It has been demonstrated that pbp5 

may spread through horizontal gene transfer and specifically that pbp5 of resistant isolates was located on 

transferable chromosomal regions, which suggested its dissemination through the environment (59).  

Table 1. Antimicrobial resistance genes and MIC values of strain UC7251, following the guidelines and cutoff 

values established by EFSA/EUCAST for the safety assessment of E. faecium. 

Antibiotic  

Resistance 

UC7251 

(µg/ml) 

EFSA Cut-off value 

(µg/ml) 

EUCAST 

(µg/ml) 

AMR gene 

Ampicillin 64 2 4 pbp5-S1/R20 

Vancomycin 1 4 4 - 

Gentamycin 32 32 32 aac(6’)-Ii  

Kanamycin >4096 1024 - aph(3’)-III 

Streptomycin >1024 128 128 aad6, aadE 

Erythromycin >512 4 4 ermB, mrsC, sat4 

Clindamycin >512 4 - ermB, InuB, IsaE 

Tylosine >512 4 - ermB 

Tetracycline 128 4 4 tetL, tetM 

Chloramphenicol 8 16 32 - 

 

4.2 Whole Genome Sequence Analyses 

UC7251 was submitted to genome sequencing following a hybrid approach using long and short read technology 

(GenBank assembly accession numbers for chromosome CP084886.1, plasmid pUC7251_1 CP084887.1, plasmid 

pUC7251_2 CP084888.1). The assembly of the genome of UC7251 built a total of 3 contigs, predicted as a 2,6 

Mb chromosome and two plasmids, pUC7251_1 and UC7251_2 (192 kb and 1,9 kb, respectively). The presence 

of the two plasmids was also distinguished by total DNA extraction and Pulsed Field Gel Electrophoresis (PFGE) 

(data not shown). The annotation of UC7251 resulted in 2662 coding sequences (CDS), of which 27% are 

hypothetical proteins and 73% have known functional assignments. It also contained genes coding for 18 rRNAs 

(6 copies each of 23S rRNA, 16S rRNA, and 5s rRNA), 69 tRNAs and 1 tmRNA. Compositional analysis resulted 

in 17 genomic islands (GIs), three active prophage sequences and several VF and AMR genes distributed 

throughout the chromosome and plasmidome. Regarding mobile genetic elements, two mobile regions were 

predicted on the chromosome and one on pUC7251_1 (Table 4S).  

pUC7251_1 is a mobilizable megaplasmid as predicted by Plascad. According to OriTfinder, the origin of 

replication is 39bp long and showed homology with oriT_pUB110.There are no predicted T4SS proteins and only 
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one T4CP protein on locustag UC7251_02595. The relaxase MobM is found on locustag UC7251_02679. 

Mobilizable plasmids carry their own oriT and relaxase gene but lack genes required for T4SS formation and can 

therefore be transferred to cells that carry elements encoding a compatible T4SS (60). This plasmid showed 

homology with plasmids pF88_1 (identity 83%), p17-318_1 (identity 83%) pE843-TC-299 (identity 82%) and 

pE843-171 (identity 80%). The first three are VSE-MDR plasmids carried by E. faecium strains of clade A2. These 

strains were isolated from environmental (pF88_1) and human samples (p17-318_1 and pE843-TC-299). The 

fourth plasmid pE843-171, is carried by Enterococcus lactis E843 and it is characterized as VSE-MDR (61). 

According to these results, pUC7251_1 holds unique traits, and although the prevalence of VSE-MDR is high, 

none of the results on BLAST showed VSE-MDR from food origin. UC7251_2 harbors a single open reading 

frame that codes for a rolling circle REP (rep14a). Small plasmid of such size was also found in other E. faecium 

isolates, making it a common genomic feature. 

4.3 Phylogenomics and Population Structure show that foodborne UC7251 is 

neighboring HA isolates. 

For phylogenomic evaluation, UC7251 was compared with the other selected 74 E. faecium genomes (fig. 1). The 

interrogation of the pangenome has been recently regarded as a useful tool for species delimitation based on 

identification of lineage- specific gene sets (62). Observing the distribution of core- and accessory- genomes of 

our analysis, isolates of clade A1 and to a smaller extent clade A2 have a high variability in their accessory genes. 

A highly variable accessory genome is conferred by the fact that E. faecium has an open pangenome and therefore 

a higher genomic diversity (6). The adaptation of E. faecium to specific environmental factors, such as 

antimicrobial pressure, have increased the genomic diversity through horizontal gene transfer, genome 

rearrangement and gene loss (63).  Pan and core genome analysis uncovered an open pangenome, with a core-

genome consisting of 9,5% and an accessory-genome of 90,5%. In this context, UC7251 contains 33 unique genes, 

mainly insertion sequences and hypothetical proteins located on the chromosome and on pUC7251_1. 

Transposases belonging to IS3, IS30 and IS256 families were detected as unique on both pUC7251_1 and 

chromosome. On the chromosome we found unique gene arnB, that catalyzes the conversion of UDP-4-keto-

arabinose to UDP-4-amino-4-deoxy-L-arabinose. The modified arabinose is attached to lipid A and is required for 

resistance to polymyxin in Gram negative bacteria (64). Moreover, unique genes epsM and epsL coding for 

putative acetyltransferase and sugar transferase respectively, were detected. They are involved in the production 

of the exopolysaccharide (EPS) component of the extracellular matrix during biofilm formation (65). Gene cbh_2, 

chololyglycine hydrolyse, catalyzes the de-conjugation of bile acids (66). In Enterococcus, bile salt hydrolase 

activity has a hypo-cholesterolemic effects on animal and human hosts, conferring probiotic properties (67). 
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Furthermore, all 75 genomes were subjected to dDDH and ANI for genomic distance calculations. Although 

dDDH and ANI have different computational methods and species threshold values (70% for dDDH and 96% for 

ANI), they showed consistent results, confirming the taxonomical identification of UC7251. Digital DDH showed 

that values among UC7251-Clade A1 strains varied from 82-91%, among UC7251-Clade A2 strains 87-100% and, 

among UC7251-Clade B/E. lactis strains 64-70%. Similarly, ANI computation showed that the UC7251 is closest 

to Clade A2 strains with values between 98-100%, whereas comparison with genomes from the remaining two 

clades was lower (UC7251- Clade A1: 98% and UC7251-Clade B/E. lactis: 94%) (Table 2S).  

The population structure and location of UC7251 was also evaluated using MLST. The genome was submitted to 

PubMLST and it was assigned to ST673. The latter clusters together with clonal group of ST117, which is known 

to be a part of CC17 meroclone (fig.1) . Published data on PubMLST showed a unique isolate harboring ST673, 

that contains a strain from a non-hospitalized person collected in Spain in 2010.  MLST global scheme shows that 

UC7251, as other isolates from animal origin, belonged to hospital associated clades (68). Thus, E. faecium from 

CC17 have been also previously recovered from swine, poultry and cow samples (69–71). The use of cgMLST, a 

clustering based on 1423 target genes of the core genome, indicated that UC7251 belonged to the unique cluster 

type CT745. 

Subspeciation of E. faecium has been also studied considering the defense mechanisms against HGT, such as 

CRISPR-Cas systems and R-M systems (72). CRISPR-Cas systems constitute endogenous barriers to HGT and, 

as a consequence, the presence of increased MGEs is associated with the complete absence or partial sequences 

of CRISPR-Cas systems (73). This has been observed in UC7251, where no complete CRISPR-Cas systems were 

detected. Differently, UC7251 carries a type I R-M system with the allelic variations typical of clade A1 isolates, 

polymorphisms that are used for clade classification of E. faecium (74).  
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Figure 1. Maximum likelihood phylogenetic tree constructed using the core genome alignment of the selected 75 

genomes and respective MLST and Clonal Complexes. E. faecium clade A1 strains are marked with red branches, 

clade A2 strains marked with blue and clade B strains with green. Strain UC7251 (pointing arrow and text in red) 

is grouped among clade A2 isolates and belongs to ST673 part of CC117. 

4.4 Antimicrobial resistance profile and mobilome 

Several AMR genes were detected on both the chromosome and pUC7251_1 (Table 2). The intrinsic determinant 

coding for aminoglycoside 6′-acetyltransferase enzyme (aac(6′)-II), typical of E. faecium species (75), was found 

on the chromosome, together with the liaFSR operon, implicated in cell membrane-targeting lipopeptide antibiotic 

daptomycin (DAP) resistance. In previous studies, E. faecium isolates  showed susceptibility and resistant allelic 

profiles of DAP (DAP-S and DAP-R, respectively) (76); UC7251 harbors the complete liaFSR system with the 

DAP-S allelic variation. Interestingly, occurrence of DAP resistance is inversely related to increased susceptibility 

to β-lactams, consistent with the ampicillin resistance in UC7251(77).  

Genome sequencing and assembly following a hybrid approach, elucidated various details about UC7251 

mobilome, crucial to understand the AMR mechanisms in this food isolated strain. A total of two mobile regions 

were predicted on the chromosome. Region 1 is classified as a putative integrative and mobilizable element (IME) 

with an insertion site and attachment sites and no detected origin of transfer (oriT). Proteins T2SSE, T4CP and 

VirB3, are also present within this region. T4CPs are phylogenetically and structurally associated to FtsK and 

SpoIIIE ATPases and the ability of translocating single-stranded DNA. Furthermore, type IV secretion protein 

VirB3 is an inner membrane protein and requires VirB4, VirB7, and VirB8 for stabilization (78). The IME contains 

several carbohydrate metabolism genes, suggesting acquired mechanisms for survival in environmental 

conditions. Region 2 is classified as an integrative conjugative element (ICE), including oriT, insertion and 

attachments sites. Additionally, it harbors T4SS machinery, integrase, relaxase and putative transposon Tn916. 

Tn916 is a well described conjugative element that mediates tetracycline resistance (tetM) gene exchange 

principally among Gram positive bacteria (79). In the same molecule we found several inactive (score <0.50), 2 

ambiguous (score 0.5-0.79) and one putatively active (score >0.80) prophage sequences, according to the scores 

attributed by Prophage Hunter software. The active prophage candidate showed the closest homology to 

Halocynthia phage JM-2012 (identity of 78%). This phage is classified as a “jumbo” bacteriophage from the 

Myoviridae family, initially identified within marine Vibrio cyclitrophicus (80). Limitations of the database of the 

phage prediction tool may interfere with estimation of the closest related phage. Phages from the Myoviridae 

family have been already identified in Enterococcus spp., making it a common feature within enterococci (81).  

Furthermore, pUC7251_1 harbors a large ICE-like (91 kb) with a total of 4 genomic islands (GIs) within (fig. 2). 

In detail, multiple AMR genes are found within GI2, GI3 and GI4 converting them in antibiotic resistance islands 

(ARI). ARI1 harbors against aminoglycoside coded by genes aph(3')-IIIa, satA and ant(6')-Ia, found from 
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UC7251_02667 to UC7251_02669. Interestingly, insertion sequence IS1216E is found flanking this region. 

IS1216 is an enterococcal IS associated with resistance towards aminoglycosides, tetracyclines, macrolides and 

glycopeptides in Gram positive bacteria (82). IS1216 has been identified as a vector for inter-plasmid 

recombination and dissemination of multi-drug elements in enterococci. Moreover, it has been found that IS1216 

is responsible for passing vancomycin-resistance with the help of transposon Tn1546 (83) .  Erythromycin 

resistance coded by ermB is found next to this region and adjacently the gene tetL is found next to relaxase MobM 

and the origin of transfer. It was reported  that MobM has a dual role in autoregulation and initiation of transfer of 

plasmids or integrative mobilizable elements to other MGE members (84). Contiguous to this section, linezolid 

resistance genes LnuB and IsaE are found flanked by ISEfa5, which is typically found with high copy number in 

E. faecium strains. According to a previous study, it is suggested that ISEfa5 may be contributing significantly to 

the genomic flexibility of the species with evidence of frequent integration and excision events (85). Additional 

studies have investigated that, plasmids harboring linezolid resistance genes acquired from other enterococcal 

plasmids through MGE, are associated with MDR phenotype (86, 87). Conjugation of these genes was also 

evidenced from Enterococcus to Staphylococcus elucidating their transmission potential (88). ARI3 carries two 

genes coding for aminoglycoside resistance ant1, apt_3 and ant(6)-Ia, flanked by a putative recombinase and IS4 

family transposase ISDha5. IS4 family transposases are typically found among important clinical lineages in E. 

faecium (89). The presence of the complete operon for bacitracin resistance bcrABDR was found inside ARI4 

flanked by IS1485. This is congruent with other studies suggesting the presence of this operon in swine isolates, 

as it is used for prophylaxis and therapy in food animals. The plasmid co-location of this locus and other resistance 

gene clusters might accelerate their dissemination (90).   

Regarding prophage sequences, pUC7251_1 presented 2 sequence fragments with high homology (score > 0.8) to 

known prophage sequences, classified as active. These prophages show a high identity with Staphylococcus phage 

SPbeta-like and Streptococcus phage phiJH1301-2 prophage sequences, genetic elements that are common in clade 

A1 isolates (91). The annotated genes for both prophage code mainly for transposases and integrases as well as 

RelE/ParE toxin/antitoxin systems but. Additionally, 3 ambiguous and 4 inactive prophage sequences where 

detected. Interestingly, linezolid resistance genes IsaE, LnuB and bacitracin resistance operon bcrABDR were 

predicted to be within inactive prophage sequences. Recent studies have elucidated the role of phages in HGT of 

AMR genes as they are often carried within prophage sequences and stably inherited in the host genome carrying 

antibiotic resistant determinants (92). Inactive or defective phages, although categorized as non-functional, still 

may carry out important activities and functions like transposition and excision (93).  

Copper resistance operon tcrYAZB was also found on an inactive prophage sequence. The swine industry is well-

known for using copper as a feed additive. The presence of heavy metal resistance genes is a matter of concern 

also because of possible co-resistance with antibiotics (94, 95). The genetic system of this phenotypic resistance 

is coded by the tcrYAZB operon, which enhances bacterial survival and plasmid maintenance against high 
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concentrations of this heavy metal (96). After genomic identification of copper resistance, we performed a 

susceptibility test to determine the MIC value, which resulted in 16mM, a level typical of high copper resistance. 

The mobility of this operon was evidenced by flanking IS1216E and IS1251, which are highly associated within 

vanA-type plasmids (97). A study by Silviera et al, (98) elucidated the presence of copper resistance genes with 

co-ocurrence of antibiotic resistance genes. Other heavy metal resistance genes were found in pUC7251_1. Zinc 

chloride, oxide or sulphate compounds are currently approved in the EU (up to 2500ppm) and used as additives in 

piglet feed (99). Similarly to copper, some regulatory genes and resistance mechanisms of Cu with known links to 

antibiotic resistance are also zinc-responsive (100). UC7251 has a MIC to Zn of 16mM and harbors gene zosA, 

observed also in B. subtilis for facilitating homeostasis to Zn (101). Moreover, resistance to Cd was also 

determined phenotypically at 2mM and genotypically by identifying genes cadA, cadC and cadD. The cad operons 

are typically found in Staphylococci carried by MGEs like plasmids and chromosomal cassettes and co-located 

with antibiotic resistance genes. Specifically, cadAC is known for conferring high resistance levels to Cd and it 

has been also reported to be present in other bacteria like Lactococcus lactis, Streptococcus spp. and Listeria 

monocytogenes (101). Furthermore, resistance to Hg was conferred by two genes merA and merR. In general, 

resistance Hg, is given by a set of genes clustered at the mer operon (merRTPADE) and are highly linked to AMR 

genes and MGEs (101). The lack of the complete operon is also confirmed by the low levels of resistance 

determined by MIC testing, that was of 50µM. Genes coding for resistance to Cu, Cd, Zn and Hg carried by 

plasmids, has been already observed in the plasmidome of other pig isolates (102). 
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Table 2. Distribution of virulence factors and AMR genes including antibiotic and heavy metal resistance 

genes in UC7251. 

Molecule Mechanis

m 

Gene Locus tag or position Product 

Chromosom

e 

Antibiotic AAC(6')-

Ia 

UC7251_02097 Aminoglycoside N(6')-acetyltransferase (EC 2.3.1.82) 

EfmM UC7251_02049 rRNA) methyltransferase 

liaFSR UC7251_01795-

UC7251_01797 

DAP 

pbp5 UC7251_01265 penicillin binding protein 5 

tet(M) UC7251_02367 tetracycline resistance 

Heavy 

Metals 

cadA_1 UC7251_00274 Cadmium-transporting ATPase 

cadA_2 UC7251_00904 Cadmium, zinc and cobalt-transporting ATPase 

copA_1 UC7251_00909 putative copper-importing P-type ATPase A 

copB_1 UC7251_00910 Copper-exporting P-type ATPase B 

copY_1 UC7251_00907 Transcriptional repressor CopY 

copZ_1 UC7251_00275 Copper chaperone CopZ 

copZ_2 UC7251_00908 Copper chaperone CopZ 

cutC UC7251_02237 Copper homeostasis protein CutC 

czcD UC7251_01786 Cadmium, cobalt and zinc/H( )-K( ) antiporter 

fief UC7251_01380 Ferrous-iron efflux pump FieF 

ftsH UC7251_02411 Cell division-associated, ATP-dependent zinc 

metalloprotease FtsH 

ziaA UC7251_01739 Zinc-transporting ATPase 

znuA UC7251_02450 High-affinity zinc uptake system binding-protein ZnuA 

znuB UC7251_02448 High-affinity zinc uptake system membrane protein ZnuB 

znuC UC7251_02449 High-affinity zinc uptake system ATP-binding protein ZnuC 

zosA UC7251_01471 Zinc-transporting ATPase 

zupT UC7251_00019 Zinc transporter ZupT 

zur UC7251_00846 Zinc-specific metallo-regulatory protein 

Virulence swpB UC7251_00118 small WxL protein B 

swpC UC7251_00593 small WxL protein C 

swpA UC7251_00718 small WxL protein A 

acm UC7251_02106 cell-wall-anchored collagen adhesin, MSCRAMM 

sagA UC7251_02425 secreted antigen A 

scm UC7251_02536 second collagen adhesin, MSCRAMM 

efaA UC7251_00462 adhesion associated protein 

BopD UC7251_00373 maltose operon transcriptional repressor 

cpsA/upp

S 

UC7251_01047 Undecaprenyl diphosphate synthase uppS 

cpsB/cdsA UC7251_01048 Phosphatidate cytidylyltransferase cdsA 

fms3 UC7251_00358 Efm surface protein 3 orf371 (PGC-4) 

fms12 UC7251_00496 Efm surface protein 12 orf1996 (PGC-4) 
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ebpA UC7251_00550 PGC-3: endocarditis- and bio- film-associated pili A 

(MSCRAMM) 

epbB UC7251_00551 PGC-3: endocarditis- and bio- film-associated pili B 

(MSCRAMM) 

ebpC UC7251_00552 PGC-3: endocarditis- and bio- film-associated pili C 

(MSCRAMM) 

srtC UC7251_00553 sortase C 

fms6 UC7251_00720 Efm surface protein 6 LPXTG family cell surface 

proteinPGC-4) 

fms7 UC7251_01220 Efm surface protein 7 orf2356 (PGC-4) 

fms22 UC7251_01278 Efm surface protein 22 orf884 (PGC-4) 

yidC UC7251_00884 inner memebrane protein translocase and chaperone 

pUC7251_1 Antibiotic ant(6)-Ia UC7251_02669 Aminoglycoside 6-adenylyltransferase 

ant1 UC7251_02694 Streptomycin 3''-adenylyltransferase 

ant(6)-Ia UC7251_02696 Aminoglycoside 6-nucleotidyltransferase 

aph UC7251_02698 aminoglycoside phosphotransferase family protein 

Lnu(B) UC7251_02689 lincosamide nucleotidyltransferase 

lsa(E) UC7251_02690 ABC-F type ribosomal protection protein Lsa(E) 

tet(L) UC7251_02678 tetracycline efflux MFS transporter Tet(L) 

satA UC7251_02668 Streptothricin acetyltransferase A 

erm_1 UC7251_02671 rRNA adenine N-6-methyltransferase 

erm_2 UC7251_02674 rRNA adenine N-6-methyltransferase 

aad(6)-Ia UC7251_02684 Aminoglycoside 6-adenylyltransferase 

Heavy 

Metals 

copZ_3 UC7251_02781 Copper chaperone CopZ 

cadA UC7251_02780 Cadmium, zinc and cobalt-transporting ATPase 

cadC UC7251_02779 Cadmium, zinc and cobalt-transporting ATPase 

cadD UC7251_02778 Cadmium, zinc and cobalt-transporting ATPase 

copA_2 UC7251_02740 Copper-exporting P-type ATPase 

copB_2 UC7251_02739 Copper-exporting P-type ATPase B 

copY_2 UC7251_02742 Transcriptional repressor CopY 

mco UC7251_02750 Multicopper oxidase mco 

merA UC7251_02772 mercuric reductase 

merR1 UC7251_02771 Mercuric resistance operon regulatory protein 

TcrZ UC7251_02740 copper chaperone 

zosA UC7251_02776 Zinc-transporting ATPase 

Virulence 
 

lgt UC7251_02756, 

UC7251_02782 

surface protein anchor 

fms20 UC7251_02583-

UC7251_02588 

PGC-1: surface protein 20 

fms21 or 

pilA 

UC7251_02583-

UC7251_02588 

PGC-1: surface protein 21 
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Figure 2. A. Map of plasmid pUC7251_1 harboring one large containing prophage sequences (mauve), an 

integrative conjugative-like element (cyan), five genomic islands (pink), insertion sequences (yellow), 

antibiotic resistance genes (red), metal resistance genes (orange), virulence factors (dark violet) and replication 

initiation systems (green), toxin-antitoxin systems (light blue). B. Details of the ICE-like region. The genetic 

elements are indicated with the color code above mentioned. 

4.5 Conjugation experiments suggest AMR gene transfer by Insertion Sequences 

The MDR profile of UC7251 endorsed the further evaluation of transmissibility of AMR genes and we focused 

on tetracycline resistance coded by two genes on Tn916 and pUC7251_1 and the plasmid encoded 

erythromycin resistance. This was tested through conjugation experiments where gene exchange was 

demonstrated at inter- and intra-generic level (Table 3 and Table 3S). Filter mating experiments demonstrated 

that tetracycline resistance was transferred from UC7251 to E. faecalis OG1rf, L. innocua L7, L. 

monocytogenes DSM 15675, S. aureus UC7180, L. rhamnosus UC8647, with frequencies of transconjugants 

per donors varying from 6 x 10-3 to 5,7 x 10-6 CFU/ml. No gene transfer was observed toward Gram negative 

species. The transfer of the tetM gene was confirmed by PCR assays, whereas tetL was absent in all tetracycline 

positive transconjugants. The transfer of the tetM gene was found to be carried by chromosomal transposon 

Tn916 from E. faecalis. This operon was predicted in chromosomal locus UC7251_02362-02376. The 

nucleotide identity between the 18,032 bp sequence of Tn916 of UC7251 and E. faecalis (Genbank Accession 

No. U09422.1) sequences, was of 99.97%. It has been discovered that the presence of subinhibitory 

concentrations of specific classes of antibiotics can trigger the mobility of Tn916, as it has a broad inducibility 

of antibiotic resistance genes, implying that the dissemination of resistance genes is not necessarily linked to 

their selective pressure (103).  

No gene transfer for the genes coding for erythromycin resistance was observed, consistently with the 

characteristics of pUC7251_1, a mobilizable but non conjugative plasmid lacking the complete conjugation 

apparatus.  

Table 3. Conjugation of tetracycline resistance between E. faecium UC7251 and strains from other genera. 

Donor Recipient Strain Conjugation 

Frequency 

(T/D) 

PCR Confirmation 

tetM tetL 

E. faecium 

UC7251 

E.s faecalis OG1rf 6.01E-03 + - 

L. innocua L7 5.68E-06 + - 

L. monocytogenes DSM  15675 8.38E-04 + - 

S. aureus UC7180 3.78E-02 + - 

L. rhamnosus UC8647 6.84E-05 + - 
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4.6 Virulence markers in the UC7251 genome show a collection of colonization 

facilitators 

The complete assembly and annotation of UC7251 genome allowed investigation of the presence of putative 

virulence markers (Table 2). Adherence is an essential step in bacterial pathogenesis, required for colonization 

and attachment and it is therefore considered a type of virulence marker. When scrutinizing the genome of 

UC7251, several microbial surface components, recognizing adhesive matrix molecules (MSCRAMMs) 

including LPXTG family cell wall-anchored surface proteins as well as fimbriae proteins such as pili, were 

identified. It is important to denote the presence of genes acm (cell-wall-anchored collagen adhesin) and scm 

(second collagen adhesin). These proteins enhance initial adherence in vivo and interact with extracellular 

matrix components. Other genes associated with adhesion, efaA (E. faecium surface protein) and sagA 

(secreted antigen A) were detected. A novel class of cell surface proteins coded by WxL operon, found in clade 

A E. faecium isolates, with a functional role in virulence associated with endocarditis pathogenesis and bile 

salt resistance was previously investigated (104). The coding genes swpA (small WxL protein A), swpB (small 

WxL protein B) and swpC (small WxL protein C) were found in UC7251. Additionally, malR, a maltose-

binding transcriptional regulator that increases biofilm production in the presence of this specific carbohydrate, 

was detected. Pili associated proteins, previously described as Pilin Gene Clusters (PGC-1, PGC-2, PGC-3, 

PGC-4), (16),were identified. PGC-1 is composed by the genes fms20 and fms21; both are present along with 

a sortase A. This loci/operon is located between UC7251_02853 and UC7251_02588 in pUC7251_1. In 

addition, PGC-3 was found with 100% of nucleotide identity containing the endocarditis and biofilm 

associated pili genes ebpA, ebpB, ebpC accompanied by srtC (sortase) and flanked by IS1216E. This region is 

encompassed from UC7251_02583 to UC7251_02589 in the chromosome. PGC-4 cluster is incomplete 

lacking operon fms11-19-16 and PGC-2 associated genes fms14-17-13. UC7251 does not express the capsular 

polysaccharide, presenting the capsule operon polymorphism CPS type 1 (105) and does not harbor cytolysin 

(106) and BoNT/En toxin, a botulin type toxin found in a single strain of E. faecium (107).  E. faecium UC7251 

lacks the putative HA virulence markers as defined by EFSA (4) and does not harbor the complete operons 

coding pili-associated proteins, which is typical of clade A1 isolates.  

5 Conclusion 

The presence of multi-drug resistant strains in ready-to-eat fermented food represents a risk of public health 

for the spread of AMR determinants in the food chain and in the gut microbiota of consumers. In silico 

bioinformatic evaluations derived from genomic data permitted to accurately assess the safety of UC7251, a 

strain of E. faecium clade A2 which does not carry virulence factors typical of HA strains but presents the co-

location of several antimicrobial resistance genes with heavy metal resistances on the mobilizable plasmid 

pUC7251_1 and the conjugative transposon Tn916. This work emphasizes the importance of a surveillance 

for the presence of AMR bacteria in food, with particular attention to fermented RTE foods. Moreover, the 
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presence of MDR strains carrying mobile AMR genetic elements incites the development of innovative 

strategies for the mitigation of the risk related to antimicrobial resistance diffusion in food. 
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8 Supplementary materials 

Table 1S. Primers used in this work 

 

 

Scope Primer name Primer sequence (5’-3’) Reference 

Species identification EM1A (ddl gene) TTGAGGCAGACCAGATTGACG Cheng et al. 1997 
 

EM1B (ddl gene) TATGACAGCGACTCCGATTC 
 

Screening of HA markers esp14F AGATTTCATCTTTGATTCTTGG Leavis et al., 2003 
 

esp12R AATTGATTCTTTAGCATCTGG 
 

 
hylEfm-F GAGTAGAGGAATATCTTAGC Rice et al., 2003 

 
hylEfm-R AGGCTCCAATTCTGT 

 

 
IS16-F CATGTTCCACGAACCAGAG Werner et al., 2011 

 
IS16-R TCAAAAAGTGGGCTTGGC 

 

AMR genes Efmpbp5-1outsideF GGAATGACAAGCAAGAGAAGGAGG Galloway-Pena et al., 2011 
 

Efmpbp5-1F ATGAAAAGAAGTGACAAGCACGGC 
 

 
Efmpbp5-1R GCAAAGATGAATACCTCATTAGG 

 

 
Efmpbp5-2F CAAAGTAATCGGGTTGTACCCAGC 

 

 
Efmpbp5-2R GTCCCACGAAGATCCTTATCAAAAGCC 

 

 
Efmpbp5-3F GGCTTTTGATAAGGATCTTCGTGGGAC 

 

 
Efmpbp5-3R CCCATTTTCAACGTTTCTTGTGCC 

 

 
Efmpbp5-4F GGCACAAGAAACGTTGAAAATGGG 

 

 
Efmpbp5-4R TTATTGATAATTTTGGTTGAGGTATTG 

 

 
Efmpbp5-4outsideR CGCCACAGTCCTTTTACTGTAC 

 

 
Rpbp5_1F GCAAAGATGAATACCTCATTAGG 

 

 
Rpbp5_1R CAAAGTAATCGGGTTGTACCCAGC 

 

 
Rpbp5_2F CAGAACTTCCAGCTGGAGCTAC 

 

 
Rpbp5_2R GATCATAGCTTGGAGAGCTAGC 

 

 
Rpbp5_3F GCGACAGGTTATGCTCCTGG 

 

 
Rpbp5_3R GAATACATTGCTGCTTGCTGGATAGG 

 

 
ermB1 GAAAAGGTACTCAACCAAATA Sutcliffe et al., 1996 

 
ermB2 AGTAACGGTACTTAAATTGTTTAC 

 

 
tetM1 GAACTCGAACAAGAGGAAAGC Olsvik et al., 1995 

 
tetM2 ATGGAAGCCCAGAAAGGAT 

 

 
tetL-up ATAAATTGTTTCGGGTCGGTAAT Trzcinski et al., 2000 

 
tetL-rev AACCAGCCAACTAATGACAATGAT 

 

 
aad6_F TTCGAATTGTGACCCTTGAG This study 

 
aad6_R TGGTTCAGATGATCGATTGC 

 

 
aph3-IIIa_F GCCGATGTGGATTGCGAAAA Ouoba et al., 2008 

 
aph3-IIIa_R GCTTGATCCCCAGTAAGTCA 

 

 
aadE_F ATGGAATTATTCCCACCTGA Ouoba et al., 2008 

 
aadE_R TCAAAACCCCTATTAAAGCC 

 

 
SatA_F TCAAAGTTGGCGTATAA Jacob et al., 1994 

 
SatA_R TAAACCCAGCGAACCAT  

 

 
Ant(6)-Ia_F GCCTTTCCGCCACCTCACCG Swenson et al., 1995 

 
Ant(6)-Ia_R ACTGGCTTAATCAATTTGGG 

 

 
Lnu-B_F ATCGAGCAGTGGTCTTTGCA This study 

 
Lnu-B_R GGTTGTTTGACGTAGCTCCG 

 

 
IsaE_F TTGGCACGTTTCATCGCTTT This study 

 
IsaE_R ACGGACGCGGTAAAACTACT 
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Table 2S. selected strains for taxonomic and phylogenetic analyses 

Strain Clade Genbank Accesion MLST  Clonal Complex 
according to MLST 
scheme and central 

ST 

dDDH Average 
against UC7251 

ANI against 
UC7251 

7150 A1 GCA_019356355.1 No match 
 

90.53 98.93 

15-307-1 A1 GCA_002973755.2 17 CC17 82.73 98.57 

6E6 A1 GCA_001518735.1 203 CC203 82.40 98.58 

A6521 A1 GCA_012933195.2 80 CC80 84.63 98.60 

AA622 A1 GCA_019977575.1 No match 
 

86.83 98.78 

AALTL A1 GCA_002880635.1 736 CC17 87.27 98.58 

ATCC700221 A1 GCA_001594345.1 17 CC17 86.80 98.89 

Aus0004 A1 GCA_000250945.1 17 CC17 86.03 98.78 

Aus0085 A1 GCA_000444405.1 203 CC203 82.27 98.67 

AUSMDU00011555 A1 GCA_017301355.1  No match 
 

82.73 98.54 

BA17124 A1 GCA_012932975.2 80 CC80 85.50 99.04 

BP5067 A1 GCA_012932985.2 80 CC80 85.60 99.00 

CFSAN059070 A1 GCA_003071425.1 203 CC203 82.63 98.59 

Dallas1 A1 GCA_015999605.1 17 CC17 83.73 98.51 

DB-1 A1 GCA_006337045.1 19 CC64 87.20 98.92 

DO A1 GCA_000174395.2 18 CC18 87.33 98.80 

E1 A1 GCA_001886635.1 117 CC117 83.27 98.62 

E232 A1 GCA_002777275.1 736 CC17 86.43 98.58 

E39 A1 GCA_001635875.1  736 CC17 86.50 98.60 

E745 A1 GCA_001750885.1  16 CC17 84.17 98.84 

HOU503 A1 GCA_005952885.1  280 CC280 87.90 98.65 

K60-39 A1 GCA_002334625.1 192 CC192 85.60 98.71 

KUHS13 A1 GCA_009938285.1 17 CC17 87.00 98.77 

LAC7-2 A1 GCA_009036045.1 323 CC17 89.57 98.87 

PR01996-12 A1 GCA_018219325.1 18 CC18 84.57 98.66 

RBWH1 A1 GCA_003957785.1 203 CC203 85.17 98.66 

SC4 A1 GCA_002848385.1 78 CC78 84.90 98.72 

SRR24 A1 GCA_009734005.2  78 CC78 85.23 98.77 

UAMSEF_01 A1 GCA_005886545.1 80 CC80 87.50 98.70 

UAMSEF_08 A1 GCA_005886655.1 80 CC80 87.50 98.67 

UW8175 A1 GCA_001587115.1 904 CC280 91.23 98.91 

V1836 A1 GCA_008728455.1 787 CC80 85.43 98.75 

VB3240 A1 GCA_005576735.1 17 CC17 85.73 98.55 

VB6171 A1 GCA_017897965.1 80 CC80 84.63 98.60 

VRE A1 GCA_009697285.1 No match 
 

82.70 98.69 

VRE1 A1 GCA_006007925.1  78 CC78 83.27 98.63 

VRE3355 A1 GCA_017584065.1 796 CC203 86.43 98.84 

VRE3389 A1 GCA_015999405.1 17 CC17 85.43 98.71 

VVEswe-R A1 GCA_007917035.3 203 CC203 82.70 98.56 

VVEswe-S A1 GCA_007917315.3 203 CC203 82.87 98.58 

WGS1811-4-7 A1 GCA_016864255.1 117 CC117 84.50 98.69 

ZY11 A1 GCA_009938075.1 78 CC78 88.07 98.80 

ZY2 A1 GCA_010120755.1 78 CC78 84.93 98.81 
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116 A2 GCA_018279145.1 32 CC32 88.03 98.90 

16-346 A2 GCA_002761555.1  121 CC78 87.60 99.07 

18-465 A2 GCA_018516845.1 1676 CC5 89.77 99.10 

3012STDY6244127 A2 GCA_900683475.1 160 CC32 91.10 99.16 

64/3 A2 GCA_001298485.1 21 CC32 89.43 98.99 

E843-TC A2 GCA_019774555.1 515 CC5 90.57 99.18 

F17E0263 A2 GCA_006280355.1 No match 
 

87.27 98.65 

F88 A2 GCA_019175425.1 957 CC323/CC17 89.57 98.85 

fac90 A2 GCA_016743855.1 868 CC29 92.47 98.91 

FDAARGOS_323 A2 GCA_002983785.1  683 CC32 90.00 98.80 

N56454 A2 GCA_006351845.1 1091 CC5 87.60 98.70 

NCTC7174 A2 GCA_900637035.1 1034 CC5  91.87 99.21 

NM213 A2 GCA_005166365.1 1054 CC32 89.10 98.90 

NRRLB-2354 A2 GCA_001544255.1 160 CC32 89.60 99.05 

QU 50 A2 GCA_006741355.1  No match 
 

87.97 98.62 

UC7251 A2 GCA_000411655.2 673 CC117 100.00 100.00 

VBO96 A2 GCA_019456555.1 133 CC5 92.10 99.08 

WEFA23 A2 GCA_002850515.1 66 CC66 91.87 99.11 

BIOPOP-3 ALE B GCA_012045365.1 819 CC1255 69.07 94.37 

BIOPOP3-WT B GCA_012045505.1  819 CC1255 69.07 94.34 

BM4105-RF B GCA_003269465.1 172 CC328 64.63 94.25 

CBA7134 B GCA_004015145.1 No match 
 

70.13 94.80 

DMEA02 B GCA_008330605.1  178 CC94 69.47 94.80 

DT1-1 B GCA_011745645.1 296 CC94 68.40 94.49 

FS86 B GCA_013201055.1 296 CC94 68.40 94.54 

Gr17 B GCA_003711605.1 1985 CC94 68.17 94.60 

HY07 B GCA_003574925.1 No match 
 

68.47 94.48 

JE1 B GCA_003667965.1 812 CC117 67.70 94.66 

SRCM103470 B GCA_004103475.1 No match 
 

69.30 94.83 

T110 B GCA_000737555.1 812 CC117 66.50 94.70 

TK-P5D B GCA_015377765.1 812 CC117 67.70 94.65 

PR05720-3 B GCA_018219285.1  59 CC5 82.50 98.15 
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Table 3S. Strains used for mating experiments with tetracycline and erythromycin. 

Conjugation Tetracycline Erythromycin 

Conjugation 
frequency            

PCR 
confirmation 

Conjugation 
frequency            

PCR 
confirmation 

Donor Recepient Strain  (T/D)  (T/R) tetM tetL (T/D) (T/R) ermB 

E. faecium 
UC7251 

Enterococcus 
faecalis  

OG1rf 6.01E-
03 

2.80E-
06 

yes no / / no 
 

Listeria innocua  L7 5.68E-
06 

7.16E-
05 

yes no / / no 
 

Listeria 
monocytogenes 

DSM  
15675 

8.38E-
04 

3.88E-
03 

yes no / / no 
 

Staphylococcus 
aureus 

UC7180 3.78E-
02 

1.37E-
01 

yes no / / no 
 

Staphylococcus 
xylosus 

UC8727 / / / / / / / 
 

Staphylococcus 
carnosus 

UC8838 / / / / / / / 
 

Lactobacillus 
rhamnosus 

UC8647 6.84E-
05 

1.30E-
04 

yes no / / / 
 

Lactobacillus 
paracasei 

UC8477 / / / / / / / 
 

Lactobacillus casei UC8477 / / / / / / / 
 

Lactobacillus 
fermentum 

UC10045 / / / / / / / 
 

Lactobacillus 
plantarum 

UC8479 / / / / / / / 
 

Lactobacillus reuteri UC10043 / / / / / / / 
 

Bacillus cereus  UC4044 / / / / / / / 
 

Escherichia coli BL21 / / / / / / / 
 

Pseudomonas 
koreensis 

Psk / / / / / / / 
 

Pseudomonas 
aeruginosa 

Psa / / / / / / / 
 

Pseudomonas 
chlororaphis 

Psc / / / / / / / 
 

Pseudomonas putida  Psp / / / / / / / 
 

Pseudomonas 
fluorescens 

Psf / / / / / / / 
 

Weisella confusa LMG 
18478 

/ / / / / / / 
 

Weisella confusa LMG176
96 

/ / / / / / / 
 

Weisella confusa LMG 
17695 

/ / / / / / / 
 

Weisella confusa BCC 
2344 

/ / / / / / / 
 

Weisella confusa BCC 
3263 

/ / / / / / / 
 

Weisella confusa BCC4255 / / / / / / / 
 

Weisella confusa 024F6 / / / / / / / 
 

Pediococcus 
pentosaceus 

UC8487 / / / / / / / 
 

Pediococcus 
acidilactici 

UC8715 / / / / / / / 
 

Clostridium 
tyrobutyricum 

UC7086 / / / / / / / 
 

Clostridium 
sporogenes 

UC9000 / / / / / / / 
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Table 4S. Annotation of ICE and IME in UC7251 
 Chromosome pUC7251_1 
 Region 1 Region 2 Region 1 

Location (nt) 1097029-1202552 2360857-2421852 45229..136214 

Length (bp) 105524 60996 90986 

GC content (%) 39.28 38.52 35.40 

 oriT - 2419860-2419992 85370..85407 

Insertion site Aspartate racemase (1096652-1097383) hypothetical protein (2421842-2422156) - 

Direct Repeats 
attL: 1097029-1097044 (aacagaaggaagtatg)/attR: 
1202537-1202552 (aacagaaggaagtatg) 

attL: 2360857-2360872 (tttctttattctttta)/attR: 2421837-2421852 
(tttctttattctttta) 

- 

Type Putative IME Putative ICE with T4SS ICE-like region 

Annotations Proteins Position Proteins Position Proteins Position 
 T2SSE 1119712-1120962 T2SSE 2384650-2386434 Integrase 4522-45909 
 FtsK_SpoIIIE (T4CP) 1121045-1121632 TrbC 2393945-2394601 Pfam-B_706 47135-47335 
 Pfam-B_6973 (Relaxase) 1123703-1124461 T2SSE 2396328-2398097 Integrase 48425-48928 
 T2SSE 1140006-1141790 Integrase 2404634-2405851 Integrase 59358-60194 
 VirB3 1181314-1181997 tet(M) 2408450-2410369 Integrase 61549-62634 
   TrbL (Orf15_Tn, T4SS component) 2412673-2414850 Integrase 64313-64867 
   AAA_10 (Orf16_Tn, T4SS component) 2414853-2417300 Integrase 65555-66235 
   TrbC (Orf19_Tn, T4SS compont) 2418379-2418600 Integrase 73299-73979 
   Rep_trans (Relaxase) 2418643-2419848 Integrase 74831-75511 
   FtsK_SpoIIIE (T4CP) 2420026-2421411  Mob_Pre (Relaxase) 85476-86624 
     Recombinase (Integrase) 107823-109391 
     Recombinase (Integrase) 109393-109809 
     Integrase 113755-114075 
     Integrase 114194-114784 
     Integrase 123820-124686 
     Recombinase (Integrase) 125063-126289 
     Integrase 135534-136214 
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1 Abstract  

Enterococcus lactis and the heterotypic synonym Enterococcus xinjiangensis from dairy origin have recently 

been identified as a novel species based on 16S rRNA gene sequence analysis. Enterococcus faecium type 

strain NCTC 7171T was used as the reference genome for determining E. lactis, E. xinjiangensis and E. faecium 

as separate species. However, this taxonomical classification did not consider the diverse lineages of E. 

faecium, and the double nature of hospital (clade A) and community-associated (clade B) isolates. Here, we 

investigate the taxonomical relationship among E. faecium isolates from different origin and E. lactis, using a 

genome-based approach. Additional to 16S rRNA gene sequence analysis, we estimated the relatedness among 

strains and species using phylogenomics based on the core pangenome, multilocus sequence typing, the 

average nucleotide identity and the digital DNA-DNA hybridization. Moreover, following the available safety 

assessment schemes, we evaluated the virulence profile and the ampicillin resistance of E. lactis and E. faecium 

clade B strains. Our results confirmed the genetic and evolutionary differences between clade A and the 

intertwined clade B and E. lactis group. We also confirmed the absence in these strains of virulence gene 

markers IS16, hylEfm and esp and the lack of PBP5 allelic profile associated to ampicillin resistance. Taken 

together, our findings support the reassignment of the strains of E. faecium clade B as E. lactis.  

2 Introduction 

Enterococci are gram-positive, catalase-negative, facultative anaerobic bacteria belonging to the lactic acid 

bacteria group. Enterococcus faecium is an important species of this genus, which is ubiquitous in nature. It is 

found in large numbers of foods, mainly fermented products of animal origin like cheeses and dry sausages 

(1), where they are part of the natural ripening processes or added as starter cultures. Some strains of this 

species have been recognized also as probiotics conferring benefits to their hosts (2,3). However, in the past 

three decades, E. faecium emerged as an important nosocomial multi-drug resistant pathogen responsible for 

hospital-acquired infections, such as endocarditis, urinary tract infections, and septicemia (4). The double 

nature of this species has led the European Food Safety Authority (EFSA) to define a safety assessment scheme 

for the E. faecium strains to be internationally introduced in the food chain, based on the absence of genetic 

markers generally present in the hospital-associated (HA) strains. Although E. faecium is widely used as a 

probiotic and as part of fermentation processes, it does not actually hold QPS status (5) due to its potential 

pathogenicity (6).  

The population structure of E. faecium is divided into distinct clades, clade A containing the hospital-associated 

clade A and the community-associated (CA) clade B.  A further split within clade A was identified and 

estimated to occur about 76 years ago (±30 years), namely clade A2, consisting mostly of animal-associated 

isolates, while clinical isolates are grouped in sub-clade A1. This separation most likely derived from the 

introduction of antibiotics both in clinical and agricultural settings (7). According to Multi Locus Sequence 

Typing (MLST), E. faecium can be divided into sequence types (STs) based on the allelic profile of six 



Chapter 3 

60 

 

housekeeping genes (8). Particularly, ST17 was identified as the ancestral clone of the hospital-associated 

clade A1 forming the Clonal Complex 17(CC17) and henceforth, most HA isolates have been identified as 

members of CC17 (9). Clade A isolates are frequently resistant to high levels of aminoglycosides, ampicillin, 

and vancomycin, they also hold an array of virulence factors and mobile genetic elements that set them apart 

from clade B strains (10). The putative virulence genes most thoroughly studied at the functional level include 

those encoding for an array of cell surface components involved in adhesion, biofilm formation and pili 

assembly (11). Whole Genome Sequencing (WGS) has facilitated the recognition of further genetic markers 

conferring genomic plasticity and other putative virulence markers (PVM) associated principally with HA 

strains (12). A further eventful fact, promoting the emergence of clade A in clinical facilities, was the 

acquisition of ampicillin resistance through a mutation in the penicillin-binding protein 5 (PBP5) (13). The 

evolution of PBP5 reflects directly on the phylogenetic diversification of this species (14,15). Clade A isolates 

carrying the phenotype for ampicillin resistance is described by PBP5-R sequences, while clade B genomes 

comprise susceptible strains portraying the PBP5-S profile (16) 

Enterococcus lactis, as its species name suggests, was firstly isolated from milk samples (17) and was 

recognized as a new species closely related to E. faecium (18). However, differences in 16S rRNA gene 

sequences (19) and carbohydrate metabolism (20) have set these species apart. Morandi et al. (18) proposed 

Enterococcus lactis as a self-standing Enterococcus species, with strain BT159T (=DSM 23655T, =LMG 

25958T) as the species type strain. More recently, Enterococcus xinjiangensis, isolated from yogurt in China 

(21) was proposed as a later heterotypic synonym for E. lactis based on 16S rRNA gene sequence similarity, 

ANI and dDDH analyses (22). Although 16S rRNA gene analysis has been considered the classic standard for 

taxonomical analyses, the presence of high variability within the multiple copies of the 16S rRNA gene 

sequences impedes an accurate bacterial classification (23). As WGS has become more widely accessible, 

tools such as ANI, dDDH and pangenome analysis, provide the ultimate classification methods for microbial 

taxonomy, necessary to establish a valid Overall Genome Related Index (OGRI) (24)(25)(25)(25). OGRI 

defines threshold values for 16S rRNA gene sequence similarity (98.65%), ANI (96%) and DDH (70%), which 

provide accurate results for species delineation. Also, the taxonomic studies carried out for E. lactis and E. 

xinjiangensis referred to E. faecium type strain NCTC 7171T (clade A2) for their analyses, and such 

classifications do not consider the different lineages of the species, especially clade B and the polyphyletics of 

clade A (26). 

This study aims at reevaluating the taxonomic relationship among the HA and CA lineages of Enterococcus 

faecium respect to Enterococcus lactis and Enterococcus xinjiangensis by using a wide set of genomic analysis. 

Thus, the workflow includes the comparison among the three species through phylogenomics, pan- and core-

genome analyses, MLST, 16S rRNA gene sequence similarity, ANI and dDDH. To complete the 

differentiation among these related species, virulence markers will be investigated according to the latest 

guidelines of EFSA (6), and the distribution scheme of PVM proposed by Freitas et al.(12). Lastly, ampicillin 
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resistance will be studied by evaluating the allelic identity of each strain of interest, against the reference 

sequence for PBP5-S/R profiles. 

3 Methods and materials 

3.1 Analyzed genomes  

A total of 181 enterococcal strains were retrieved from the GenBank NCBI database in February 2021 (27). 

Specifically, a total of 14 strains of E. lactis, 10 strains of E. xinjiangensis  and 157 E. faecium strains was 

based on relevance and completeness of WGS. For E. faecium, 102 strains belong to clade A1, 29 to clade A2, 

and 26 to clade B (Table 1 and supplementary Table S1). The type strains included in this analysis were 

NCTC7171T (E. faecium), LMG25958T (E. lactis), and JCM 30200T (E. xinjiangensis). For this study, E. 

xinjiangensis is mentioned as E. lactis since it is a taxonomic synonym for this species. 

3.2 Annotation, pangenome, phylogenesis and MLST 

The listed 181 genomes were annotated using Prokka (28). The pan- and core-genome analysis was computed 

using Roary v3.11.2 (29) utilizing the annotation output of Prokka. The output given discriminates core genes 

as being present in 95% to 100% of the strains of interest. The accessory genes are constituted by shell (15% 

≤ strains <95%) and cloud genes (0%≤ strains < 15%). The accessory genes are constituted by shell (15% ≤ 

strains <95%) and cloud genes (0%≤ strains < 15%). Roary creates a matrix based on the alignment of core 

genes among the strains which will be used to construct a maximum likelihood phylogenetic tree employing 

RAxML v1.0.0 (30). Results were viewed using iTOL, for organization purposes and mid-point rooting (31).  

Multi Locus Sequence Typing analysis of the E. faecium species-specific housekeeping genes (atpA, ddl, gdh, 

purK, gyd, pstS, adk) was carried out to understand the population structure of clade B and E. lactis strains. 

Allelic profiles and sequence types (STs) were obtained from the  PubMLST website (last visited: March 2021) 

(32). 

3.3 Calculation of Genome Relatedness: 16S rRNA gene sequence similarity, ANI 

and dDDH  

For gene comparison, annotation revision and sequence alignment, the selected 181 genomes were deposited 

onto Geneious prime V2021.1.1 (https://www.geneious.com). 16S rRNA gene sequence similarity was 

performed by extracting these sequences from the genomes and calculating distances with the MUSCLE 

alignment software (33). Same-species assignment was determined by a distance similarity of ≥98.65%. 

DNA-DNA hybridization (dDDH) was made by using the Genome-to-Genome Distance Calculator (GGDC) 

(34). For this analysis, the distance values were computed using the total number of identities within high 

scoring pairs (HSPs) per total HSP length. In total, 134 genomes have a complete assembly level whereas the 

rest are at contig or scaffold level. Formula 2, highly recommended if the genomes submitted for analysis are 
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incomplete, was used. DDH values ≥70% indicate that the tested strain belongs to the same species as the type 

strain(s) (35).  

Average Nucleotide Identity (ANI) analysis was performed using fastANI (36). For this analysis, E. lactis and 

E. xinjiangensis strains were compared against the complete repertoire of considered genomes and plotted 

using Graphpad Prism version 9.1.0 (Graphpad Prism Software, San Diego California, USA, 

www.graphpad.com). The resulting values were classified using 96% as the cut-off value for same-species 

determination. 

Table 1. List of strains genomes of clade B E.  faecium, E.  lactis and E. xinjiangensis used in this study. 

These genomes were retrieved from NCBI, with respective accession numbers, assembly level and date of 

submission, MLST allelic profile and PBP5 profile. MLST allelic profiles not assigned to a specific ST are 

marked as “no match”. PBP-5 sequence profiles for resistance or susceptibility. PBP5-R/-S were estimated 

according to similarity against the reference PBP5-S sequence from strain Com15. 

 

Species Strain Clade 
Genbank 
Assembly 
Accession 

Assembly level MLST 
PBP-5 
profile 

Date of 

submission 

E. faecium 1,141,733 B GCA_000157575.1 Scaffold ST327 S20/R1 16/06/2009 

E. faecium BIOPOP-3ALE B GCA_012045365.1 
Complete 
genome 

ST819 S21/R0 04/06/2020 

E. faecium BIOPOP-3WT B GCA_012045505.1 
Complete 
genome 

ST819 S21/R0 04/06/2020 

E. faecium BM4105_RF B GCA_003269465.1 
Complete 
genome 

ST172 S20/R1 06/28/2018 

E. faecium CBA7134 B GCA_004015145.1 
Complete 
genome 

No match S20/R1 14/01/2014 

E. faecium Com12 B GCA_000157635.1 Scaffold ST107 S20/R1 21/03/2013 

E. faecium Com15 B GCA_004006255.1 Chromosome ST583 S21/R0 09/01/2019 

E. faecium DMEA02 B GCA_008330605.1 
Complete 
genome 

ST178 
(CC94) 

S21/R0 
09/09/2019 

E. faecium DT1-1 B GCA_011745645.1 
Complete 
genome 

ST296 
(CC94) 

S21/R0 
25/03/2020 

E. faecium E1590 B GCA_000321865.1 Scaffold ST163 S20/R1 21/03/2013 

E. faecium E1604 B GCA_000321885.1 Scaffold ST75 (CC94) / 21/03/2013 

E. faecium E1613 B GCA_000321905.1 Scaffold ST77 S19/R2 21/03/2013 

E. faecium E1861 B GCA_000322085.1 Scaffold 
ST289 
(CC94) 

S17/R4 21/03/2013 

E. faecium E1972 B GCA_000322125.1 Scaffold ST94 (CC94) S17/R4 21/03/2013 

E. faecium E2620 B GCA_000322225.1 Scaffold ST1175 S19/R2 21/03/2013 
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E. faecium E980 B GCA_000172615.1 Contig ST94 (CC94) S17/R4 26/03/2010 

E. faecium FS86 B GCA_013201055.1 
Complete 
genome 

ST296 
(CC94) 

S21/R0 31/05/2020 

E. faecium Gr17 B GCA_003711605.1 
Complete 
genome 

No match S17/R4 05/11/2018 

E. faecium HY07 B GCA_003574925.1 
Complete 
genome 

No match S21/R0 19/09/2018 

E. faecium JE1 B GCA_003667965.1 
Complete 
genome 

ST812 S16/R5 21/10/2018 

E. faecium SRCM103341 B GCA_004101385.1 
Complete 
genome 

No match S17/R4 22/01/2019 

E. faecium SRCM103470 B GCA_004103475.1 
Complete 
genome 

No match S10/R11 23/01/2019 

E. faecium T110 B GCA_000737555.1 
Complete 
genome 

ST812 S16/R5 04/08/2014 

E. faecium TK-P5D B GCA_015377765.1 
Complete 
genome 

ST812 S16/R5 12/11/2020 

E. faecium UC7256 B GCA_000499925.1 Contig ST74 S17/R4 26/11/2013 

E. faecium UC8668 B GCA_000499905.1 Contig No match S17/R4 26/11/2013 

E. lactis AnGM4_AISHA  GCA_016863785.1 Scaffold No match S20/R1 02/10/2021 

E. lactis CCM8412  GCA_015751045.1 Contig ST648 S21/R0 11/12/2020 

E. lactis CICC10840  GCA_009735445.1 Contig ST1529 S18/R3 12/08/2019 

E. lactis CICC20089  GCA_009735435.1 Contig No match S21/R0 12/08/2019 

E. lactis CICC20680  GCA_009735475.1 Contig ST76 / 12/08/2019 

E. lactis CICC24101  GCA_009735495. Scaffold ST648 S21/R0 12/08/2019 

E. lactis CICC6078  GCA_009735405.1 Scaffold 
ST296 
(CC94) 

S21/R0 
12/08/2019 

E. lactis G67-2  GCA_016767515.1 Contig ST39 S16/R5 01/28/2021 

E. lactis KCTC21015  GCA_015767715.1 
Complete 
genome 

ST648 S21/R0 12/06/2020 

E. lactis L2672-1  GCA_015751085.1 Contig ST812 S16/R5 11/12/2020 

E. lactis LMG25958T  GCA_015904215.1 Scaffold ST648 S21/R0 12/09/2020 

E. lactis MP10_1  GCA_017356435.1 Contig 
ST296 
(CC94) 

S21/R0 1/28/2021 

E. lactis S10-4  GCA_016767545.1 Contig ST39 S16/R5 7/28/2020 

E. lactis s-7  GCA_013867815.1 Scaffold ST648 S21/R0 3/15/2021 

E. xinjiangensis HPCN38  GCA_016599235.1 Contig ST94 (CC94) S17/R4 1/10/2021 

E. xinjiangensis JCM30200T  GCA_015751065.1 Contig ST289 S17/R4 11/12/2020 

E. xinjiangensis NM29-3  GCA_016767675.1 Contig ST94 (CC94) S17/R4 1/28/2021 

E. xinjiangensis NM30-4  GCA_016767645.1 Contig ST94 (CC94) S17/R4 1/28/2021 
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E. xinjiangensis NM31-5  GCA_016767635.1 Contig No match S17/R4 1/28/2021 

E. xinjiangensis Tb32-6  GCA_016767535.1 Contig No match S17/R4 1/28/2021 

E. xinjiangensis XJ28301  GCA_016767575.1 Contig ST583 S21/R0 1/28/2021 

E. xinjiangensis XJ28304  GCA_016767495.1 Contig ST583 S21/R0 1/28/2021 

E. xinjiangensis XZ35303  GCA_016767615.1 Contig No match S17/R4 1/28/2021 

E. xinjiangensis XZ37302  GCA_016767595.1 Contig No match S17/R4 1/28/2021 

 

3.4 Hospital-associated markers 

The identification of the major virulence factors was performed interrogating the considered genomes using 

the Basic Local Alignment Tool (BLAST) from NCBI for the presence of putative virulence factors identified 

by Freitas et al. (12) and EFSA (6). The considered genomes were interrogated for the presence of the insertion 

sequence IS16 (AF507977.1), hylfm(HMPREF0351_12988) and esp(EFAU004_02750) genes. The additional 

PVMs are genes coding for putative phosphotransferase ptsD(MBG7632288.1), sugar-binding protein 

encoded by a genomic island orf1481(EAN09962.1), collagen-binding protein ecbA(AFK59452.1) and 

nidogen-binding LPXTG surface adhesin sgrA(AFK59147.1), cell-wall-anchored collagen adhesin 

acm(WP_002310122.1). Pili gene clusters PGC-1, including fms20(VFA66863.1) and fms21 (ACI49671.1). 

PGC-2 fms14 (AFK58156.1), fms13 (AFK58158.1) and fms17 (AFK58157.1). PGC-3 containing 

ebpA(YP_006376000), epbB(WP_002286054.1) and ebpC(WP_002286053.1). Lastly, PGC-4 harboring 

fms11(VFA63747.1), fms19(WP_080263466.1) and fms16(WP_002288981.1) 

Ampicillin resistance will be analyzed in silico for the 50 genomes of E. lactis, E. xinjiangensis and E. faecium. 

The determination of the allelic type of penicillin-binding protein 5 sequences, PBP5-S/-R, was carried out as 

previously established (13). Briefly, PBP5 gene sequences were extracted and translated using Geneious prime 

V2021.1.1. Clade B strain Com15 was used as reference for PBP5-S amino acid sequence. The chosen clade 

B and E. lactis strains were then aligned against the reference sequence and herewith the allelic profile 

assigned. 
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4 Results 

4.1 Pan- and core-genome analysis 

The first step of this work was to study the genomic relatedness between E. faecium and E. lactis species, by 

identifying the pan-genome of 181 genomes of E. faecium and E. lactis strains. This is composed by 17,294 

genes, of which 7% represents the core genome and 93% the accessory genome. In particular, E. lactis shares 

10% of its core genes with clade A1, 15% with clade A2 and 20% with clade B (Fig. 1). The number of 

accessory genes in clade A2 and A1 increases gradually when compared with E. lactis, mainly because the 

large accessory genome of HA isolates is related to virulence markers and AMR genes (37). The number of 

conserved genes among all strains is higher between E. lactis and clade B, and it decreases against clade A2 

and A1. In the same manner, the number of unique and new genes is lower among clade B and E. lactis strains, 

whereas it increases with clade A2 and A1 gradually.  

 

Figure 1. Pan- and core-genome analysis performed based on clustering of orthologous groups computed by 

Roary. The analysis was carried out for all strains of E. faecium and E. lactis, and the respective division 

between the different clades (A1, A2 and B) and E. lactis. Core genes (dark blue) are present in 95% -100% 

of the strains. Accessory genes, composed by shell genes (blue), shared by 15% ≤ to <95% of the strains and, 

cloud genes (light blue) shared in 0% - 15% of the strains. The evaluation among all strains depicts a large 

accessory genome (93%), characteristic of the open pangenome of E. faecium. Clade A1 and A2 share 10% 

and 15% of core genes and, 90% and 85% of accessory genes with E. lactis, respectively. Clade B and E. lactis 

shared the largest amount of core genes (20%) and the smallest amount of accessory genes (80%). 
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4.2 Phylogenesis and population structure  

When the 181 considered genomes were used to construct a maximum-likelihood phylogenetic tree, based on 

the accessory gene sequence alignment, the previously described (7) clade separation in the E. faecium species 

(Fig. 2) was evident. Interestingly, all the E. lactis and E. xinjiangensis strains clustered together and were 

entirely intertwined among clade B strains, whereas clade A1 and A2 diverged into two separated branches, 

depicting their higher genomic distance. 

 

Figure 2. Maximum likelihood phylogenetic tree constructed using the core genome alignment of the selected 

181 genomes, depicting E. faecium clade A1 strains marked in red, clade A2 strains marked in blue and clade 

B strains in green. The 14 strains belonging to E. lactis (yellow) and the 10 strains of E. xinjiangensis (orange) 

are completely integrated and grouped together within the branch of clade B strains 

To better investigate the population structure of E. lactis, E. xinjiangensis and E. faecium clade B (50 

genomes), the MLST analysis scheme (8) for E. faecium was applied. This approach indicated that none of the 

26 clade B strains nor any of the 14 E. lactis or 10 E. xinjiangensis strains presented an allelic profile close to 

hospital-associated Clonal Complex 17 (CC17). As reported in Table 1, twelve strains were identified to belong 

to the non-pathogenic human isolated strains Clonal Complex 94 (CC94); six clade B E. faecium strains, two 

E. lactis strains and four E. xinjiangensis strains were not matched to an existing allelic profile; the remaining 

strains are spread in other fifteen sequence types. 
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The Overall Genome Related Index (38), a systematic workflow including 16S rRNA gene sequence analysis, 

ANI and dDDH, which allows a comprehensive taxonomical analysis, was applied to clarify the taxonomical 

relationships between E. lactis and E. faecium. As a first step, the calculation of the similarity values resulting 

from the 16S rRNA gene sequence alignment was evaluated against the established threshold of 98.65% for 

same-species analysis. The outcome of this analysis demonstrated that clade B and E. lactis strains present an 

identity higher than the defined threshold value (Fig. 3). On the contrary, strains from clade A1 and A2 

presented a high variability in the similarity when compared to each other and the rest of the strains. Intra-

strain variability is characterized by the presence of multiple rrn operons. For instance, the six copies of the 

rrn operon of reference strain DO (clade A1) showed heterogeneous results when compared against the rrn 

sequences of the type strains NCTC 7171T (clade A2), LMG25989T and JCM30200T. Two 16S rRNA gene 

sequences remained below and three above the 98.65% species threshold, whereas the remaining single 

sequence showed a same-species value with E. lactis and E. xinjiangensis type strains. Vancomycin resistant 

strain Aus0004 (clade A1) showed no sequences with values above the cutoff with any of the type strains. The 

food isolated strain UC7251 (clade A2), presented values above 98.65% with all three type strains. Lastly, 

when compared to strain T110 (clade B), all six operons presented values above the cut-off with LMG25958T 

and JCM30200T exclusively. These data indicate a limitation in the use of 16S rRNA gene sequence analysis 

for assignation of strains to E. faecium and related species. 

When ANI was applied to discriminate among species, using the threshold value of 96%, all the E. lactis / E. 

xinjiangensis strains presented an ANI value higher than 97% with strains of the same species and with all the 

considered E. faecium clade B strains (Fig. 4). Differently, the ANI values with Clade A1 and A2 strains were 

below the same species threshold value, emphasizing the distance between these two clades and the E. 

lactis/clade B group. This observation was confirmed by the analysis of Genome-to-Genome distance 

calculation, based on digital DNA-DNA hybridization with a species cut-off of 70%.  The 181 considered 

strains were compared each other using the formula 2 that allows a constant error ratio independent from 

genome length and assembly(39). E. lactis (LMG25958T) and E. xinjiangensis (JCM30200T) type strains 

present DDH values higher than 80% against the entire selection of clade B, whereas clade A1 and A2 fall 

below 65% of identity (Fig. 5). 

The overall analysis of the genomic data indicates that clade B strains belong to the same taxonomical unit of 

E. lactis and E. xinjiangensis and differ from E. faecium clade A1 and A2. Consequently, we propose to rename 

the E. faecium clade B strains as E. lactis. 
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Figure 3. Heatmap representing similarity values of the 16S rRNA sequence alignment performed with 

MUSCLE. Each cell represents the similarity value of each rrn copy amongst the 181 selected strains of E. 

lactis (Y-axis) and E. faecium (X-axis). The color scale from green to red represents similarities from furthest 

to closest respectively. The green hue represents the lower values below the species threshold of 98.65%, 

whereas the red hue represents genomes with similarities above this species cut-off. E. lactis shows same-

species values mainly with clade B strains and to a lesser extent to clade A1 and A2 strains.  

 

Figure 4. Average Nucleotide Identity (Y-axis) computed by fastANI for all selected E. faecium strains against 

E. lactis (X-axis). On the Y-axis the ANI in percentage is divided by the defined species-cutoff value of 96%. 
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The 102 strains of clade A1 (red) and A2 (blue) prevail below the threshold, while clade B strains (green) are 

grouped together with E. lactis strains (yellow) above the threshold with values higher than 97%. 

 

Figure 5. Digital DDH calculated for all selected strains against the type strains of E. lactis (LMG25958T) 

and E. xinjiangensis (JCM30200T) (X-axis).The computation formula for this value was selected accordingly 

to minimize error rates. The Y-axis depicts the DDH distance values, where 70% is defined as the species cut-

off limit. The 131 genomes of E. faecium clade A1 (red) and clade A2 (blue) are clustered below 70% of DDH 

identity against both type strains of E. lactis and E. xinjiangensis (yellow).  The 26 clade B strains (green) are 

grouped together with the 24 E. lactis and E. xinjiangensis (yellow), with values higher than 80% of DDH 

distance percentage. 

4.3 Hospital-associated markers 

The presence of hospital-associated markers in E. lactis, E. xinjiangensis and clade B strains was assessed by 

genome interrogation, using the criteria reported by EFSA (6). None of the analysed strains harbored the 

insertion sequence IS16, the hyaluronate lyase coding gene hylfm and the gene coding for the enterococcal 

surface protein esp.  Additionally, we investigated on the allelic variations in the PBP5 protein that contribute 

to ampicillin resistance (13) by analysing the PBP5 amino acid sequences derived from the 50 selected 

genomes of E. lactis, E. xinjiangensis and clade B. Nine strains of E. faecium clade B, eight of E. lactis and 

two of E. xinjiangensis genomes, harbored the consensus profile of susceptible strains PBP5-S characterized 

by S21/R0.The remaining 31 strains presented “hybrid-like” PBP5 sequences as shown in Table 1. None of the 

analyzed strains contained the PBP5 profile associated to ampicillin resistance.   
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When the 50 considered genomes were analyzed for the presence of the genes identified by Freitas et al. (12)  

as putative virulence factors, none of the scrutinized strain contained the full set of genes typical of E. faecium 

strains responsible for human infections, as shown in Supplementary Table S2. Genes coding for adhesion, 

such as sgrA coding for nidogen-binding LPXTG surface adhesin implicated in biofilm formation was found 

in E. lactis strains Tb32-6, XZ35303 and XZ37302, as a cell wall anchor protein with 83% of identity cover. 

Among the clade B strains, sgrA was found in strain 1,141,733 with 84,78% of identity, as well as in strains 

E1613(87%), E1972(83%), E2620(87%), UC7256(88%) and UC8668(88%). Collagen binding protein ecbA 

was found in strain E1604 only with a 92% of identity. Collagen binding adhesin acm was found across all E. 

lactis and clade B strains. With regards to PGC-1, clade B strains BIOPOP-3WT, Com15, E1590, E1613, 

E1972 and E. lactis CICC10840 and CICC20089, and E. xinjiangensis HPCN38, NM30-4, XJ28301, XZ35303 

and XZ37302 carry both genes coding for PGC-1(fms20 and fms21). E. xinjiangensis strain NM30-4 and E. 

lactis CICC20089 carry PGC-4 with full identity for fms13, fms14 and fms17. Concerning the pili gene clusters 

PGC-3 and PGC-4, none of the strains showed complete identity profiles for the entire array of genes forming 

the PGCs. The lack of genetic marker for virulence, and incomplete set of PGCs (1-4) together with the 

susceptible ampicillin genotype of both E. lactis and E. xinjiangensis together with Clade B, support the safety 

of this taxonomical unit and the clear separation from virulence and AM resistant isolates (Clade A2 and A1). 

5 Discussion 

Enterococcus lactis and heterotypic synonym Enterococcus xinjiangensis, were identified as novel species 

mainly by 16S rRNA gene sequence analysis against other enterococcal species. The analyses were carried out 

with E. faecium type strain NCTC 7171T, and distance values set these species apart (18,22). While these 

studies compared strains of the new described species with the type strain of E. faecium, which belong to clade 

A2, in this study we compared the new species with the diverse genetic lineages of E. faecium, including the 

clade B, which contains isolates associated with commensal behavior and probiotic properties. As in previous 

reports (2,37,40,41), our study confirmed the phylogenetic divergence of E. faecium isolates and the clear 

separation of clades based on genomic differences. In addition, we have confirmed through 16S rRNA gene 

sequence analysis, that E. lactis and clade A1 and A2 are separate species. On the contrary, E. lactis and clade 

B strains exhibit distance values higher than 98.65%, placing them in the same phylogenetic group. However, 

taxonomic assignation based on 16S rRNA gene sequence presents some limitations. Thus, E. faecium 

generally carries six copies of the rrn operon and we have observed intra-species variability of rrn sequences, 

based on WGS analysis. As an example, in reference strain DO five of the six copies show homology with the 

E. faecium type strain, while the remaining operon is close to E. lactis. The diversity of the 16S rRNA gene 

sequence within a genome, a common phenomenon in bacteria (42), may result in incorrect phylogenetic 

assignation (43). Consequently, the use of 16S rRNA gene sequence remains limited for taxonomical 

identification of E. faecium and related species.  
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When WGS analyses were performed, a clearer differentiation between E. lactis and clades A1 and A2 of E. 

faecium was achieved. Thus, ANI results showed that strains of these clades cluster below 94-95%, when 

compared to E. lactis and clade B, while E. lactis and clade B were grouped above the 96% same-species 

threshold. This is consistent with other studies, that reported ANI values fluctuating from 94% to 99%, when 

comparing diverse E. faecium isolates from different sources (44,45). Different ANI thresholds have been 

established to discriminate species ranging from 94% to 96%; however, a stricter threshold (96%) provides a 

clearer species delimitation especially for species with diverse lineages such as E. faecium (24,46,47). 

Similarly, a different approach to genomic-based taxonomic identification, digital DNA-DNA Hybridization, 

confirmed the closeness between E. lactis with clade B as they were clustered together with values higher than 

80%, above the cut-off value of 70% for same-species discrimination. Clade A1 and A2 are substantially 

distinct from E. lactis and clade B as they prevail below the species threshold of DDH. The coherence across 

the established thresholds for 16S rRNA  gene identity, ANI and DDH (48), provide a valid overall genome 

relatedness index reliable for classifying Clade B strains  of E. faecium as E. lactis. 

The distinction between clades A and, E. lactis and clade B was also evident after the interrogation of the 

pangenome, which has been recently regarded as a useful tool for species delimitation based on identification 

of lineage-specific gene sets (49). Observing the distribution of core- and accessory-genome of our analysis, 

clade B and E. lactis share the highest number of core genes compared to clades A1 and A2. On the other 

hand, clade A1 and clade A2 show a larger accessory genome when analyzed against E. lactis. It has been 

repeatedly reported that, contrary to clade B, clade A1 and to a smaller extent clade A2 isolates, have a high 

variability in their accessory genes (9). A highly variable accessory genome is conferred by the fact that the E. 

faecium species has open pangenome and therefore a higher genomic diversity (7,26). The adaptation of E. 

faecium to specific environmental factors, such as clinical settings or antibiotic pressure, have altered the 

genomic diversity through HGT, genome rearrangement and gene loss (50,51). E. faecium isolates responsible 

for nosocomial infections are largely distinct than those from livestock settings or food origin, mainly because 

of the presence of AMR genes, virulence features and mobile genetic elements (52). 

An additional factor that has been applied to differentiate HA strains of clade A1 and A2 from non-virulent 

clade B strains was the resistance to ampicillin (6,15). In fact, the phylogenomic diversification of E. faecium 

is highly influenced by the diversity of ampicillin resistance gene sequences (53). E. faecium is intrinsically 

resistant to low levels of ampicillin through cell wall synthesis protein complex PBP, pbp5 is part of this operon 

and sequence variation of PBP5 is sufficient to differentiate two groups of E. faecium (54). In addition to the 

different pbp5 allelic types there are substantial differences in the expression levels of PBP5 which correspond 

with the ampicillin resistance phenotype (15). It has been stated that pbp5 may spread through HGT and 

specifically that pbp5 of resistant isolates is located on transferable chromosomal regions, which suggest its 

dissemination through the clinical environment (55). We confirmed that not only in E. faecium clade B the 

resistance phenotype of PBP5 is lacking but also in all the analyzed E. lactis genomes the PBP5-R, the allelic 

variations related to β-lactam resistance, was absent.  
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Enterococcal strains with higher ampicillin resistance contain a higher number of PVM, which represents 

greater risk in terms of pathogenicity (12). The analysis of PVM based on genomic data, indicates that the 

absence of major virulence factors like insertion sequence IS16, glycosyl hydrolase hylEfm and enterococcal 

surface protein esp in all considered E. lactis and clade B strains. This outcome indicates that the analyzed 

strains of E. lactis and clade B comply with the safety criteria defined by EFSA (6). With respect to the 

additional PVM analyzed, the isolates lack of putative phosphotransferase pstD, collagen binding protein ecbA, 

serine–glutamate containing protein sgrA, sugar-binding protein orf148. Distinct E. faecium genes encoding 

virulence factors, associated with biofilm formation and adherence are present mainly in clinical isolates (56), 

and to a shorter extent in CA isolates (12). In this study, none of the 50 clade B and E. lactis presented a 

complete PGC from cluster 1 to 4, while five clade B strains and five E. xinjiangensis strains contain a complete 

PGC-1 profile and two E. lactis strains harbor a complete PGC-2. It has been speculated that PGC-1 (fms21-

fms20) was carried by ancestral and commensal isolates on large plasmids, which explains the presence of this 

feature in both in HA and CA isolates (57). Other studies revealed the presence of PGC-1 carried by non-

clinical isolates (58). None of the 50 genomes of clade B and E. lactis hold complete PCG-3 and PGC-4 

profiles. PGC-3 formed by the empABC operon is mainly present in clinical isolates and it is associated with 

urinary tract infections (59). Also, PGC-4 was proven to be related to high ampicillin resistance (12). The role 

of pilum in E. faecium and E. lactis stays unclear; even so, there are differential regulation and assembly 

mechanisms in the PGC of clinical isolates and commensal strains (60). 

6 Conclusion 

WGS based methodologies provide a good identification capacity for the E. faecium and E. lactis group and 

regardless of the species delineation method used, clade A is genetically and evolutionarily distinct from clade 

B and E. lactis. This led to the proposal to reclassify all the E. faecium clade B as E. lactis, recognizing the 

two groups are phylogenetically separate. Moreover, this re-classification may have an additional impact on 

the use of these bacteria in the food system. It is known that Clade B strain are used in fermented food industry 

or as animal probiotics, due to their phenotypic features (61–64). A clear distinction between the E. faecium 

HA strains and the E. lactis will also allow to design specific safety assessment procedure, before their use in 

food or as probiotics, including the consideration for inclusion in the European QPS list. 
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10 Supplementary materials 

Table S1. List of the selected clade A1 and A2 Enterococcus faecium strains, publicly available. 

Strain Cla
de  

Accession 
No. 

Strain Cla
de 

Accession 
No. 

Strain Cla
de 

Accession 
No. 

Strain Cla
de 

Accession 
No. 

6E6 A1 GCA_0015
18735.1 

Dallas137 A1 GCA_0164
15445.1 

E4389 A1 GCA_0003
22425.1 

VRE3363 A1 GCA_0154
76295.1 

1,230,933 A1 GCA_0001
57435.1 

Dallas144
_1 

A1 GCA_0164
15405.1 

E4452 A1 GCA_0002
39115.2 

VRE3370 A1 GCA_0153
25925.1 

15-307-1 A1 GCA_0029
73755.2 

Dallas148 A1 GCA_0164
15425.1 

E745 A1 GCA_0017
50885.1 

VRE3382 A1 GCA_0159
99425.1 

2014-
VREF-268 

A1 GCA_0020
25045.1 

Dallas154
_1 

A1 GCA_0164
15545.1 

EFE11651 A1 GCA_9000
44005.1 

VRE3389 A1 GCA_0159
99405.1 

2014-
VREF-41 

A1 GCA_0020
07625.1 

Dallas155 A1 GCA_0164
15505.1 

HOU503 A1 GCA_0059
52885.1 

VVEswe-R A1 GCA_0079
17035.3 

2014-
VREF-63 

A1 GCA_0020
25065.1 

Dallas158 A1 GCA_0164
15565.1 

ISMMS_
VRE_1 

A1 GCA_0017
20945.1 

VVEswe-S A1 GCA_0079
17315.3 

A10290 A1 GCA_0129
33345.2 

Dallas16_
1 

A1 GCA_0164
06485.1 

ISMMS_
VRE_11 

A1 GCA_0017
21905.1 

WGS1811-
4-7 

A1 GCA_0168
64255.1 

A11051 A1 GCA_0129
33285.2 

Dallas163
_1 

A1 GCA_0164
15485.1 

ISMMS_
VRE_12 

A1 GCA_0019
53235.1 

ZY11 A1 GCA_0099
38075.1 

A15023 A1 GCA_0129
33295.2 

Dallas17_
1 

A1 GCA_0164
06445.1 

ISMMS_
VRE_7 

A1 GCA_0017
21065.1 

ZY2 A1 GCA_0101
20755.1 

A3895 A1 GCA_0129
33265.2 

Dallas5 A1 GCA_0161
26675.1 

ISMMS_
VRE_9 

A1 GCA_0019
53255.1 

   

A4694 A1 GCA_0129
33245.2 

Dallas51_
4 

A1 GCA_0164
06465.1 

K60-39 A1 GCA_0023
34625.1 

   

A6521 A1 GCA_0129
33195.2 

Dallas53_
1 

A1 GCA_0164
06365.1 

KUHS13 A1 GCA_0099
38285.1 

   

A7214 A1 GCA_0129
33165.2 

Dallas53_
2 

A1 GCA_0164
06545.1 

LAC7_2 A1 GCA_0090
36045.1 

   

AALTL A1 GCA_0028
80635.1 

Dallas55 A1 GCA_0164
06385.1 

RBWH1 A1 GCA_0039
57785.1 

   

ATCC7002
21 

A1 GCA_0015
94345.1 

Dallas57 A1 GCA_0164
06565.1 

SC4 A1 GCA_0028
48385.1 

   

Aus0004 A1 GCA_0002
50945.1 

Dallas66 A1 GCA_0164
06405.1 

SRR24 A1 GCA_0097
34005.2 

   

Aus0085 A1 GCA_0004
44405.1 

Dallas71_
2 

A1 GCA_0164
06525.1 

U0317 A1 GCA_0001
72915.1 

   

BA17124 A1 GCA_0129
32975.2 

Dallas83 A1 GCA_0164
06425.1 

UAMSEF
_01 

A1 GCA_0058
86545.1 

   

BP3378 A1 GCA_0129
33055.2 

Dallas87_
1 

A1 GCA_0164
06505.1 

UAMSEF
_08 

A1 GCA_0058
86655.1 

   

BP5067 A1 GCA_0129
32985.2 

Dallas91 A1 GCA_0164
06345.1 

UAMSEF
_09 

A1 GCA_0058
86715.1 

   

BP657 A1 GCA_0129
33075.2 

Dallas93_
2 

A1 GCA_0164
06345.1 

UAMSEF
_20 

A1 GCA_0058
86735.1 

   

CFSAN059
070 

A1 GCA_0030
71425.1 

Dallas93_
3 

A1 GCA_0164
06585.1 

UC7266 A1 GCA_0007
64975.1 

   

CFSAN059
071 

A1 GCA_0030
71445.1 

Dallas97_
1 

A1 GCA_0164
15025.1 

UW8175 A1 GCA_0015
87115.1 

   

Dallas1 A1 GCA_0159
99605.1 

DB-1 A1 GCA_0063
37045.1 

V1836 A1 GCA_0087
28455.1 

   

Dallas100_
1 

A1 GCA_0164
15285.1 

DO A1 GCA_0001
74395.2 

V2937 A1 GCA_0087
28475.1 

   

Dallas103 A1 GCA_0164
15105.1 

E1 A1 GCA_0018
86635.1 

VB3025 A1 GCA_0055
17315.1 

   

Dallas107_
1 

A1 GCA_0164
15325.1 

E1679 A1 GCA_0001
72875.1 

VB3240 A1 GCA_0055
76735.1 

   

Dallas111 A1 GCA_0164
15345.1 

E232 A1 GCA_0027
77275.1 

VB3338 A1 GCA_0148
74615.1  

   

Dallas124_
1 

A1 GCA_0164
15385.1 

E240 A1 GCA_0027
61255.1 

VRE A1 GCA_0096
97285.1  

   

Dallas124_
3 

A1 GCA_0164
15365.1 

E243 A1 GCA_0027
61275.1 

VRE001 A1 GCA_0018
95905.1 

   

Dallas131_
2 

A1 GCA_0164
15465.1 

E39 A1 GCA_0016
35875.1 

VRE1 A1 GCA_0060
07925.1 

  
 
 
  

Strain Cla
de  

Accession 
No. 

Strain Cla
de  

Accession 
No. 

Strain Cla
de  

Accession 
No. 

Strain Cla
de  

Accession 
No. 
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1,231,501 A2 GCA_0001
57555.1 

E1071 A2 GCA_0001
72655.1 

N56454 A2 GCA_0063
51845.1 

UC7265 A2 GCA_0007
64985.1 

16-346 A2 GCA_0027
61555.1 

E1573 A2 GCA_0003
21765.1 

NCTC717
1 

A2 GCA_9004
47735.1 

UC7267 A2 GCA_0004
11635.1 

3012STDY
6244127 

A2 GCA_9006
83475.1 

E1630 A2 GCA_0003
22025.1 

NCTC717
4 

A2 GCA_9006
37035.1 

UC8733 A2 GCA_0004
99945.1 

64-3 A2 GCA_0012
98485.1 

F17E0263 A2 GCA_0062
80355.1 

NM213 A2 GCA_0051
66365.1 

UW7606x6
4/3 TC1 

A2 GCA_0014
12695.1 

E0269 A2 GCA_0003
21525.1 

fac90 A2 GCA_0167
43855.1 

NRRL B-
2354 

A2 GCA_0003
36405.1 

WEFA23 A2 GCA_0028
50515.1 

E0688 A2 GCA_0003
21605.1 

FDAARG
OS_323 

A2 GCA_0029
83785.1 

QU 50 A2 GCA_0067
41355.1 

   

E1002 A2 GCA_9000
66025.1 

KCCM 
12118 

A2 GCA_0157
67695.1 

UC10237 A2 GCA_0004
99965.1 

   

E1039 A2 GCA_0001
74935.1 

LS170308 A2 GCA_0028
31505.1 

UC7251 A2 GCA_0004
11655.1 
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Table S2. Presence of major putative virulence factors interrogated for all E. faecium clade B and E. lactis. Percentage values represent the nucleotide identity 

between the query and subject sequence. The considered genomes were interrogated for the presence of the following genes: insertion sequence (IS16), hyalunorate 

lyase (hylfm) and enterococcal surface protein (esp), putative phosphotransferase (ptsD), sugar-binding protein encoded by a genomic island orf1481, collagen-

binding protein (ecbA) and nidogen-binding LPXTG surface adhesin (sgrA), cell-wall-anchored collagen adhesin (acm). Pili Gene Cluster-1 (PGC-1), including 

pilus proteins genes fms20 and fms21. Pili Gene Cluster-2 (PGC-2), including pilus proteins fms14, fms13 and fms17. PGC-3 containing endocarditis- and biofilm-

associated pili A(ebpA),  endocarditis- and biofilm-associated pili B (epbB) and  endocarditis- and biofilm-associated pili C (ebpC). PGC-4 harboring including 

pilus proteins fms11, fms19 and fms16. 

  
  

PGC-1 PGC-2 PGC-3 PGC-4  

Species Strain Accession No. 

ps
tD

 

or
f1

48
1 

sg
rA

 

IS
16

 

es
p 

hy
lE

fm
 

ec
bA

 

ac
m

 

fm
s2

0 

fm
s2

1 

fm
s1

4 

fm
s1

3 

fm
s1

7 

eb
pA

 

ep
bB

 

eb
pC

 

fm
s1

1 

fm
s1

9 

fm
s1

6 

E. faecium 1,141,733 GCA_000157575.1 - - + (84,78%) - - - - + - - - - - - - - - - - 

BIOPOP-3ALE GCA_012045365.1 - - - - - - - + - + - - - - - - - - - 

BIOPOP-3WT GCA_012045505.1 - - - - - - - + + + - - - - - - - - - 

BM4105_RF GCA_003269465.1 - - - - - - - + + - - - - - - - - - - 

CBA7134 GCA_004015145.1 - - - - - - - + - - - - - - - - - - + ( 96%) 

Com12 GCA_000157635.1 - - - - - - - + + - - - - - - - - - - 

Com15 GCA_004006255.1 - - - - - - - + + + - - - - - - - - + ( 96%) 

DMEA02 GCA_008330605.1 - - - - - - - + - - - - - - - - - - - 

DT1-1 GCA_011745645.1 - - - - - - - + - - - - - - - - - - + ( 96%) 

E1590 GCA_000321865.1 - - - - - - - + + + - - - - - - - - - 

E1604 GCA_000321885.1 - - - - - - + (92%) + - - - - - - - - - - - 

E1613 GCA_000321905.1 - - + (87%) - - - - + + + - - - - - - - - - 

E1861 GCA_000322085.1 - - - - - - - + + - - - - - - - - - - 

E1972 GCA_000322125.1 - - + (83%) - - - - + + + - - - - - - - - - 

E2620 GCA_000322225.1 - - + (87%) - - - - + - - - - - - - - - - - 



Chapter 3 

82 

 

E980 GCA_000172615.1 - - - - - - - + + - - - - - - - - - + ( 96%) 

FS86 GCA_013201055.1 - - - - - - - + - - - - - - - - - - + ( 96%) 

Gr17 GCA_003711605.1 - - - - - - - + - - - - - - - - - - - 

HY07 GCA_003574925.1 - - - - - - - + - - - - - - - - - - - 

JE1 GCA_003667965.1 - - - - - - - + - - - - - - - - - - - 

SRCM103341 GCA_004101385.1 - - - - - - - + - - - - - - - - - - + ( 96%) 

SRCM103470 GCA_004103475.1 - - - - - - - + - - - - - - - - - - - 

T110 GCA_000737555.1 - - - - - - - + + - - - - - - - - - + ( 96%) 

TK-P5D GCA_015377765.1 - - - - - - - + + - - - - - - - - - + ( 96%) 

UC7256 GCA_000499925.1 - - + (88%) - - - - + - - - - - - - - - - - 

UC8668 GCA_000499905.1 - - + (88%) - - - - + - - - - - - - - - + ( 91%) + ( 96%) 
E. lactis AnGM4_AISHA GCA_016863785.1 - - - - - - - + + - - - - - - - - - + ( 96%) 

CCM8412 GCA_015751045.1 - - - - - - - + - - - - - - - - - - - 

CICC10840 GCA_009735445.1 - - - - - - - + + + - - - - - - - - + ( 95%) 

CICC20089 GCA_009735435.1 - - - - - - - + + + + + + - - - - - - 

CICC20680 GCA_009735475.1 - - - - - - - + - - - - - - - - - - - 

CICC24101 GCA_009735495. - - - - - - - + - - - - - - - - - - - 

CICC6078 GCA_009735405.1 - - - - - - - + - - - - - - - - - - + ( 95%) 

G67-2 GCA_016767515.1 - - - - - - - + - - - - - - + - - - + ( 95%) 

KCTC21015 GCA_015767715.1 - - - - - - - + - - - - - - - - - - - 

L2672-1 GCA_015751085.1 - - - - - - - + + - - - - - - - - - + ( 95%) 

LMG25958 GCA_015904215.1 - - - - - - - + - - - - - - - - - - - 

MP10_1 GCA_017356435.1 - - - - - - - + - - - - - - - - - - + ( 95%) 

S10-4 GCA_016767545.1 - - - - - - - + - - - - - - + - - - + ( 95%) 

s-7 GCA_013867815.1 - - - - - - - + - - - - - - - - - - - 

HPCN38 GCA_016599235.1 - - - - - - - + + + + + - - - - - - - 

JCM30200 GCA_015751065.1 - - - - - - - + - - - - - - - - - - - 

NM29-3 GCA_016767675.1 - - - - - - - + - - - - - - - - - - - 

NM30-4 GCA_016767645.1 - - - - - - - + + + + + + - - - - - - 

NM31-5 GCA_016767635.1 - - - - - - - + + - - - - - - - - - + ( 95%) 
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Tb32-6 GCA_016767535.1 - - + (83%) - - - - + + - - - - - - - - + ( 91%) + ( 95%) 

XJ28301 GCA_016767575.1 - - - - - - - + + + - - - - - - - - + ( 95%) 

XJ28304 GCA_016767495.1 - - - - - - - + - - - - - - - - - - + ( 95%) 

XZ35303 GCA_016767615.1 - - + (83%) - - - - + + + - - - - - - - + ( 91%) + ( 95%) 

XZ37302 GCA_016767595.1 - - + (83%) - - - - + + + - - - - - - - + ( 91%) + ( 95%) 

‘+’ indicates the presence of the interrogated gene 

‘-’ indicates the absense of the interrogated gene 
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1 Abstract 

It was recently proposed that Enterococcus faecium colonizing the human gut (previous clade B) actually 

corresponds to Enterococcus lactis. Our goal was to develop a PCR to rapidly differentiate these species and 

to discuss the main phenotypic and genotypic differences from a clinical perspective. The pangenome of 512 

genomes from E. faecium and E. lactis was analysed to assess diversity in genes among the two species. 

Sequences were aligned to find the best candidate gene for designing species-specific primers and testing their 

accuracy in a collection of 382 enterococci. E. lactis isolates from clinical origin were further characterized by 

whole genome sequencing (Illumina). Pangenome analysis resulted in 12 gene variants, with gene gluP 

(rhomboid protease) selected as the candidate for species differentiation. The nucleotide sequence of gluP 

diverged by 90-92% between sets and allowed species identification through PCR with 100% specificity and 

no cross-reactivity. E. lactis were greatly pan-susceptible and non-host-specific. Clinical E. lactis isolates were 

susceptible to clinically-relevant antibiotics, lacked infection-associated virulence markers, and were 

associated with patients presenting risk factors for enhanced bacterial translocation. Here, we propose a PCR-

based assay using gluP for an easy routine differentiation between E. faecium and E. lactis that could be 

implemented in different Public Health contexts. We further suggest that E. lactis, a dominant human gut 

species, can translocate the gut barrier in severely ill, immunodeficient, and surgical patients. Knowing that 

bacterial translocation may be a sepsis promoter, the relevance of infections caused by E. lactis, even if pan-

susceptible, should be explored. 

2 Introduction 

Enterococcus faecium  has emerged as a leading nosocomial multidrug-resistant (MDR) pathogen responsible 

for hospital-acquired infections worldwide (1).The population structure of E. faecium has been divided into 

distinct clades, clade A consisting of hospital- and animal-associated isolates and clade B containing 

community-associated isolates (2). In a previous study, we demonstrated that Enterococcus lactis (E. lactis) 

and E. faecium from clade B are genetically and evolutionarily distinct from clade-A E. faecium (3). In 

addition, other features distinguishing clade A from clade-B E. faecium isolates included the often resistance 

of the former to different antibiotics (e.g., high levels of aminoglycosides, ampicillin, and/or vancomycin) and 

the enrichment in a variety of virulence factors and/or mobile genetic elements (3). Based on these data it was 

proposed to reclassify the clade B E. faecium as E. lactis (from now on always designated as E. lactis) as they 

are in fact the same species (3).      

Although the extent of E. lactis causing human infections is much lower than that of clade-A E. faecium, they 

are currently being misidentified as E. faecium in hospitals worldwide. Large epidemiological studies 

previously showed E. lactis genomes in association with a significant number of bacteremia isolates and with 

vancomycin resistance as well (4). Also, many probiotics or feed formulas contain E. faecium which in fact 

could actually correspond to E. lactis (5). In this context, it is urgent to easily differentiate between E. faecium 
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and E. lactis not only for accurate patient diagnosis and infection prognosis but also for a correct taxonomic 

classification in different epidemiological and vigilance programs besides industry purposes. Therefore, we 

developed a PCR for rapid detection and differentiation between these species. Given, the lack of studies 

characterizing E. lactis from hospitalized patients, we also explored the genome and phenotypic features of 

the clinical E. lactis identified in this study. 

3 Methods and materials 

3.1 Pan-genome analysis and species-specific primer design 

A total of 512 enterococcal genomes were retrieved from the GenBank NCBI database. The genomes were 

submitted to the genome-to-genome distance calculator online tool to compute digital DNA-DNA 

hybridization (dDDH) against E. faecium type strain ATCC 700221T to discriminate between clade A (≥70%) 

and clade B/E. lactis (<70%) (Table 1S) (6). By the time of analysis (January 2022), the selection of strains 

was based on the level of genome completeness (only complete assemblies) as well as their relevance in the 

clinical or agri-food fields measured by their inclusion in different publications (Table S1). Genomes were 

annotated with Prokka (6) and submitted to pan-genome analysis using Roary v3.11.2  (7). The output 

discriminates core genes as being present in 95-100% of the strains of interest. The accessory genes are 

constituted by shell (15% ≤ - <95%) and cloud genes (0%≤ - < 15%). To differentiate between both species 

and create specific primers, we analysed unique genes in E. lactis that could be absent in E. faecium or gene 

variants differing among both species, by using the query_pan_genome command. We defined set1 of isolates 

containing E. lactis and set2 clade A E. faecium. Gene variants were then extracted from all genomes of set1 

and were subsequently aligned to evaluate allelic differences among set2 isolates. We also submitted these 

genes to BLAST (8) to corroborate the allelic variance between E. lactis and E. faecium genomes. All 

extraction and alignment steps were performed with software Geneious Prime V2022.0.1. Good gene 

candidates were furtherly evaluated to test the accuracy of this method and the selected gene was used for 

primer design using Primer3 (9). Finally, the proposed primers were tested in silico  with the genomes of E. 

faecium ATCC 700221T and E. lactis LMG 25958T type strains and in vitro in a collection of 137 well-

characterized E. faecium (61 from human clinical origin, 42 from animals, 21 from healthy individuals, and 

13 from miscellaneous sources) that have been previously classified as clade A (n=110) or clade B (n=27) in 

previous surveillance studies (10). They were also tested in other 245 enterococci isolates for which 

identification and/or clonality was not established (unknown clade or even species) to test eventual cross-

reactions between E. lactis, E. faecium and non E. faecium/E. lactis isolates. PCR was performed in a BioRad 

iCycler equipment with PCR conditions and primer details being described in Table 1.   
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Table 1. Species-specific primers and PCR conditions for differentiation of E. faecium and E. lactis species 

by ampifying the gluP gene. 

    Sequence (5'->3') Length Start Stop Tm 
GC
% 

Product 
size 

PCR conditions 

E. faecium Forward  
GCGTGCATGGTT
AAGACGAC 

20 27 46 59.91 55 427 1 cycle 10’-94ºC; 30 
cycles 30’’-94ºC, 30’’- 
61ºC, 30’’-72ºC; 1 
cycle 
10’-72ºC 

  Reverse 
CTGCTGGATCGCT
GGGTTAT 

20 453 434 59.89 55   

E. lactis Forward 
TACGGTCACTGG
CGGTTTTT 

20 274 293 60.18 50 
201 

1 cycle 10’-94ºC; 30 
cycles 30’’-94ºC, 30’’- 
58ºC, 30’’-72ºC; 1 
cycle 
10’-72ºC   Reverse 

TGTCTGCTGTTTC
GGTAGCC 

20 597 578 60.32 55 

 

3.2 Antibiotic susceptibility and genomic profiling of clinical E. lactis isolates.  

A total of five clinical isolates identified as E. lactis with the designed primers were further analysed and 

identified with the following strain names: HPH55b, HPH67, HPH133, HPH282 and HPH288. The five strains 

were subjected to antimicrobial susceptibility, which was studied by disk diffusion against 12 antibiotics 

(ampicillin, vancomycin, teicoplanin, ciprofloxacin, erythromycin, gentamicin, streptomycin, linezolid, 

tigecycline, tetracycline, chloramphenicol and quinupristin-dalfopristin). In general, we used EUCAST criteria 

(version 12.0) and in cases where EUCAST did not specify a clinical breakpoint, we referred to CLSI 

guidelines (11). Additionally, Minimum Inhibitory Concentrations (MICs) of ampicillin were determined by 

E-test (Liofilchem) (12).  

Genomic DNA was extracted from 1 mL of overnight cultures in brain heart infusion broth using a Wizard 

Genomic DNA Purification kit (Promega Corporation, Madison, WI, USA) according to the manufacturer’s 

instructions and the concentration was determined with a Qubit 3.0 Fluorometer (Invitrogen, Thermo Fisher 

Scientific, Waltham, MA, USA). Genome sequencing was accomplished by an Illumina NovaSeq 6000 

platform (2× 300 bp pair-ended runs, ~6 Gb genome, coverage 100×) according to standard Illumina protocols 

performed at the Eurofins Scientific (Italy). Data were analysed using: FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to test the quality of the raw and pre-processed 

data; SPAdes (v.3.10.0) for de novo assembling the paired-end reads; and QUAST 

(http://quast.bioinf.spbau.ru) for evaluating the quality of genome assembly. After annotation with Prokka and 

pan and core-genome analysis with Roary, amaximum likelihood phylogenetic tree was constructed using the 

core genome alignment of the 269 E. lactis genomes (Table S1) and the five clinical E. lactis genomes (this 

study) by employing RaxML v1.0 (13) and results were edited using iTOL (14). The Whole Genome Shotgun 

project including the 5 clinical E. lactis isolates was deposited at DDBJ/ ENA/GenBank under BioProject 

accession number PRJNA851953 (Biosample accession numbers: SAMN29257244-SAMN29257248). 
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4 Results  

The first part of this study was to compute the pan-genome of the 512 genomes including 269 E. lactis (with 

183 deposited as E. faecium classified as clade B and 86 deposited and classified as E. lactis) and 243 E. 

faecium classified as clade A, as computed by dDDH. The pan-genome was composed by 32,380 genes, with 

2% representing the soft core- and core-genome, which is defined as genes present in 95-100% of the genomes 

(Fig.1A and 1B). The remaining 98% represented the accessory genome which is defined by shell and cloud 

genes (>95% of the genomes). The pan-genome analysis of the 512 genomes resulted in 12 genes with high 

enough variance between E. faecium and E. lactis (Table 2), of which 7 did not have a functional annotation. 

The remaining five genes with functional annotations included araR (arabinose transcriptional repressor), gluP 

(rhomboid protease), rlmA (23S rRNA (G(745)-N(1))-methyltransferase), ypjD (inner membrane protein) and 

yqgN (inner membrane protein). The alignment of genes araR_2, ypjD and yqgN did not show promising 

results as they had high allelic variability among genomes from the same set. Concerning both genes gluP and 

rlmA, the alignment exhibited clear patterns of allelic differences between set1 and set2 of isolates. 

Nevertheless, the last gene was not further explored as a ribosomal subunit-based PCR, mainly due to the 

presence of multiple copies that may introduce high variability and inaccuracy to the assay. Consequently, 

gluP was chosen for primer design and further screening analysis.  

The alignment of gluP from all E. faecium and E. lactis genomes showed two different nucleotide sequences: 

set1/set1 and set2/set2 identities ranged from 98-100% and set1/set2 between 90-92% (Fig. 1C, Table S2). 

Once the primers were designed for each species-specific sequence (sequences and PCR conditions in Table 

1), we submitted them to BLAST to evaluate their in silico accuracy with all deposited genomes on NCBI. 

Indeed, primer pair for clade A showed 100% identity with the corresponding sequences of clade A isolates 

and <90% identity with E. lactis gluP sequences. Similar results were obtained while analysing E. lactis 

primers. In silico PCR of both primers resulted in 100% specificity with E. faecium ATCC 700221T and E. 

lactis LMG 25958T type strain. 
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Figure 1. A) Maximum likelihood phylogenetic tree of E. faecium and E. lactis based on core genome 

alignment representing a clear clade separation, clade-A1 E. faecium (red), clade-A2 E. faecium (blue), and 

clade-B E. faecium/E. lactis (green). B) Presence and absence matrix of the core and accessory genomes 

respective to their phylogenetic position. C) Alignment of gluP gene showing the two main gene sequences 

from clade A/E. faecium (Genbank Accession: UDP42194.1) and E. lactis (Genbank Accession: 

WP_156271834.1) with different nucleotide patterns.  

Table 2. Candidates of gene variants between E. faecium and E. lactis for primer design. 

Gene Product Function 

araR Arabinose metabolism transcriptional 
repressor 

Transcriptional repressor of the arabinose 
utilization genes. 

comEA hypothetical protein   

gluP Rhomboid protease GluP Rhomboid-type serine protease that 
catalyzes intramembrane proteolysis. 
Important for normal cell division and 
sporulation. 

group_12706 hypothetical protein   

group_16273 hypothetical protein   
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rimI hypothetical protein   

group_21758 hypothetical protein   

group_21783 hypothetical protein   

group_21801 hypothetical protein   

rlmA 23S rRNA (guanine(745)-N(1))-
methyltransferase 

Methylation of 23S rRNA nucleotide 
G745 

ypjD putative protein YpjD Inner membrane protein YpjD 

yqgN putative protein YqgN Uncharacterized protein YpjD 

 

We then tested and validated the PCR in enterococci collections recovered by the group in different 

surveillance studies over diverse time spans. PCR showed 100% accuracy when testing the 137 well-

characterized E. faecium, where clade A isolates amplified with primer A1/A2 and E. lactis isolates (former 

clade B E. faecium) with primer B/E. lactis, exclusively (Table S3). The 27 E. lactis identified were obtained 

from human colonization (n=17), human clinical (n=5), animals (n=3) and the environment (n=2) (Table S3). 

At least in our dataset, E. lactis were generally more susceptible to antibiotics than E. faecium isolates (Table 

S3): only one E. lactis isolate was resistant to ampicillin (hospital sewage), two were resistant to ciprofloxacin 

and all remaining ones expressed resistance to erythromycin, tetracycline and/or aminoglycosides. We used 

the MLST E. faecium scheme to provide an overview of E. lactis clonal diversity and confirm their assignment 

as typical clade B E. faecium clones: they belonged to 18 different STs (4 novel), some previously associated 

with human clinical (ST74/ST108/ST123/ST329/ST361/ST798/ST994), hospital surveillance/environment 

(ST123/ST361/ST717), community (ST118/ST798) and animals (ST75/ST798) origins in different countries 

(pubmlst.org). Among the 245 isolates, amplifications were also highly specific: 98 amplified only with B/E. 

lactis primers (from human colonization), 101 (50 human clinical and 51 human colonization) only with clade 

A E. faecium primers, and the remaining (n=46) were negative for both primer pairs and then confirmed as E. 

faecalis. Most (102/180, 57%) E. lactis identified in all 382 enterococci (245 plus the 137) originate from 

human faecal colonization. 

Details from the 5 clinical E. lactis identified in this study (2 from blood, 2 from bile and one abdominal pus) 

are included in Table 3. All patients but one presented co-morbidities and cholangitis/cholecystitis pathologies, 

for which gut bacterial translocation has been proposed as a possible cause. Indeed, these patients were co-

infected with Gram-negative bacteria in 3/5 cases and underwent broad-spectrum antibiotic therapy, which is 

known to favour enterococci overgrowth in the lumen and possible gut translocation (15). Three out of the 5 

isolates expressed resistance to erythromycin only, and the remaining were pan-susceptible. Although three of 

them carried some pbp5 amino acid mutations and the Resfinder 4.1 predicted phenotype was of resistance on 

those cases, all presented a sensitive phenotype against ampicillin (MIC=0.05-0.75 mg/L). This may be 

explained by the absence of key mutations that are frequent among clinical ampicillin-resistant E. faecium 

(16). Regarding antibiotic resistance genes, only aac(6')-Ii and msr(C) genes were found, although both are 
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intrinsic for E. faecium and should be for E. lactis as well. Actually, we submitted to BLAST both genes 

against all E. lactis genomes and they were present in 100% of them. Even though the MLST scheme was 

designed for E. faecium and not for E. lactis, the 5 isolates were identified as ST118, ST329, ST361, ST994 

and ST2215, and all but ST118 and the last one, that is novel, have been identified in hospitalized patients 

before (pubmlst.org) (4). These 5 E. lactis were further compared with available E. lactis genomes (n=269) 

and the resulting phylogenetic tree with the 274 E. lactis genomes clearly shows the intermixing of E. lactis 

from different sources with no obvious separation of isolates by source (Fig. 2). The 5 clinical E. lactis 

clustered with probiotic, dairy and animal samples. Additionally, they carried acm, sgrA, ccpA, bepA, gls, and 

pili genes involved in different cellular functions (Table S4), but most of them (59%) were either truncated 

(32%) or presented low similarity (27%) with reference strains. 
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Table 2. Epidemiological data and characterization of clinical E. lactis isolates from a Portuguese hospital in Porto area. 

Isolate STa Sex/Age Date of 

isolation 

Product Pathology Hospital 

Unit 

Clinical case Co-bacteria Antibiotherapy Co-morbilities 

HPH55b 2215 M/63 11/10/19 bile Cholangitis Surgery Hospitalization because of an episode of 

cholangitis. Antibiotic therapy with Pip+Taz. 

Percutaneous transhepatic cholecystectomy 

with bile aspiration. Bile culture: E. coli ESBL+ 

sensitive to gentamicin and ertapenem and E. 

faecium. Medicated with meropenem. 

E. coli ESBL+ 

sensitive to 

gentamicin and 

ertapenem 

Pip+Taz 

Meropenem 

Chronic pancreatitis of 

alcoholic aetiology 

with multiple episodes 

of cholangitis. 

HPH67 329 M/70 28/10/19 abdominal pus Necrotizing 

fasciitis 

Medicine Previous hospitalization by septic shock with 

abdomen necrotizing fasciitis after elective 

cholecystectomy. Surgery with pus collection. 

E. coli Amoxi and 

cefuroxime 

resistant; P. 

aeruginosa 

Pip+Taz and 

Vancomycin 

Addition of 

clindamycin  

Ischemic heart disease 

since 1995; Chronic 

obstructive pulmonary 

disease; chronic kidney 

disease and gallstones. 

HPH133 361 M/80 28/09/20 bile Cholecystitis Surgery Laparoscopic cholecystectomy due to acute 

lithiasic cholecystitis. Initiates Pip+Taz. 

Collects bile during surgery - isolation of 

cefotaxime-sensitive and Pip+Taz-resistant E. 

coli; and ampicillin-sensitive E. faecium. Switch 

to cefotaxime + ampicillin. Discharge on 

5/10/2020. 

E. coli Pip/TazR Pip+Taz Nonrelevant 

HPH282 994 M/84 25/02/22 blood Cholangitis Medicine Multiple complications associated with left total 

hip prosthesis with prolonged hospital stay for 

periprosthetic infection with prosthesis 

extraction. Grade II acute cholangitis and 

prerenal AKI superimposed on CKD. Antibiotic 

therapy with Pip+Taz was started. 

Haemoculture: E. faecium. Excellent clinical 

evolution, with good response to antibiotic 

therapy, having completed 14 days of Pip+Taz. 

No Pip+Taz Arterial hypertension, 

obesity, diabetes (type 

II), chronic kidney 

disease 
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HPH288 118 F/64 23/05/22 blood Cholangitis Surgery During hospitalization maintained controlled 

pain. Progressive decrease in inflammatory 

parameters, without leucocytosis. Decrease in 

cholestasis parameters and progressive decrease 

in lipase and amylase, so currently no criteria for 

ERCP. At discharge, with innocent abdominal 

palpation, significant improvement in jaundice 

and in sustained apyrexia. 

  

No Ceftriaxone+ 

Metronidazol 

Arterial hypertension, 

gastroesophageal 

reflux disease, 

dyslipidaemia, 

depressive/anxious 

disorder, lower limb 

venous insufficiency, 

colonic diverticulosis 

 

AKI, acute kidney injury; Amoxi, amoxicillin; CKD, chronic kidney disease; ERCP, endoscopic retrograde cholangiopancreatography; ESBL, extended-spectrum 

beta-lactamase; F, female; M, male; Pip, piperacillin; R, resistant; S, susceptible; ST, sequence type; Taz, tazobactam. 

aST was defined according to the MLST scheme of E. faecium as there is any about E. lactis. 
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Figure 2. Maximum likelihood phylogenetic tree of 274 E. lactis genomes based on core genome alignment. 

Different isolation origins are classified as follows: human from clinical samples in red, human from 

colonization samples (stool, gastrointestinal, genitourinary and breast milk samples) in brown, non-determined 

origin of human samples in grey, animal isolates in green, food in yellow, dairy in magenta, probiotics in blue, 

environmental samples in purple and other origins (unknown) in black. No clear patterns between isolates from 

different sources is visible. Clinical E. lactis samples are clustered among probiotic/dairy and animal samples. 
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5 Discussion  

The emergence of multidrug-resistant E. faecium in hospitals causing tenacious and hard-to-treat infections 

has been alarming over the last decades and has intensified the need to distinguish strains of public health 

concern. Currently, some of the enterococci causing hospital infections are being misidentified worldwide. In 

this work, we corroborate a recent proposal that a subset of E. faecium (clade B) are actually E. lactis (3) and 

further designed primers to correctly differentiate between these species for accurate identification. The primer 

design was based on the pan-genome alignment of both species aiming to find unique genes or gene variations 

that were sufficiently discriminatory to differentiate them through standard PCR. Gene gluP, coding for a 

rhomboid protease, showed two different sequences with enough nucleotide pattern differences to design 

species-specific primers. Rhomboid family proteases are a ubiquitous family of intramembrane serine 

proteases, with a unique evolutionary conservation level (17). Different studies have been conducted to 

investigate the structure and function of rhomboid proteases, especially AarA in Providencia stuartii (role in 

quorum sensing), GlpG in Escherichia coli and Haemophilus influenzae (role in antibiotic susceptibility) and 

GluP (also called YqgQ) in Bacillus subtilis (role in cell division and glucose uptake) (18). The function and 

structure description of GluP within the Bacillota phylum may suggest the potential function of GluP in 

enterococci, however this exceeds the scope of this study (19). More research will unveil the phenotypic impact 

of the allelic differences between species, however, for the scope of this study only its genotypic variation was 

considered.  

E. lactis is genomically and evolutionarily distinct from E. faecium. Phenotypically, they are generally much 

more susceptible to antibiotics and lack key virulence markers known to be associated with outbreak/epidemic 

E. faecium (this study; 3,8). Even though E. lactis seem less prone to cause human infections, clade B E. 

faecium have been described as able to acquire the VanA (4) or VanN operon (20), and their proportion among 

human infections caused by enterococci may be undervalued since most surveillance studies focus on MDR 

E. faecium strains. According to the features of the clinical E. lactis detected in this and other (previously 

described as clade B E. faecium) studies, and their great association with human faecal colonization, we believe 

that E. lactis, as one dominant human gut species, can translocate the gut barrier in severely ill, 

immunodeficient and/or surgical patients. Indeed, all patients infected by E. lactis in this study present at least 

a risk factor for bacterial translocation (chronic diseases as pancreatitis, abdominal surgeries, broad-spectrum 

antibiotics). As the ability of different enterococcal species to translocate into host tissues seems 

evolutionarily-related (21), it makes sense that E. lactis is able to do it as well. Previous studies showed 

enterococci enriched in the faecal microbiome of patients with sclerosing cholangitis together with gram-

negative bacteria (22) and that is one of the commonest genera in bile cultures (23), so more research is needed 

to unveil the amount of E. lactis versus other enterococcal species in these and other clinical cases. In common 

to previous studies describing E. lactis in association with bloodstream infections (4, 10, 24), here we describe 

two bacteraemia cases by E. lactis with clinical significance and systemic signals of infection. One limitation 
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of our study is the low sample, but future large-scale studies will unveil the real ability of E. lactis to cause 

bacteraemia and other infections as well as the best antibiotherapy to treat them. 

6 Conclusion 

To conclude, we designed and validated a PCR to discriminate between E. faecium and E. lactis species. To 

note that published primers widely used for years and designed to identify E. faecium (e.g., ddl gene) lack 

enough discriminatory power to distinguish these species. Very recent approaches to differentiate them by 

MALDI-TOF MS or qPCR showed promising results (25, 26), but until we have a robust collection of E. lactis 

mass spectra for hospital routine identification and other purposes, we have successfully designed a highly 

specific PCR that can be applied in a cost-effective and timely fashion. The development of a precise 

differentiation method has direct implications in both the clinical and food safety fields and could draw the 

line between E. faecium strains currently being used in probiotics and feed that actually correspond to E. lactis 

and/or associated with human infections when they are actually E. lactis having possible implications in 

infection management and overall, in different Public Health contexts. 

7 Transparency Declaration 

The authors do not report any conflict of interest in relation to this work. This work was funded by national 

funds from FCT—Fundação para a Ciência e a Tecnologia, I.P., in the scope of the project UIDP/04378/2020 

and UIDB/04378/2020 of the Research Unit on Applied Molecular Biosciences—UCIBIO, the project 

LA/P/0140/2020 of the Associate Laboratory Institute for Health and Bioeconomy—i4HB, and the exploratory 

project EXPL/SAU-INF/0261/2021. ARF and A.C.A.-S. gratefully acknowledge the Junior Research Position 

(CEECIND/02268/2017 - Individual Call to Scientific Employment Stimulus 2017) and the 

UI/BD/151317/2021 fellowship, respectively, both granted by FCT/MCTES through national funds.  



 
Chapter 4 

99 

 

8 References 

1.  Gao W, Howden BP, Stinear TP. 2018. Evolution of virulence in Enterococcus faecium, a hospital-

adapted opportunistic pathogen. Curr Opin Microbiol. Elsevier Ltd 

https://doi.org/10.1016/j.mib.2017.11.030. 

2.  Freitas AR, Pereira AP, Novais C, Peixe L. 2021. Multidrug-resistant high-risk Enterococcus faecium 

clones: can we really define them? Int J Antimicrob Agents 57:106227. 

3.  Belloso Daza MV, Cortimiglia C, Bassi D, Cocconcelli PS. 2021. Genome-based studies indicate that 

the Enterococcus faecium Clade B strains belong to Enterococcus lactis species and lack of the hospital 

infection associated markers. Int J Syst Evol Microbiol 71. 

4.  Raven KE, Reuter S, Reynolds R, Brodrick HJ, Russell JE, Török ME, Parkhill J, Peacock SJ. 2016. A 

decade of genomic history for healthcare-associated Enterococcus faecium in the United Kingdom and 

Ireland. Genome Res 26:1388–1396. 

5.  Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioinformatics 30:2068–2069. 

6.  Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MTG, Fookes M, Falush D, Keane JA, 

Parkhill J. 2015. Roary: rapid large-scale prokaryote pan genome analysis. Bioinformatics 31:3691–

3693. 

7.  Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M, Rozen SG. 2012. Primer3—

new capabilities and interfaces. Nucleic Acids Res 40:e115. 

8.  Freitas AR, Tedim AP, Novais C, Coque TM, Peixe L. 2018. Distribution of putative virulence markers 

in Enterococcus faecium: towards a safety profile review. J Antimicrob Chemother 73:306–319. 

9.  CLSI. 2020. Performance Standards for Antimicrobial Susceptibility Testing A CLSI supplement for 

global application. Clin Lab Stand Inst 1–296. 

10.  Freitas AR, Tedim AP, Almeida-Santos AC, Duarte B, Elghaieb H, Abbassi MS, Hassen A, Novais C, 

Peixe L. 2022. High-Resolution Genotyping Unveils Identical Ampicillin-Resistant Enterococcus 

faecium Strains in Different Sources and Countries: A One Health Approach. Microorganisms 10:1–

13. 

11.  Kozlov AM, Darriba D, Flouri T, Morel B, Stamatakis A. 2019. RAxML-NG: a fast, scalable and user-

friendly tool for maximum likelihood phylogenetic inference. Bioinformatics 35:4453–4455. 

12.  Letunic I, Bork P. 2019. Interactive Tree of Life (iTOL) v4: Recent updates and new developments. 

Nucleic Acids Res 47:W256–W259. 

13.  Archambaud C, Derré-Bobillot A, Lapaque N, Rigottier-Gois L, Serror P. 2019. Intestinal translocation 

of enterococci requires a threshold level of enterococcal overgrowth in the lumen. Sci Reports 2019 91 

9:1–12. 

14.  Freitas AR, Tedim AP, Almeida-Santos AC, Duarte B, Elghaieb H, Abbassi MS, Hassen A, Novais C, 

Peixe L. 2022. High-Resolution Genotyping Unveils Identical Ampicillin-Resistant Enterococcus 

faecium Strains in Different Sources and Countries: A One Health Approach. Microorganisms 10. 



 
Chapter 4 

100 

 

15.  Koonin E V, Makarova KS, Rogozin IB, Davidovic L, Letellier M-C, Pellegrini L. 2003. The 

rhomboids: a nearly ubiquitous family of intramembrane serine proteases that probably evolved by 

multiple ancient horizontal gene transfers. Genome Biol 4:R19. 

16.  Rather P. 2013. Role of rhomboid proteases in bacteria. Biochim Biophys Acta 1828:2849–54. 

17.  Began J, Cordier B, Březinová J, Delisle J, Hexnerová R, Srb P, Rampírová P, Kožíšek M, Baudet M, 

Couté Y, Galinier A, Veverka V, Doan T, Strisovsky K. 2020. Rhomboid intramembrane protease 

YqgP licenses bacterial membrane protein quality control as adaptor of FtsH AAA protease. EMBO J 

39. 

18.  Lebreton F, Valentino MD, Schaufler K, Earl AM, Cattoir V, Gilmore MS. 2018. Transferable 

vancomycin resistance in clade B commensal-type Enterococcus faecium. J Antimicrob Chemother 

73:1479–1486. 

19.  Fine RL, Manfredo Vieira S, Gilmore MS, Kriegel MA. 2020. Mechanisms and consequences of gut 

commensal translocation in chronic diseases. Gut Microbes 11:217–230. 

20.  Little R, Wine E, Kamath BM, Griffiths AM, Ricciuto A. 2020. Gut microbiome in primary sclerosing 

cholangitis: A review. World J Gastroenterol 26:2768. 

21.  Ozturk-Engin D, Agalar C, Cag Y, Can FK, Balkan II, Karabay O, Senbayrak S, Çetinkaya BM, Aydın 

MT, Tomas K, Disci E, Surmelioglu A, Alimoglu O, Ekinci O, Akın E, Köroglu M, Velidedeoglu M, 

Ankaralı H, Kocoglu E, Javadov M, Papilla-Kundaktepe B, Oguzoglu N, Ozmen E, Donmez R, Mega 

E, Aksaray S, Agalar F. 2022. Microorganisms isolated from the bile of the patients who have 

undergone cholecystectomy and their antibiotic resistance pattern: multicenter prospective study. Int 

Microbiol https://doi.org/10.1007/S10123-022-00251-Y. 

22.  Tedim AP, Ruíz-Garbajosa P, Rodríguez MC, Rodríguez-Baños M, Lanza VF, Derdoy L, Zurita GC, 

Loza E, Cantón R, Baquero F, Coque TM. 2017. Long-term clonal dynamics of Enterococcus faecium 

strains causing bloodstream infections (1995–2015) in Spain. J Antimicrob Chemother 72:48–55. 

23.  Kim E, Yang S-M, Kim H-J, Kim H-Y. 2022. Differentiating between Enterococcus faecium and 

Enterococcus lactis by Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass 

Spectrometry. Foods 11:1046. 

  



 
Chapter 4 

101 

 

9 Supplementary materials 

Table S1. List of strains of E. faecium and E. lactis selected for in silico analyses and their respective Genbank 

Accession numbers. 

Strain Clade  Accession Number 
dDDH against E. 
faecium ATCC 700221T 
(%) 

DO A1 GCA_000174395.2 86.6 

Aus0004 A1 GCA_000250945.1 85.6 

Aus0085 A1 GCA_000444405.1 81.6 

6E6 A1 GCA_001518735.1 85.9 

UW8175 A1 GCA_001587115.1 83.9 

ATCC700221 A1 GCA_001594345.1 100 

E39 A1 GCA_001635875.1 88.4 

ISMMS_VRE_1 A1 GCA_001720945.1 85.6 

ISMMS_VRE_7 A1 GCA_001721065.1 88 

ISMMS_VRE_11 A1 GCA_001721905.1 90.7 

E745 A1 GCA_001750885.1 92.8 

E1 A1 GCA_001886635.1 89.2 

VRE001 A1 GCA_001895905.1 84.5 

ISMMS_VRE_12 A1 GCA_001953235.1 89.2 

ISMMS_VRE_9 A1 GCA_001953255.1 89.1 

2014-VREF-41 A1 GCA_002007625.1 81.1 

2014-VREF-114 A1 GCA_002024245.1 84.4 

2014-VREF-268 A1 GCA_002025045.1 80.4 

2014-VREF-63 A1 GCA_002025065.1 81.6 

K60-39 A1 GCA_002334625.1 86 

A_020709_82 A1 GCA_002442955.1 92.3 

E240 A1 GCA_002761255.1 89.6 

E243 A1 GCA_002761275.1 89.5 

E232 A1 GCA_002777275.1 89.6 

SC4 A1 GCA_002848385.1 84.1 

Efaecium_ER03933.3A A1 GCA_002848625.1 88.4 

Efaecium_ER04120.3A A1 GCA_002848645.1 89.1 

Efaecium_ER04484.3A A1 GCA_002848665.1 89.1 

Efaecium_ER04462.3A A1 GCA_002848685.1 89.1 

Efaecium_ER04619.3A A1 GCA_002848705.1 88.3 

Efaecium_ER04526.5A A1 GCA_002848725.1 89.1 

Efaecium_ER04526.3A A1 GCA_002848745.1 88 

AALTL A1 GCA_002880635.1 89.5 

15-307-1 A1 GCA_002973755.2 78.6 

AUSMDU00004167 A1 GCA_003020685.1 82.7 

AUSMDU00004055 A1 GCA_003020705.1 84.1 

AUSMDU00004028 A1 GCA_003020725.1 88.3 
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AUSMDU00004024 A1 GCA_003020745.1 85 

AUSMDU00004142 A1 GCA_003020765.1 89 

CFSAN059070 A1 GCA_003071425.1 85.5 

CFSAN059071 A1 GCA_003071445.1 85.5 

RBWH1 A1 GCA_003957785.1 84.9 

VB3025 A1 GCA_005517315.1 86.1 

VB3240 A1 GCA_005576735.1 81.5 

UAMSEF_01 A1 GCA_005886545.1 85.1 

UAMSEF_09 A1 GCA_005886715.1 83.8 

UAMSEF_20 A1 GCA_005886735.1 83.8 

HOU503 A1 GCA_005952885.1 88.8 

VRE1 A1 GCA_006007925.1 82.6 

DB-1 A1 GCA_006337045.1 82.2 

FB-1 A1 GCA_006351785.1 81.9 

515 A1 GCA_006575625.1 88.3 

VVEswe-R A1 GCA_007917035.3 85.7 

VVEswe-S A1 GCA_007917315.3 85.9 

V1836 A1 GCA_008728455.1 82.8 

V2937 A1 GCA_008728475.1 86.4 

LAC7.2 A1 GCA_009036045.1 80.6 

VRE A1 GCA_009697285.1 87.2 

SRR24 A1 GCA_009734005.2 79.1 

ZY11 A1 GCA_009938075.1 84.5 

KUHS13 A1 GCA_009938285.1 81.4 

ZY2 A1 GCA_010120755.1 81.6 

BA17124 A1 GCA_012932975.2 84.4 

BP5067 A1 GCA_012932985.2 84.6 

BP3378 A1 GCA_012933055.2 83.6 

BP657 A1 GCA_012933075.2 85.1 

A7214 A1 GCA_012933165.2 85 

A6521 A1 GCA_012933195.2 85.7 

A4694 A1 GCA_012933245.2 83.5 

A3895 A1 GCA_012933265.2 90.4 

A11051 A1 GCA_012933285.2 81.3 

A15023 A1 GCA_012933295.2 90.2 

A10290 A1 GCA_012933345.2 85.9 

AML0157 A1 GCA_014490015.1 79.4 

VB3338 A1 GCA_014874615.1 83.6 

VRE3370 A1 GCA_015325925.1 84.3 

Cairo A1 GCA_015356095.1 91.2 

VRE3363 A1 GCA_015476295.1 88 

VRE3389 A1 GCA_015999405.1 80.2 
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VRE3382 A1 GCA_015999425.1 79.1 

Dallas1 A1 GCA_015999605.1 90 

Dallas5 A1 GCA_016126675.1 89.9 

Dallas91 A1 GCA_016406345.1 90 

Dallas53_1 A1 GCA_016406365.1 90.1 

Dallas55 A1 GCA_016406385.1 90.1 

Dallas66 A1 GCA_016406405.1 92.4 

Dallas83 A1 GCA_016406425.1 90.1 

Dallas17_1 A1 GCA_016406445.1 87.4 

Dallas51_4 A1 GCA_016406465.1 87.2 

Dallas16_1 A1 GCA_016406485.1 81.6 

Dallas87_1 A1 GCA_016406505.1 87.9 

Dallas71_2 A1 GCA_016406525.1 89.2 

Dallas53_2 A1 GCA_016406545.1 90.1 

Dallas57 A1 GCA_016406565.1 89.9 

Dallas93_3 A1 GCA_016406585.1 90 

Dallas93_2 A1 GCA_016406605.1 89.4 

Dallas97_1 A1 GCA_016415025.1 89.8 

Dallas103 A1 GCA_016415105.1 88.8 

Dallas100_1 A1 GCA_016415285.1 90.9 

Dallas107_1 A1 GCA_016415325.1 89.7 

Dallas111 A1 GCA_016415345.1 84.3 

Dallas124_3 A1 GCA_016415365.1 89.9 

Dallas124_1 A1 GCA_016415385.1 89.9 

Dallas144_1 A1 GCA_016415405.1 86.1 

Dallas148 A1 GCA_016415425.1 90 

Dallas137 A1 GCA_016415445.1 87.6 

Dallas131_2 A1 GCA_016415465.1 90 

Dallas163_1 A1 GCA_016415485.1 81.4 

Dallas155 A1 GCA_016415505.1 89.9 

Dallas154_1 A1 GCA_016415545.1 83.8 

Dallas158 A1 GCA_016415565.1 84 

XJ11301 A1 GCA_016642695.1 79 

WGS1811-4-7 A1 GCA_016864255.1 88.1 

AUSMDU00011555 A1 GCA_017301355.1 82.8 

VRE3355 A1 GCA_017584065.1 84 

VB13828 A1 GCA_017603725.1 80.7 

VB12993 A1 GCA_017815655.1 81.4 

VB3895 A1 GCA_017815675.1 90.4 

VB976 A1 GCA_017815695.1 80.1 

VB6171 A1 GCA_017897965.1 85.7 

VB6521 A1 GCA_017898005.1 85.7 
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VB3378 A1 GCA_017898025.1 83.6 

PR01996-12 A1 GCA_018219325.1 92.8 

18-276 A1 GCA_018516925.1 85.6 

16-021 A1 GCA_018517105.1 84.6 

18-204 A1 GCA_018517145.1 89.3 

18-042 A1 GCA_018517185.1 82.4 

M20887 A1 GCA_018531665.1 87.4 

7150 A1 GCA_019356355.1 80.3 

AA620 A1 GCA_019977495.1 79 

AA622 A1 GCA_019977575.1 78.6 

HJP554 A1 GCA_020091325.1 85.7 

V1225 A1 GCA_020162155.1 82.1 

V1164 A1 GCA_020162175.1 81.9 

4995-20 A1 GCA_020221735.1 82.6 

SC1762 A1 GCA_020736585.1 79.4 

SC1762-D A1 GCA_020736625.1 79.4 

V13-21-E11-012-001 A1 GCA_021172105.1 76.2 

NMVRE-001 A1 GCA_021228615.1 87.8 

EFE11651 A1 GCA_900044005.1 92.9 

EFE10021 A1 GCA_900066025.1 72.8 

Ef_aus00233 A1 GCA_900092475.1 82.9 

Ef_DMG1500501 A1 GCA_900094185.1 82.3 

E6043 A1 GCA_900635415.1 79.7 

E1774 A1 GCA_900638785.1 85.2 

E4402 A1 GCA_900638805.1 85.9 

E7067 A1 GCA_900639335.1 85.2 

E6055 A1 GCA_900639345.1 83.4 

E7025 A1 GCA_900639355.1 80 

E7171 A1 GCA_900639365.1 81.6 

E7040 A1 GCA_900639385.1 84.6 

E6975 A1 GCA_900639395.1 86.5 

E4457 A1 GCA_900639405.1 82.9 

E6988 A1 GCA_900639415.1 79.6 

E7098 A1 GCA_900639425.1 82.2 

E7199 A1 GCA_900639445.1 87.4 

E7237 A1 GCA_900639455.1 81.6 

E7429 A1 GCA_900639465.1 89.8 

E7240 A1 GCA_900639485.1 86.5 

E7471 A1 GCA_900639495.1 84.4 

E7356 A1 GCA_900639505.1 87.4 

E7654 A1 GCA_900639515.1 89.5 

E7663 A1 GCA_900639525.1 89.4 
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E8202 A1 GCA_900639535.1 89.3 

E7933 A1 GCA_900639545.1 87 

E8172 A1 GCA_900639555.1 85.1 

E8195 A1 GCA_900639565.1 88.9 

E8014 A1 GCA_900639575.1 84.8 

E7948 A1 GCA_900639585.1 75.9 

E8377 A1 GCA_900639595.1 86.7 

E8290 A1 GCA_900639605.1 85.7 

E8328 A1 GCA_900639615.1 87.5 

E8284 A1 GCA_900639625.1 86.8 

E8927 A1 GCA_900639635.1 80.2 

E8414 A1 GCA_900639715.1 84.2 

E8423 A1 GCA_900639725.1 84.2 

E4456 A1 GCA_900639745.1 87.5 

AUS2001 A1 GCA_907163255.1 86.9 

AUS2002 A1 GCA_907163315.1 83 

USZ_VRE32_P32 A1 GCA_907165365.1 84.3 

USZ_VRE5_P5 A1 GCA_907176135.1 84.4 

USZ_VRE67_P60 A1 GCA_907176815.1 84.3 

USZ_VRE53_P46 A1 GCA_907177285.1 81.8 

NRRLB-2354 A2 GCA_000336405.1 74.6 

UC7251  A2 GCA_000411655.2 81 

64-3 A2 GCA_001298485.1 76 

LS170308 A2 GCA_002831505.1 71.4 

WEFA23 A2 GCA_002850515.1 74.6 

FDAARGOS_323 A2 GCA_002983785.1 80.7 

HPCN16 A2 GCA_003173545.1 91.9 

FSIS1608820 A2 GCA_004332055.1 76 

NM213 A2 GCA_005166365.1 77.6 

UAMSEF_08 A2 GCA_005886655.1 85.1 

F17E0263 A2 GCA_006280355.1 73.4 

N56454 A2 GCA_006351845.1 71.4 

QU 50  A2 GCA_006741355.1 70.9 

SCPM-O-B-8399 A2 GCA_012935525. 76.8 

XM27-2 A2 GCA_016642205.1 72.3 

XJ1307-1 A2 GCA_016642495.1 78.2 

XJ60309 A2 GCA_016642565.1 77.9 

XJ46307 A2 GCA_016642585.1 71.3 

XJ49307 A2 GCA_016642595.1 70.7 

XJ46301 A2 GCA_016642605.1 71.4 

XJ45306 A2 GCA_016642615.1 71.4 

XJ45303 A2 GCA_016642665.1 71.3 
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XJ9302 A2 GCA_016642685.1 79.7 

XJ1306 A2 GCA_016642705.1 74.4 

XJ24308 A2 GCA_016642715.1 70.7 

XJ2303 A2 GCA_016642765.1 78.3 

XJ73-1 A2 GCA_016642785.1 75.8 

XJ9-4 A2 GCA_016642825.1 70.5 

XZ37301 A2 GCA_016643025.1 75.9 

XZ45301 A2 GCA_016643045.1 75.8 

XZ2302 A2 GCA_016643075.1 75.8 

fac90 A2 GCA_016743855.1 75.9 

PR05720-3 A2 GCA_018219285.1 78.3 

116 A2 GCA_018279145.1 75.1 

18-465 A2 GCA_018516845.1 71.3 

18-133 A2 GCA_018517025.1 80.7 

17-508 A2 GCA_018517045.1 80.7 

17-318 A2 GCA_018517065.1 76 

16-164 A2 GCA_018517085.1 74.8 

18-201 A2 GCA_018517165.1 79.6 

F88 A2 GCA_019175425.1 74.7 

F39 A2 GCA_019175445.1 72 

F179 A2 GCA_019175465.1 75.3 

AVS0243 A2 GCA_019175525.1 73.4 

VBO96 A2 GCA_019456555.1 73.6 

VBO39 A2 GCA_019456575.1 73.7 

VBR48 A2 GCA_019456595.1 73.6 

E843xGE-1-TC1 A2 GCA_019774555.1 79.1 

E0139 A2 GCA_900634805.1 74.2 

E1334 A2 GCA_900635365.1 78.7 

NCTC7174 A2 GCA_900637035.1 74.1 

E2079 A2 GCA_900638765.1 72.3 

E4227 A2 GCA_900638775.1 70.9 

E4413 A2 GCA_900638795.1 76.4 

E0595 A2 GCA_900638815.1 73.9 

E4438 A2 GCA_900638825.1 77.8 

E8691 A2 GCA_900639655.1 78.3 

E9101 A2 GCA_900639705.1 72 

E4239 A2 GCA_900640265.1 70.9 

3012STDY6244127 A2 GCA_900683475.1 78.7 

com12 B GCA_000157635.1 63.7 

TX1330 B GCA_000159675.1 62.6 

PC4_1 B GCA_000178235.1 61.6 

LCT-EF90 B GCA_000258325.1 62.9 
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TX1337RF B GCA_000294345.2 59.6 

LCT-EF20 B GCA_000313155.1 63 

LCT-EF258 B GCA_000313195.1 63 

UAA1280 B GCA_000393735.1 58.8 

SD2A-2 B GCA_000415285.2 69.1 

UC8668 B GCA_000499905.1 65.6 

UC7256 B GCA_000499925.1 62.8 

T110 B GCA_000737555.1 64.4 

L-X B GCA_000787065.1 64.8 

KACC15960 B GCA_001025245.1 65.1 

KACC15700 B GCA_001025255.1 64.8 

KACC15689 B GCA_001025265.1 64.4 

KACC15962 B GCA_001025315.1 63.6 

KACC16076 B GCA_001025325.1 66.6 

KACC16093 B GCA_001025335.1 62.5 

KACC16097 B GCA_001025375.1 62 

KACC16100 B GCA_001025385.1 62.5 

KACC16106 B GCA_001025405.1 63.3 

KACC15711 B GCA_001025435.1 63.7 

M3K31 B GCA_001039515.1 64.4 

MJR8396B B GCA_001546375.1 62.5 

17OM39 B GCA_001652715.1 64.6 

UCN73 B GCA_001696275.1 59.8 

BM4107 B GCA_001696285.1 60 

UCN72 B GCA_001696305.1 55.7 

11F4_DIV0686 B GCA_002140385.1 61.1 

7H8_DIV0219 B GCA_002140865.1 53.5 

11F9_MSG5001 B GCA_002141115.1 61 

1F1_DIV0518 B GCA_002141175.1 57.2 

1F7_DIV0583 B GCA_002141255.1 64.9 

6H2_DIV0141 B GCA_002141355.1 63.9 

2H7_DIV0585 B GCA_002174445.1 65 

BMpECCcat_2 B GCA_002263125.1 64.5 

BMECCcat_4 B GCA_002263205.1 64.5 

UBA4566 B GCA_002387065.1 64.5 

JB00008 B GCA_002591965.2 64.9 

Hp_7-8 B GCA_002631225.1 67.1 

Hp_5-10 B GCA_002631295.1 66.1 

CVM_N59653F B GCA_002944125.1 61.9 

CVM_N60190F B GCA_002944305.1 60.8 

CVM_N60001F B GCA_002944615.1 62.7 

CVM_N59624F B GCA_002944675.1 61.4 
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CVM_N59613F B GCA_002944735.1 63.9 

CVM_N59745F B GCA_002944915.1 60.5 

CVM_N59711F B GCA_002944955.1 62.2 

CVM_N59947F B GCA_002944975.1 66.4 

CVM_N59943F B GCA_002945095.1 68.5 

CVM_N60417F B GCA_002945395.1 66.7 

CVM_N59531F B GCA_002945495.1 60 

CVM_N59559F B GCA_002945575.1 66.2 

CVM_N59589F B GCA_002946055.1 61.4 

CVM_N59513F B GCA_002946315.1 60.6 

CVM_N52656 B GCA_002946855.1 64.4 

CVM_N55317 B GCA_002947295.1 66.1 

CVM_N55290 B GCA_002947355.1 64.9 

CVM_N55279 B GCA_002947365.1 64.5 

CVM_N54599 B GCA_002947775.1 63.4 

CVM_N52769 B GCA_002948695.1 64.8 

CVM_N52732 B GCA_002948755.1 65.9 

CVM_N54519 B GCA_002948895.1 64.3 

HPCN13 B GCA_003172835.1 57 

BM4105-RF B GCA_003269465.1 60.3 

197EA1 B GCA_003320195.1 65.8 

283EA1 B GCA_003320395.1 64.9 

319EA1 B GCA_003320555.1 64.3 

55EA1 B GCA_003320585.1 64.5 

8EA1 B GCA_003320815.1 63.6 

KMB_624 B GCA_003346195.1 66 

HY07 B GCA_003574925.1 63.7 

JE1 B GCA_003667965.1 65.9 

Gr17 B GCA_003711605. 64.6 

P18_C_A35_2963_1 B GCA_003795795.1 59.3 

P5_CL_A35_2938_1 B GCA_003795905.1 60 

P5_CL_A_35_2938_1 B GCA_003795915.1 61.3 

P12_C_A28_2916_1 B GCA_003795975.1 63.1 

P7_C_A14_2837_1 B GCA_003796465.1 60.6 

P12_C_A35_2951_1 B GCA_003796745.1 63.1 

P3_C_A35_2933_1 B GCA_003796865.1 59.8 

P16_C_A14_2855_1 B GCA_003797365.1 60.6 

8S3 B GCA_003862415.1 65.5 

Com15 B GCA_004006255.1 61 

CBA7134 B GCA_004015145.1 66.1 

SP15 B GCA_004101305.1 66.8 

SRCM103341 B GCA_004101385.1 65.5 
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SRCM103470 B GCA_004103475.1 64.9 

UAMSEF_24 B GCA_004300245.1 64.1 

UBEF-41 B GCA_005116555.1 65.4 

ARL09-409 B GCA_005234835.1 68.4 

BSD2780061688st2_C8 B GCA_005844995.1 62.2 

HB-1 B GCA_006337145.1 66.2 

R10 B GCA_006375675.1 61.7 

SN592 B GCA_006375815.1 66.4 

C603 B GCA_006376115.1 67.8 

TR10-27 B GCA_006376275.1 65.4 

W148 B GCA_006541485.1 63.4 

R2 B GCA_006541615.1 64.2 

W141 B GCA_006541625.1 63.8 

R26E B GCA_006541645.1 64.3 

R4E B GCA_006541685.1 64.2 

DMEA02 B GCA_008330605.1 64.1 

R_A73 B GCA_008365415.1 62.7 

BIOML-A3 B GCA_009891505.1 68.2 

DT1-1 B GCA_011745645.1 64.4 

FA3 B GCA_011801455.1 64.5 

BIOPOP-3ALE B GCA_012045365.1 65 

BIOPOP-3WT B GCA_012045505.1 65 

SCPM-O-B-8400 B GCA_012935425.1 65.3 

FS 86  B GCA_013201055.1 64.4 

SWEnt-1198 B GCA_013248515.1 62.1 

BIO4598 B GCA_013249095.1 68.2 

cau273 B GCA_013280535.1 64.6 

cau274 B GCA_013280545.1 66.1 

M750 B GCA_013371105.1 67.4 

M749 B GCA_013371115.1 65.6 

M5123 B GCA_013371125.1 65.8 

M755 B GCA_013371155.1 67.7 

M754 B GCA_013371185.1 67.4 

M641 B GCA_013371205.1 66.2 

M2124 B GCA_013371245.1 65.9 

M648 B GCA_013371255.1 65.8 

M213 B GCA_013371305.1 63.6 

M426 B GCA_013371315.1 65.5 

M212 B GCA_013371345.1 65.5 

M210 B GCA_013371355.1 67.4 

M1126 B GCA_013371365.1 65.7 

M208 B GCA_013371415.1 65.7 
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IIFCSG-B5 B GCA_014050505.1 64.4 

TK-P5D B GCA_015377765.1 65.9 

Hp_5-10_05 B GCA_900143335.1 65.3 

Hp_7-8_05 B GCA_900143385.1 66.5 

Hp_22-12_05 B GCA_900143455.1 63.4 

AT1E22 B GCA_900166945.1 62.8 

4928STDY7071357 B GCA_902159035.1 66.8 

4928STDY7071454 B GCA_902159225.1 65.6 

4928STDY7071453 B GCA_902159235.1 67.6 

4928STDY7071419 B GCA_902159245.1 65.4 

4928STDY7071541 B GCA_902159305.1 65.6 

4928STDY7071538 B GCA_902159325.1 65.6 

4928STDY7071598 B GCA_902159345.1 62.3 

4928STDY7071662 B GCA_902159505.1 68.1 

4928STDY7071455 B GCA_902160635.1 65.7 

4928STDY7071456 B GCA_902160645.1 67.6 

4928STDY7071457 B GCA_902160705.1 67.5 

4928STDY7071510 B GCA_902161035.1 65.2 

4928STDY7071509 B GCA_902161175.1 65.2 

4928STDY7071539 B GCA_902161395.1 65.6 

4928STDY7071568 B GCA_902161615.1 65.2 

4928STDY7071569 B GCA_902161635.1 65.2 

4928STDY7071585 B GCA_902161725.1 65.2 

4928STDY7071620 B GCA_902161965.1 64.7 

4928STDY7071623 B GCA_902161985.1 66.1 

4928STDY7071621 B GCA_902162005.1 64 

4928STDY7071265 B GCA_902163095.1 65.2 

4928STDY7071675 B GCA_902163145.1 65.2 

4928STDY7071689 B GCA_902163255.1 65.3 

4928STDY7071758 B GCA_902164005.1 66.1 

4928STDY7387679 B GCA_902164045.1 65.1 

4928STDY7387731 B GCA_902164525.1 67.5 

4928STDY7387787 B GCA_902165155.1 66.4 

4928STDY7387797 B GCA_902165375.1 67 

4928STDY7387840 B GCA_902165765.1 64 

4928STDY7387877 B GCA_902165855.1 64.8 

4928STDY7387886 B GCA_902165955.1 64.7 

4928STDY7387890 B GCA_902165995.1 65 

4928STDY7071283 B GCA_902166385.1 56.9 

4928STDY7071282 B GCA_902166525.1 57 

4928STDY7071735 B GCA_902166655.1 56.8 

4928STDY7387800 B GCA_902166835.1 59.1 
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MGYG-HGUT-02320 B GCA_902385775.1 61.9 

CICC6078 L GCA_009735405.1 64.4 

CICC20089 L GCA_009735435.1 65.5 

CICC10840 L GCA_009735445.1 66.5 

CICC20680 L GCA_009735475.1 63 

CICC24101 L GCA_009735495.1 65 

APC_3837 L GCA_009896605.1 65.1 

APC_3836 L GCA_009896635.1 65.1 

APC_3835 L GCA_009896685.1 65.1 

APC_3831 L GCA_009896695.1 65.1 

APC_3833 L GCA_009896715.1 65.1 

APC_3830 L GCA_009896725.1 65.1 

APC_3832 L GCA_009896765.1 65 

APC_3828 L GCA_009897405.1 65.1 

APC_3880 L GCA_009897565.1 65.1 

APC_3827 L GCA_009897695.1 65.1 

APC_3826 L GCA_009897725.1 65.1 

s-7 L GCA_013867815.1 65.2 

CCM 8412 L GCA_015751045.1 64.5 

JCM 30200 L GCA_015751065.1 61.5 

L2672-1 L GCA_015751085.1 66.3 

KCTC 21015 L GCA_015767715.1 63.2 

LMG 25958 L GCA_015904215.1 64.1 

HPCN38 L GCA_016599235.1 67.1 

XJ28304 L GCA_016767495.1 66.5 

G67-2 L GCA_016767515.1 65.2 

Tb32-6 L GCA_016767535.1 68 

S10-4 L GCA_016767545.1 65.3 

XJ28301 L GCA_016767575.1 66.5 

XZ37302 L GCA_016767595.1 67 

XZ35303 L GCA_016767615.1 67.1 

NM31-5 L GCA_016767635.1 65.6 

NM30-4 L GCA_016767645.1 65 

NM29-3 L GCA_016767675.1 64.4 

AnGM4_AISHA L GCA_016863785.1 65.3 

H53 L GCA_017942505.1 65.2 

B-4989 L GCA_018069745.1 64.9 

B-4492 L GCA_018069825.1 64.5 

105-1 L GCA_018397225.1 64.4 

106-1 L GCA_018397255.1 67 

102-1 L GCA_018397275.1 64.8 

104-1 L GCA_018397285.1 67 
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88-2 L GCA_018397315. 64.4 

97-1 L GCA_018397325.1 64.6 

77-1 L GCA_018397355.1 63.2 

86-1 L GCA_018397375.1 64.4 

76-1 L GCA_018397385.1 65.2 

88-1 L GCA_018397395.1 67 

73-1 L GCA_018397435.1 67 

56-1 L GCA_018397455.1 64.4 

55-1 L GCA_018397485.1 64.4 

65-1 L GCA_018397515.1 64.4 

54-1 L GCA_018397535.1 64.4 

46-1 L GCA_018397545.1 64.9 

44-1 L GCA_018397575.1 66.2 

45-1 L GCA_018397595.1 64.9 

32-1 L GCA_018397615.1 65.5 

26-1 L GCA_018397625.1 66.3 

28-1 L GCA_018397655.1 64.4 

18-1 L GCA_018397675.1 64.4 

25-1 L GCA_018397695.1 64.4 

7-1 L GCA_018397715.1 66.2 

6-1 L GCA_018397725.1 63.5 

12-1 L GCA_018397745.1 64.4 

4-1 L GCA_018397765.1 66.2 

5-1 L GCA_018397795.1 66.2 

1-1 L GCA_018397815.1 64.4 

3-1 L GCA_018397835.1 65.1 

JDM1 L GCA_019203145.1 66.3 

CX-6-2 L GCA_019343125.1 64.3 

EF220 L GCA_019659145.1 65.8 

EF218 L GCA_019659185.1 65.7 

EF216 L GCA_019659205.1 63 

EF221 L GCA_019662145. 64.1 

EF214 L GCA_019662205.1 66.8 

EF217 L GCA_019662215.1 60.7 

EF213 L GCA_019662245.1 62.4 

EF208 L GCA_019662335.1 66.2 

EF206 L GCA_019662365.1 66.6 

EF207 L GCA_019662385.1 64.2 

EF203 L GCA_019662395.1 67.2 

EF205 L GCA_019662405.1 66 

EF204 L GCA_019662445.1 66.2 

EF202 L GCA_019662465.1 64 
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E843  L GCA_019880345.1 66.6 

HJS001 L GCA_019967715.1 66.9 

DH9003 L GCA_020268645.1 63.4 

SCPM-O-B-8947 L GCA_020405655.1 68.9 

SCPM-O-B-8939 L GCA_020405675.1 66.3 

SCPM-O-B-8948 L GCA_020405685.1 64.2 

SCPM-O-B-8931 L GCA_020405775.1 66.8 

SCPM-O-B-8932 L GCA_020405785.1 66.9 

SCPM-O-B-8943 L GCA_020405815.1 66.8 

SCPM-O-B-8929 L GCA_020405935.1 66.8 

SCPM-O-B-8930 L GCA_020405965.1 66.9 

SCPM-O-B-8933 L GCA_020406915.1 66.8 

SCPM-O-B-8953 L GCA_020406935.1 65.3 

 A1, A2 and B refer to E. faecium clades 
and L is referred to E. lactis.      
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Table S2. Gene alignment of gluP across the 512 genomes included in this study. 

Strain Clade 

Reference Sequence: 
ATGAATTATCAACAGCAAATAAAAATGCGTGCATGGTTGAGGCGACCGTTATGGACCTATGCTTTTTTAGGGATACAGACAATAGTCTTCATTATAATG
GAGTTGTTTCCGCGTCTTGAAATTCCTTATTATACTGGAATGTATGGTCCTTATCTTGTTCACTTCAATGAATGGTGGCGCTTAGTGACACCAATCTTC
ATCCATTTTGGAGTGATGCATTTCGTCATGAACTCACTGATATTGTATTTTATGGGGCAGCAAATCGAGGCAATATACGGTCACTGGCGTTTTTTCCTG
ATCTATATGTTCAGCGGGATAATGGGAAATACAGCAAGTTTTGCTTTCAACGAAGCGAATGTTTTGTCTGGTGGTGCAAGCACTTCGATATTCGGTTTG
TTTGGTGCGTTGTTTATTTTAGGATTTCATTTTAAATATAATACGGCGATCCAACAACTAGTCAGACATTTTCTTTTATTTATTGCGATGACATTTGTTT
TTGGTCTTCTTGACACCTCTGTAGATGTTTGGGGACATGTCGGCGGACTGGTGGGCGGATTAGTATTAGGGAATATTTTAGGGCTACCGAAACAGCAG
ACAAGCTATTCGATACACCAGAAGATTCTTTCTACACTAGTTTTTGTATTTCTTTTTGTAATATGTATTTTACTGGGTTTAAAAAAATATGGTTTACTTG
TATAATATGAAGGAAGTGCTTAAAGATGGAGAGCTTATATGA 

736 
(bp) 

7150 A1 
........................T.............A..A.......................................GC.......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C..........
.....................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T.................
.....G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

15-307-1 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

16-021 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C.............G..T....................C..............C.....G............C....CC.A........G..G............................T.T.............
.........G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

18-042 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C.............G..T....................C..............C.....G............C....CC.A........G..G............................T.T.............
.........G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

18-204 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..........................................................-............................................................ 

735 

18-276 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C.............G..T....................C..............C.....G............C....CC.A........G..G............................T.T.............
.........G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

2014-
VREF-114 

A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

2014-
VREF-268 

A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

2014-
VREF-41 

A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

2014-
VREF-63 

A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

4995-20 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

515 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C.............G..T....................C..............C.....G............C....CC.A........G..G............................T.T.............
.........G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 
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6E6 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

A_020709_
82 

A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

A10290 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

A11051 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

A15023 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C.............G..T....................C..............C.....G............C....CC.A........G..G............................T.T.............
.........G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

A3895 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C.............G..T....................C..............C.....G............C....CC.A........G..G............................T.T.............
.........G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

A4694 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C.............G..T....................C..............C.....G............C....CC.A........G..G............................T.T.............
.........G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

A6521 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

A7214 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C.............G..T....................C..............C.....G............C....CC.A........G..G............................T.T.............
.........G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

AA620 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C.............G..T....................C..............C.....G............C....CC.A........G..G............................T.T.............
.........G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

AA622 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C.............G..T....................C..............C.....G............C....CC.A........G..G............................T.T.............
.........G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

AALTL A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

AML0157 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

ATCC7002
21 

A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

Aus0004 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

Aus0085 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 
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AUS2001 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

AUS2002 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..........................................................-............................................................ 

735 

AUSMDU
00004024 

A1 
........................T......T......A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C.......
........................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T..............
........G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

AUSMDU
00004028 

A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

AUSMDU
00004055 

A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

AUSMDU
00004142 

A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

AUSMDU
00004167 

A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

AUSMDU
00011555 

A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
.......................C..T..C..T............T....T...................................C........T...............C................T....................C..............C.....G............C....CC.A........G..G............................T.T...............
.......G..T.............................T..G..AA.T...........G.........G....G..T...........A.......................A.G..................................................................................------------------------------------- 

699 

BA17124 A1 
........................T.............A..A.......................................GCG......C.C..G.....A..A........A.....G..C.........G.C............................................T..............................C.............A...............C........
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699 

EF218 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

EF220 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

EF221 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

G67-2 L 
....................................................................G.....................................................................................................................................................................................................................
.....G........................................................................................................A..........................................................................................................................................................................
.............................................................................G..........................................................------------------------------------- 

699 

H53 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

HJS001 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

HPCN38 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

JCM30200 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

JDM1 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

KCTC2101
5 

L 
.............................................................T...................................................................................................................................................................................................A.......................
......G.......................T................................................................................A.............................................................................................................................................C...................T..
............C.................................................................................................................................------------------------------------- 

699 

L2672-1 L 
.............................................................T......G....................................................................................................................................................................................................................
......G........................................................................................................A.........................................................................................................................................................................
..............................................................................G..........................................................------------------------------------- 

699 

LMG25958 L 
.............................................................T...................................................................................................................................................................................................A.......................
......G.......................T................................................................................A.............................................................................................................................................C...................T..
............C.................................................................................................................................------------------------------------- 

699 
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NM29-3 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

NM30-4 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

NM31-5 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

S10-4 L 
....................................................................G.....................................................................................................................................................................................................................
.....G........................................................................................................A..........................................................................................................................................................................
.............................................................................G..........................................................------------------------------------- 

699 

s-7 L 
.............................................................T...................................................................................................................................................................................................A.......................
......G.......................T................................................................................A.............................................................................................................................................C...................T..
............C.................................................................................................................................------------------------------------- 

699 

SCPM-O-
B-8929 

L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

SCPM-O-
B-8930 

L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

SCPM-O-
B-8931 

L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

SCPM-O-
B-8932 

L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

SCPM-O-
B-8933 

L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

SCPM-O-
B-8939 

L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

SCPM-O-
B-8943 

L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

SCPM-O-
B-8947 

L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

SCPM-O-
B-8948 

L 
.............................................................T...................................................................................................................................................................................................A.......................
......G.......................T....................................................................C...........G.................................................................................................................................................................T..
.........A....................................................................................................................................------------------------------------- 

699 

SCPM-O-
B-8953 

L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A.............................................................................................................................................C...................T.....
.........C.................................................................................................................................------------------------------------- 

699 

Tb32-6 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A...........................................................................................................................................................T.....T......
........C.................................................................................................................................------------------------------------- 

699 
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XJ28301 L 
.............................................................T...................................................................................................................................................................................................A.......................
......G.......................T................................................................................A.............................................................................................................................................C.T.................T.
.............C.................................................................................................................................------------------------------------- 

699 

XJ28304 L 
.............................................................T...................................................................................................................................................................................................A.......................
......G.......................T................................................................................A.............................................................................................................................................C.T.................T.
.............C.................................................................................................................................------------------------------------- 

699 

XZ35303 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A...........................................................................................................................................................T.....T......
........C.................................................................................................................................------------------------------------- 

699 

XZ37302 L 
....................................................................G............................................................................................................................................................................................A.......................
...............................................................................................................A...........................................................................................................................................................T.....T......
........C.................................................................................................................................------------------------------------- 

699 

        

 
 
Table S3. List of well-characterized enterococci (n=137) used for PCR validation of primers. 

Strain Country Origin Year MLST ABR profile Clade A Clade B 

CCP102 Portugal Hospital 1996 ST18 
VAN, TEC, AMP, 
CIP, ERY, TET, 
GEN, STR 

+ - 

CCP103 Portugal Hospital 1997 ST670 
VAN, TEC, AMP, 
ERY, TET, GEN, 
STR 

+ - 

CCP104 Portugal Hospital 1997 ST8 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP105 Portugal Hospital 1998 ST190 
VAN, TEC, AMP, 
CIP, ERY, TET, 
GEN, STR 

+ - 

CCP106 Portugal Hospital 1999 ST132 
VAN, TEC, AMP, 
CIP, ERY, TET, 
GEN, STR 

+ - 

CCP107 Portugal Hospital 1999 ST366 
VAN, TEC, AMP, 
CIP, ERY, GEN, 
STR 

+ - 

CCP108 Portugal Hospital 2000 ST16 
VAN, TEC, AMP, 
ERY, TET, STR 

+ - 

CCP109 Portugal Hospital 2000 ST18 
VAN, TEC, AMP, 
CIP, ERY, TET, 
GEN 

+ - 
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CCP110 Portugal Hospital 2000 ST132 
VAN, TEC, AMP, 
CIP, ERY, TET, 
GEN 

+ - 

CCP111 Portugal Hospital 2000 ST367 
VAN, TEC, AMP, 
CIP, ERY, GEN, 
STR 

+ - 

CCP112 Portugal Hospital 2000 ST18 
VAN, TEC, AMP, 
CIP, ERY, STR 

+ - 

CCP113 Portugal Hospital 2001 ST1054 CIP + - 

CCP114 Portugal Hospital 2001 ST719 
VAN, TEC, AMP, 
ERY 

+ - 

CCP115 Portugal Hospital 2001 ST8 
VAN, TEC, AMP, 
CIP, ERY, TET, 
GEN, STR 

+ - 

CCP116 Portugal Hospital 2001 ST18 
VAN, TEC, AMP, 
CIP, ERY, TET 

+ - 

CCP117 Portugal Hospital 2001 ST132 
VAN, TEC, AMP, 
CIP, ERY, GEN 

+ - 

CCP118 Portugal Hospital 2001 ST132 
VAN, TEC, AMP, 
CIP, ERY, GEN, 
STR 

+ - 

CCP119 Portugal Hospital 2001 ST18 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP120 Portugal Hospital 2002 ST18 
VAN, TEC, AMP, 
CIP, ERY, TET 

+ - 

CCP121 Portugal Hospital 2002 ST18 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP122 Portugal Hospital 2002 ST390 
AMP, CIP, ERY, 
TET, STR 

+ - 

CCP123 Portugal Hospital 2002 ST280 AMP, ERY, TET + - 

CCP124 Portugal Hospital 2002 ST5 
VAN, TEC, CIP, 
ERY 

+ - 

CCP125 Portugal Hospital 2002 ST132 
VAN, AMP, CIP, 
ERY, GEN 

+ - 

CCP126 Portugal Hospital 2002 ST18 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP127 Portugal Hospital 2002 ST18 
VAN, TEC, AMP, 
CIP, ERY 

+ - 
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CCP128 Portugal Hospital 2002 ST132 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP129 Portugal Hospital 2002 ST17 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP130 Portugal Hospital 2003 ST18 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP131 Portugal Hospital 2003 ST280 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP132 Portugal Hospital 2003 ST280 
VAN, TEC, AMP, 
CIP, ERY, GEN 

+ - 

CCP133 Portugal Hospital 2003 ST18 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP134 Portugal Hospital 2003 ST18 
VAN, TEC, AMP, 
CIP, ERY, STR 

+ - 

CCP135 Portugal Hospital 2003 ST132 
VAN, TEC, AMP, 
CIP, ERY, GEN 

+ - 

CCP136 Tunisia Hospital 2003 ST17 
VAN, TEC, AMP, 
CIP, ERY, STR 

+ - 

CCP137 Portugal Hospital 2006 ST280 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP138 Portugal Hospital 2007 ST18 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP139 Portugal Hospital 2007 ST515 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP140 Portugal Hospital 2007 ST78 
AMP, CIP, ERY, 
GEN 

+ - 

CCP141 Portugal Hospital 2007 ST391 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP142 Portugal Hospital 2007 ST18 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP143 Portugal Hospital 2008 ST656 
VAN, TEC, AMP, 
CIP, ERY, TET, 
STR 

+ - 

CCP144 Portugal Hospital 2011 ST412 
VAN, TEC, AMP, 
CIP, ERY, TET 

+ - 

CCP145 Portugal Hospital 2011 ST412 
VAN, TEC, AMP, 
CIP, ERY, TET 

+ - 
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CCP146 Portugal Hospital 2012 ST412 
VAN, AMP, CIP, 
ERY, TET 

+ - 

CCP147 Portugal Hospital 2012 ST117 
VAN, AMP, CIP, 
ERY, TET, GEN 

+ - 

CCP148 Portugal Hospital 2013 ST78 
VAN, AMP, CIP, 
ERY, TET 

+ - 

CCP149 Portugal Hospital 2013 ST117 
VAN, AMP, CIP, 
ERY, TET, GEN 

+ - 

CCP150 Portugal Hospital 2014 ST117 
AMP, CIP, ERY, 
LZD 

+ - 

CCP151 Portugal Hospital 2014 ST117 
VAN, TEC, AMP, 
CIP, ERY, TET, 
GEN 

+ - 

CCP152 Portugal Hospital 2014 ST117 
AMP, CIP, ERY, 
LZD 

+ - 

CCP153 Portugal Hospital 2014 ST117 
VAN, TEC, AMP, 
CIP 

+ - 

CCP154 Portugal Hospital 2019 ST117 
VAN, AMP, CIP, 
ERY, STR 

+ - 

CCP155 Portugal Hospital 2019 ST80 
VAN, TEC, AMP, 
CIP, ERY 

+ - 

CCP156 Portugal Hospital NK ST18 
VAN, TEC, AMP, 
CIP, ERY, TET, 
GEN 

+ - 

CCP157 Portugal Hospital NK ST18 
VAN, TEC, AMP, 
CIP, ERY, TET 

+ - 

CCP158 Portugal 
Healthy 
volunteers 

2001 ST845 
ERY 

+ - 

CCP159 Portugal 
Healthy 
volunteers 

2001 ST32 
ERY, TET, STR 

+ - 

CCP160 Portugal 
Healthy 
volunteers 

2001 ST845 
CIP, ERY, TET, 
STR 

+ - 

CCP161 Portugal 
Healthy 
volunteers 

2001 ST18 
VAN, TEC, AMP, 
CIP, ERY, TET, 
GEN, STR 

+ - 

CCP162 Portugal 
Healthy 
volunteers 

2001 ST89 
VAN, TEC, ERY, 
TET, STR 

+ - 
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CCP163 Portugal 
Healthy 
volunteers 

2001 ST846 
TET, ERY, CIP, 
STR 

+ - 

CCP164 Tunisia Cow milk 2003 ST1058 
CIP, ERY, TET, 
LZD 

+ - 

CCP165 Tunisia Cow milk 2003 ST1058 
CIP, ERY, TET, 
LZD 

+ - 

CCP166 Tunisia Cow milk 2003 ST1058 
CIP, ERY, TET, 
LZD 

+ - 

CCP167 Portugal Piggery 2006 ST428 ERY, TET, GEN + - 

CCP168 Portugal Piggery 2006 ST393  
AMP, ERY, TET, 
GEN, STR 

+ - 

CCP169 Portugal Piggery 2006 ST848 ERY, TET, STR + - 

CCP170 Portugal Piggery 2006 ST393  
AMP, CIP, ERY, 
TET, GEN, STR 

+ - 

CCP171 Portugal Piggery 2006 ST5 ERY, TET + - 

CCP172 Portugal Piggery 2006 ST264 AMP, TET, STR + - 

CCP173 Portugal Piggery 2006 ST264 
AMP, CIP, ERY, 
TET, STR 

+ - 

CCP174 Portugal Piggery 2006 ST32 TET + - 

CCP175 Portugal Piggery 2006 ST430 
AMP, ERY, TET, 
STR 

+ - 

CCP176 Portugal Piggery 2006 ST132  
VAN, TEC, AMP, 
ERY, GEN 

+ - 

CCP177 Portugal Piggery 2006 ST859 
AMP, CIP, ERY, 
TET, GEN, STR 

+ - 

CCP178 Portugal Piggery 2006 ST430 
AMP, CIP, ERY, 
TET, STR 

+ - 

CCP179 Portugal Piggery 2006 ST431 
AMP, CIP, ERY, 
TET, STR 

+ - 

CCP180 Portugal Piggery 2007 ST432  ERY, TET + - 

CCP181 Portugal Piggery 2007 ST185  VAN, TEC, TET + - 

CCP182 Portugal Piggery 2007 ST185 
VAN, TEC, CIP, 
TET 

+ - 

CCP183 Portugal Piggery 2007 ST133 ERY, TET, STR + - 
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CCP184 Angola 
Poultry 
environment 

2013 ST29 
- 

+ - 

CCP185 Portugal Poultry carcass 1999 ST196 VAN, TEC,TET + - 

CCP186 Portugal Poultry carcass 1999 ST421 ERY, TET + - 

CCP187 Portugal Poultry carcass 1999 ST157 
VAN, TEC, CIP, 
ERY, TET 

+ - 

CCP188 Portugal Poultry carcass 1999 ST405 
VAN, TEC, CIP, 
ERY, STR 

+ - 

CCP189 Portugal Poultry carcass 1999 ST236 
VAN, TEC, CIP, 
ERY, TET, STR 

+ - 

CCP190 Portugal Poultry carcass 2001 ST27 TET, STR + - 

CCP191 Portugal Poultry carcass 2001 ST148 
AMP, CIP, ERY, 
TET, GEN, STR 

+ - 

CCP192 Portugal Poultry carcass 2001 ST450 
VAN, TEC, CIP, 
ERY, TET, STR 

+ - 

CCP193 Portugal Poultry carcass 2001 ST406 
VAN, TEC, CIP, 
ERY, TET, GEN, 
STR 

+ - 

CCP194 Portugal Poultry carcass 2001 ST9 
VAN, TEC, ERY, 
TET, STR 

+ - 

CCP195 Portugal Swine faeces 2007 ST150  
AMP, CIP, ERY, 
TET, STR 

+ - 

CCP196 Angola Swine faeces 2013 ST971 
AMP, CIP, TET, 
STR 

+ - 

CCP197 Portugal Trout 2012 ST32 ERY, TET + - 

CCP198 Portugal Trout 2012 ST32 CIP, ERY, TET + - 

CCP199 Portugal Trout 2012 ST683 TET, STR + - 

CCP200 Portugal Trout 2012 ST1059 - + - 

CCP201 Portugal Aquaculture 2010 ST101 TET + - 

CCP202 Portugal Aquaculture 2011 ST30 TET, STR + - 

CCP203 Portugal Ready-to-eat salad 2010 ST640 ERY, TET + - 

CCP204 Portugal Ready-to-eat salad 2010 ST640 - + - 

CCP205 Portugal River 2003 ST18 
VAN, TEC, AMP, 
CIP, ERY, STR 

+ - 
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CCP206 Portugal River 2003 ST369 
VAN, TEC, AMP, 
CIP, ERY, GEN, 
STR 

+ - 

CCP207 Portugal River 2003 ST369 
VAN, TEC, AMP, 
CIP, ERY, STR 

+ - 

CCP208 Portugal Sewage 2001 ST132 AMP, CIP, GEN + - 

CCP209 Portugal Sewage 2001 ST368 
VAN, AMP, CIP, 
ERY, GEN, STR 

+ - 

CCP210 Portugal Sewage 2001 ST132 
VAN, TEC, AMP, 
CIP, ERY, STR 

+ - 

CCP211 Portugal Sewage 2001 ST17 
AMP, CIP, ERY, 
TET, GEN, STR 

+ - 

                

CCP212 Portugal Hospital 2019 ST2215 - - + 

CCP213 Portugal Hospital 2019 ST329 ERY - + 

CCP214 Portugal Hospital 2020 ST361 ERY - + 

CCP215 Portugal Hospital 2022 ST994 ERY - + 

CCP216 Portugal Hospital 2022 ST118 - - + 

CCP217 Portugal 
Healthy 
volunteers 

2001 ST798 
CIP, ERY, STR 

- + 

CCP218 Portugal 
Healthy 
volunteers 

2001 ST361 
ERY 

- + 

CCP219 Portugal 
Healthy 
volunteers 

2022 ST75 
ERY, TET 

- + 

CCP220 Portugal 
Healthy 
volunteers 

2022 ST717 
ERY 

- + 

CCP221 Portugal 
Healthy 
volunteers 

2022 ST361 
ERY, TET 

- + 

CCP222 Portugal 
Healthy 
volunteers 

2022 ST2097 
ERY 

- + 

CCP223 Portugal 
Healthy 
volunteers 

2022 ST2223 
ERY 

- + 

CCP224 Portugal 
Healthy 
volunteers 

2022 ST2097 
ERY 

- + 

CCP225 Portugal 
Healthy 
volunteers 

2022 ST800 
ERY 

- + 
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CCP226 Portugal 
Healthy 
volunteers 

2022 ST2224 
ERY 

- + 

CCP227 Portugal 
Healthy 
volunteers 

2022 ST2021 
ERY 

- + 

CCP228 Portugal 
Healthy 
volunteers 

2022 ST640 
ERY, TET, STR 

- + 

CCP229 Portugal 
Healthy 
volunteers 

2022 ST233 
ERY 

- + 

CCP230 Portugal 
Healthy 
volunteers 

2022 ST107 
- 

- + 

CCP231 Portugal 
Healthy 
volunteers 

2022 ST94 
ERY 

- + 

CCP232 Portugal Piggery 2006 ST695 ERY, TET - + 

CCP233 Portugal Piggery 2006 ST108 ERY, TET - + 

CCP234 Portugal Trout 2012 ST1060 CIP - + 

CCP235 Portugal LTCF 2016 ST1284 ERY, STR - + 

CCP236 Portugal LTCF 2016 ST74 ERY - + 

CCP237 Portugal Sewage 2002 ST123 
AMP, CIP, ERY, 
TET, STR 

- + 

CCP238 Portugal River 2003 ST1055 - - + 

Abbreviations:  AMP, ampicillin; CCP, Culture Collection of Porto (https://ccp.ff.up.pt/); CIP, ciprofloxacin;  ERY, erythromycin; GEN, gentamicin;  

LIN, linezolid; LTCF, long-term care facility; STR, streptomycin; ST, sequence type; TEC, teicoplanin; TET, tetracycline.VAN, vancomycin. 

Isolates CCP212, CCP213, CCP214, CCP215 and CCP216 correspond to HPH55b, HPH67, HPH133, HPH282 and HPH288 respectively. 
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Table S4. Virulence gene content of E. lactis clinical isolates. 

Isolate 

Surface-Exposed 
Cell-Wall Anchored 

Proteins and 
Miscellaneous 

Carbohydrate 
Metabolism, 
Regulation, 
Transport 

PGC 1 (fms21-20) 
PGC 2 (fms14-
fms17-fms13) 

PGC 3 (EmpABC) 
PGC 4 (fms11-
fms19-fms16) 

General stress 
proteins 

  acm scm sgrA 
fibro
necti

n 
sagA ccpA bepA fms21 fms20 fms14 fms17 fms13 

ebpA
Efm 

ebpB
Efm 

ebpC
Efm 

fms16 fms19 fms11 gls20 gls33 glsB 

HPH
55b 

△ac
m 

    

△fibr
onect

in 
  ccpA bepA fms21 fms20 fms14 

△fms
17 

fms13 
△ebp
AEfm 

△ebp
BEfm 

ebpC
Efm 

      gls20 gls33 glsB 

HPH
67 

acm scm   
△fibr
onect

in 

△sag
A 

ccpA bepA fms21 fms20 fms14 fms17 fms13 
△ebp
AEfm 

△ebp
BEfm 

ebpC
Efm 

      gls20 
△gls
33 

glsB 

HPH
133 

acm   
△sgr

A 

△fibr
onect

in 

△sag
A 

ccpA bepA     fms14 fms17 fms13 
△ebp
AEfm 

ebpB
Efm 

ebpC
Efm 

fms16 fms19 
△fms

11 
gls20 

△gls
33 

glsB 

HPH
282 

acm   sgrA 
△fibr
onect

in 

△sag
A 

ccpA bepA 
△fms

21 
fms20 

△fms
14 

fms17 
△fms

13 
            gls20 

△gls
33 

glsB 

HPH
288 

acm 
  

△sgr
A 

△fibr
onect

in 

△sag
A 

ccpA bepA fms21 fms20 fms14 fms17 fms13 
      

fms16 fms19 fms11 gls20 
△gls
33 

glsB 

                                            

Abbreviations: The virulence genes are presented in different grey tones according to the highest homology they present with. Truncated forms are represented 
with Δ. 

Homology   
  100% 
  ≥99%<100% 
  ≥97%<99% 
  ≥95%<97% 
  ≥90%<95% 
  ≥80%<90% 
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1 Abstract 
Platinum nanoparticles (PtNPs) are being explored due to their minimal side effects and potent 

catalytic activities like oxidases and peroxidases granting strong antimicrobial characteristics. This 

capability has been attributed to both their ROS-promoting ability (through their peroxidase and 

oxidase functionalities) and/or to their membrane-penetration capacity, however the precise mode of 

action is still unclear. Considering this, we initially investigated the oxidative stress response of Gram-

positive Enterococcus faecium and Staphylococcus aureus and Gram-negative Salmonella ser. 

Typhimurium and Escherichia coli bacteria. Additionally, we analysed the effect of different bacterial 

survival mechanisms such as biofilm formation, quorum sensing, transcriptional regulation, and stress 

response. For this purpose we used E. faecium mutant strain lacking the enterococcal surface protein 

esp, responsible for biofilm formation and a well-known virulence marker; S. aureus lacking sarA  ̧an 

important transcriptional regulator involved in many cellular processes; E. coli  lacking luxS, part of 

the quorum sensing machinery; and Salmonella Typhimurium lacking ROS-coping enzymes to analyse 

the effect on the oxidative stress response. Our results showed that PtNPs presented limited biocidal 

effects against Gram-positive bacteria E. faecium and S. aureus where the effect on biofilm formation 

capacity and transcriptional regulation of PtNPs was not clear. The effect on E. coli was bacteriostatic 

showing link between the antimicrobial properties of PtNPs and quorum sensing mechanism 

deficiency. We deepened the investigation concerning the oxidative stress response of Salmonella 

enterica Typhimurium when exposed to PtNPs and their role in ROS-scavenging. The knock-out 

mutant HpxF- (ΔkatE ΔkatG ΔkatN ΔahpCF ΔtsaA) and its parental wild-type strain allowed us to 

investigate the role of the Salmonella ROS copy machinery. In line with other studies, our results 

demonstrated that, at high doses, PtNPs exert antibacterial activity, principally due to their oxidase-

like properties, with significantly stronger effect on the HpxF- mutant strain compared to the limited 

activity on the wild-type ones, especially in aerobic conditions. Moreover, metabolomic analyses of 

oxidative stress markers, including lipid, glutathione, and DNA oxidation, indicated that 12023 HpxF- 

was not able to cope with PtNPs-based oxidative stress as efficiently as the wild-type. The more rapid 

ROS accumulation of the mutant strain impacts on the expression and function of efflux pumps 

together with the modification of the outer membrane fatty acid composition. This oxidase-induced 

effect compromised the bacterial membrane integrity and led to DNA damage. Conversely, when 

combined with other ROS like H2O2, PtNP peroxidase function promotes ROS scavenging, protecting 

bacterial cells from oxidative damage. This mechanistic study shed light on the understanding of the 

mechanisms of PtNPs enzyme-like activity in view of potential antimicrobial applications. 
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2 Introduction 

The constant increase of bacterial resistance to antibiotics represents one of the greatest worldwide 

health challenges in the recent years, posing the necessity to find new longer-term solutions for 

successful control of bacterial infections. In this regard, there is a growing interest in developing and 

exploiting engineered nanomaterials that could integrate novel antibacterial functionalities (1). Among 

the currently available nanotechnology tools, metallic and metallic oxide nanostructures have been 

proposed as potential candidates to overcome the drawbacks of antibiotics due to their peculiar chemical 

properties, high surface-to-volume ratio and their potential antibacterial activity (2, 3). Several 

nanoparticles (NPs), like Ag, Pd, Au, Cu, ZnO and TiO2 have shown promising results (4), even if 

concerns about their cytotoxicity limit their practical use (5). Silver nanoparticles (AgNPs) possess 

intrinsic broad-spectrum antimicrobial characteristics (6–9) and have been widely adopted as  effective 

bactericidal agents (Buckley et al., 2010; Klasen, 2000; Tripathi & Goshisht, 2022; Rizzello & Pompa, 

2014). Nevertheless, the increasing use of silver in a great number of commercial and medical tools is 

leading to the development of bacterial molecular strategies of resistance. Mechanisms by which 

bacteria become resistant to silver involve the reduction of Ag+ to its less toxic neutral oxidation state, 

or the employment of active efflux from cell. Moreover, it has been recently reported that, after repeated 

long-term exposure to subinhibitory concentrations of AgNPs, Gram-negative bacteria can promote the 

aggregation of silver NPs by the production of the bacterial flagellum protein flagellin, thus evading 

the antibacterial effect (14). Furthermore, AgNPs present an important threat due to their toxicity to 

human cells (15, 16). Therefore, it is essential to exploit new antimicrobial nanomaterials with a proper 

biocompatibility. 

Gold, platinum, and palladium-based NPs have been revealed as safer antimicrobial candidates. 

Evidence suggests that the antibacterial properties of noble metal-based NPs are usually attributed to 

their oxidase- and peroxidase-like activity. In particular, reactive oxygen species (ROS) , are able to 

oxidize diverse cellular components (17). As a promising alternative to natural enzymes, nanozymes 

are catalytic nanomaterials possessing several advantages, such as low-cost synthesis, room temperature 

stability, and the possibility to be employed in harsh conditions keeping high efficiency (18).  

Furthermore, the catalytic activity and thus the enzyme-like behaviour of NPs could be controlled 

tuning several features such as size, shape, and exposed facets. For example,  shape and facet-dependent 

antibacterial activities of Pd nanocrystals have been recently reported, exhibiting high oxidase- -like 

properties (19). This catalytic activity efficiently inhibited the proliferation of both Gram-positive and 

Gram-negative bacteria, although at high NP concentrations. This behaviour could be attributed to the 

different membrane-penetration capacity of Pd nanocrystals, even though the precise mechanisms 

involved need further clarifications.  
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In this framework, the aim of our investigation was to perform a mechanistic study to understand the 

dynamics of the enzyme-like activity of 5 nm PtNPs using four risk-associated foodborne pathogens: 

two for Gram-positive bacteria, Enterococcus faecium and Staphylococcus aureus, and two for Gram-

negative bacteria, Escherichia coli and Salmonella enterica ser. Typhimurium. These bacteria are 

highly associated with foodborne outbreaks and are a increasing concern of Public Health. Furthermore, 

we investigated the mode of action of PtNPs and how they affect biofilm formation, quorum sensing, 

virulence and oxidative stress by using different knock-out strains. 

3 Methods and Materials 

3.1 Bacterial Strains and Culture Conditions 

A total of eight bacterial strains were subjected to treatment with PtNPs as described in Table 1, E. 

faecium E1162 and mutant E1162Δesp, S. aureus UAMS-1 and mutant strain UAMS-929, E. coli 

BW25113 and mutant strain JW2662 and S. enterica serovar Typhimurium 12023 and its mutant strain 

12023 HpxF- were grown in brain heart infusion (BHI) at 37°C and supplemented with antibiotics when 

necessary. 

Table 1. Bacterial strains used in this study including parental and mutant strains. 

Bacteria Wild  

Type 

Select

ive 

Agent 

Muta

nt 

Mutation Select

ive 

agent 

Function Reference 

Enterococcus 

faecium 

E1162 
 

E116

2 

Δesp Kan 

50 

mg/L 

biofilm 

formation 

Top et al. 2013 

Staphylococcus 

aureus 

UAMS

-1 

 
UAM

S-

929 

ΔsarA Kan 

50 

mg/L 

virulence/ad

hesion 

Beenken et al 

2010 

Escherichia coli BW25

113 

Kan 

25 

mg/L 

JW26

62 

ΔluxS Kan 

25 

mg/L 

quorum 

sensing 

Anand and 

Griffiths, 2003  

Salmonella 

typhimurium 

12023 
 

HpxF ΔkatE;ΔkatG;ΔkatN;Δah

pCF;ΔtsaA 

Kan 

25 

mg/L 

oxidative 

stress 

Hébrard et al 

2009 

Kan: Kanamycin  
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3.2 Platinum nanoparticle synthesis, functionalization, and characterization 

5 nm spherical citrate-coated platinum nanoparticles were synthesized by wet chemical reduction, 

following a previously reported protocol with some optimizations (24).  PtNP monodispersity was 

analyzed by Transmission Electron Microscopy (TEM) and Dynamic Light Scattering (DLS) (Fig. 1). 

Since we observed extensive aggregation of PtNPs when dissolved in BHI medium, PtNP stability was 

improved by functionalization with Bovine Serum Albumin (BSA) (Sigma-Aldrich) (25, 26). BSA-

coating was performed through physical adsorption of the protein at the surface of the nanoparticles. 

First, the pH of the aqueous solution of 5 nm PtNPs was raised to 7.5, and then the BSA solution was 

added. The reaction flask was kept under stirring for 30 minutes at room temperature, and then the 

solution was washed using 30 K Amicon Ultra centrifugal filters. The final dose of PtNPs was 

determined by ICP-OES analysis. For PtNPs characterization, TEM analysis was performed by using a 

JEOL JE-1011 microscope with thermionic source (W filament). Accelerating voltages: 100 kV; 

conventional TEM imaging: bright field; TEM resolution = 4.0 Å (100 kV). For DLS analysis, PtNPs 

and PtNPs-BSA suspensions were diluted in MilliQ water and BHI medium up to optimal dose, and the 

spectra were recorded at room temperature by Zetasizer Nano Range (Malvern-PANalytical) as 

frequency distribution of intensity. 

3.3 Bacterial growth inhibition 

For the determination of the bacterial growth inhibition, different doses of PtNPs (0, 5, 10, 20, 50 and 

100 mg/L) were prepared in BHI and added to a 96-well microtiter plate. Next, 0.1 OD of the selected 

bacteria (Table 1) were inoculated to each well containing the different PtNPs doses and grown at 37°C 

overnight. After incubation, the optical density of the cultures was measured spectrophotometrically at 

620nm. The nalysis was performed in triplicate.  

3.4 Biocidal Effect of PtNPs in Salmonella 

In the second part of our study, we proceeded to test Salmonella Typhimurium parental and mutant 

strain with a different approach under aerobic and anaerobic conditions, performing plate counts. For 

the determination of the bacterial growth inhibition, different doses of PtNPs (0, 5, 10, 20, 50 and 100 

mg/L) were prepared in 10ml of BHI. Next, 100µl of the selected bacteria (Table 1) were inoculated 

at log phase to each tube containing the different PtNPs doses and grown at 37°C overnight. After 

incubation, the cultures were serially diluted and plated on BHI, with respective antibiotics when 

necessary. Plate counts were performed in triplicate. The biocidal effect was determined in Salmonella 

as follows:  log phase cultures of parental and knock-out strain were treated PtNPs at doses of 20 and 

50 mg/L. After 1h of incubation, PtNPs were removed by filtering the suspension through a 0.22um 

cellulose filter (Merck MF-Millipore). Filters were washed with sterile saline solution and then 

resuspended in initial volume of BHI, serially diluted, and plated onto respective agar plates. A 

negative control was included.  
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3.5 Hydrogen peroxide scavenging and sensitivity in Salmonella 

To test the scavenging capacity and potential sensitivity to H2O2, Salmonella strains were subjected to 

H2O2 in the presence of PtNPs. Briefly, overnight cultures of 12023 and 12023 HpxF were diluted to 

an OD of 0.1 and mixed with 10 µg/mL PtNPs. Next different concentrations of H2O2, 0, 0.001, 0.01, 

0.1, 0.5, 1, 2, 5 and 10 mM were added to the solution. A control with 0 µg/mL PtNPs was included. 

Cells were incubated at 37 °C and optical density was measured every two hours overnight. All samples 

were prepared in triplicate. 

3.6 Untargeted metabolomics by UHPLC-HRMS in Salmonella 

Metabolomic profiling of the oxidative stress of Salmonella Typhimurium induced by PtNPs was 

determined using high-resolution mass spectrometry HRMS) performed on a Q-Exactive™ Focus 

Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific, Waltham, MA, USA) coupled to 

a Vanquish ultra-high-pressure liquid chromatography (UHPLC) pump and equipped with heated 

electrospray ionization (HESI)-II probe (Thermo Scientific, USA). Parental and mutant strains were 

incubated overnight with PtNPs doses of 0, 20 and 50 mg/L. Next, cell cultures were centrifuged for 10 

min at 10,000 × g. Bothpellet and supernatant were kept for analysis. For the extraction step, pellet and 

supernatant were treated using a 1:20 ratio with the extraction buffer, consisting in 80% methanol (Carlo 

Erba) and 0.1% formic acid (Carlo-Erba). Thereafter, they were incubated for 10 min at maximum 

power using an ultrasound assisted extraction step. Samples were centrifuged at 4 °C for 10 min at 

10,000 x g. For subsequent instrumental analysis, extracted pellet samples were added to UHPLC vials 

and supernatant samples were filtered using 0.22 micron syringe-filters before adding them to UHPLC 

vials. The chromatographic separation was achieved under a water-acetonitrile (both LC-MS grade, 

from Sigma-Aldrich, Milan, Italy) gradient elution (6–94% acetonitrile in 35 min) using 0.1% formic 

acid as phase modifier, on an Agilent Zorbax Eclipse Plus C18 column (50 × 2.1 mm, 1.8 μm). The 

HRMS conditions were adapted as described previously (27). The flow rate was 200 μL/min, and full 

scan MS analysis was chosen, with a positive ionization mode and a mass resolution of 70,000 at m/z 

200. The injection volume was 6 μL, using an m/z range of 100–1200. The automatic gain control target 

(AGC target) and the maximum injection time (IT) were 1e6 and 200 ms, respectively. Randomized 

injections of pooled quality control (QC) samples were acquired in a data-dependent (Top N= 3) 

MS/MS mode with full scan mass resolution reduced to 17,500 at m/z 200, with an AGC target value 

of 1e5, maximum IT of 100 ms, and isolation window of 1.0 m/z, respectively. The Top N ions were 

selected for fragmentation under stepped (10, 20, 40 eV) Normalized Collisional Energy. The HESI 

parameters for both MS and MS/MS were as follows: sheath gas flow 40 arb (arbitrary units), auxiliary 

gas flow 20 arb, spray voltage 3.5 kV, capillary temperature 320 ◦C. Before data collection, the mass 

spectrometer was calibrated using Pierce™ positive ion calibration solution (Thermo Fisher Scientific, 

San Jose CA, USA). To avoid possible bias, the sequence of injections was randomized. The raw data 
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(.RAW files) were converted into .abf format using the Reifycs Abf Converter and then further 

processed using the software MSDIAL (version 4.38) (28). Automatic peak finding, LOWESS 

normalization, and annotation via spectral matching (against the database MoNA – Mass Bank of North 

America) were performed. The mass range 100–1200 m/z was searched for features with a minimum 

peak height of 10,000 cps. The MS and MS/MS tolerance for peak centroiding was set to 0.01 and 0.05 

Da, respectively. Retention time information was excluded from the calculation of the total score. 

Accurate mass tolerance for identification was 0.01 Da for MS and 0.05 Da for MS/MS. The 

identification step was based on mass accuracy, isotopic pattern, and spectral matching. In MS-Dial, 

these criteria were used to calculate a total identification score. The total identification score cut off was 

60%, considering the most common HESI + adducts. Gap filling using peak finder algorithm was 

performed to fill in missing peaks, considering 5 ppm tolerance for m/z values. The software MS-Finder 

(29) was used for in-silico fragmentation of the not annotated mass features, using Lipid Maps and 

FoodDB libraries, thus reaching a level 2 of confidence in annotation (30). To this aim, the compounds 

presenting an in-silico prediction score > 5 were retained. Finally, the information regarding the 

ontology of each annotated compound was provided by the annotation softwares MS-Dial and MS-

Finder. 

3.7 Malondialdehyde TBARS assay in Salmonella 

The ratio between GSH and oxidized glutathione (GSSG) clarifies on how 12023 and HpxF- would 

react to ROS in terms of cell membrane oxidation in the presence of sublethal PtNPs doses. Lipid 

oxidation was determined by the TBARS assay. Parental and mutant strains were incubated overnight 

with PtNPs doses of 0, 20 and 50 mg/L.  After, cell cultures were centrifuged for 10 min at 10,000 × g. 

For the extraction step both the pellet and supernatant were treated with a 1:2 ratio of extraction buffer, 

that consists of 0.1% (w/v) Trichloracetic acid (TCA) in dH2O. Samples were then incubated under 

ultrasound at maximum power for 10 min. Followed by a centrifugation step (10,000 rpm for 10 min) 

both the supernatant and pellet were added to one solution containing  20 % of TCA (w/v) and 0.65% 

of TBA (Thiobarbituric acid) (w/v), and to a second solution containing  20% of TCA . Samples were 

then mixed by inversion, incubated for 15 min at 95°C and cooled down to stop the reaction. After 

centrifugation for 10 min at 10,000 × g, samples were analysed using a spectrophotometer at an optical 

density of 532 nm. For MDA determination, a molar extinction coefficient of 155 cm−1 mM−1 was 

used. Results were finally expressed as nM MDA equivalents (n = 3). 

3.8 Statistical Analysis  

ANOVA analysis, with subsequent Tukey’s significant difference test (p-value of 0.05), was used to 

compare the data obtained from each experiment using IBM SPSS Statistics (Version 25; IBM, 
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Armonk, NY, USA). All the data obtained in triplicate was reported as mean values ± standard deviation 

(SD). 

4 Results and Discussion 

4.1 Synthesis and characterization of platinum nanoparticles 

The synthesized 5 nm PtNPs were monodispersed and homogeneous in shape and size, as illustrated in 

the TEM image (fig. 1A) and corresponding size distribution (fig. 1B).  Moreover, they were stable in 

water, and showed a hydrodynamic radius around 8-9 nm (fig. 1C, red curve). However, when added 

to BHI medium, PtNPs showed a rapid and significant aggregation, causing a strong peak shift in the 

DLS spectrum (fig. 1C, blue curve). To increase their stability in this medium, PtNP surface was coated 

with BSA, through physical adsorption of the protein in aqueous solution. As illustrated in figure 1D, 

the presence of the adsorbed protein led to a peak shift of about 20 nm in water (red curve) and a similar 

peak is showed in BHI medium (blue curve), confirming that BSA coating ensured a relatively high 

stability of PtNPs.  

 

Figure 1. Characterization of synthesized nanoparticles and their stability in BHI medium. 

Representative TEM image (A) and relative size distribution analysis (B). DLS spectra of (C) 5 nm 

platinum nanoparticles and (D) 5 nm platinum nanoparticles coated with BSA, both dissolved in water 

(red curves) and BHI medium (blue curves). PtNPs alone are stable and monodispersed in water, but 
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they aggregate when added to BHI medium (C). Conversely, PtNPs-BSA show a similar peak when 

dissolved in water and in BHI medium (D, centered at around 30 nm), confirming the stability ensured 

by BSA-coating.  

4.2 Antimicrobial activity of PtNPs directly affects redox homeostasis  

In the initial phase of our study, we tested the bactericidal or bacteriostatic effect of PtNPs in terms of 

differential cellular functions (Table 1) in eight different knock-out bacteria including: E. faecium Δesp, 

S. aureus ΔsarA, E. coli ΔluxS, S. enterica Typhimurium ΔkatE katG katN ahpCF tsaA, and respective 

parental strains (fig.1). In the case of E. faecium, both strains showed similar results without strong 

growth inhibition capacity at doses ≤ 64 mg/L, yet at 512 mg/L, both the parental and mutant strain 

show a reduction of 0.3 OD with respect to the control. These results indicate that, although there is an 

efficient inhibition effect of PtNPs against E. faecium, the absence of esp, involved in adherence and 

virulence, does not enhance the antibacterial action of PtNPs. Similar to our results, Vaidya and 

colleagues (2017) showed promising results with Pt ions against enterococcal biofilm in doses of 500 

and 1000 mg/L (27). In the case of E. faecium exposed to PtNPs, it is important to understand the effect 

of a sublethal dose of PtNPs and the flatus of the esp gene. High doses of PtNPs (>500 mg/L) are still 

bactericidal and it is important to further understand the mechanisms of biofilm formation including not 

only the esp gene, but also the entire machinery for the formation of extracellular polymeric substances 

to assess the mode of action of PtNPs against the biofilm.  Observing the results for S. aureus, the 

parental strain showed a reduction of 0.2 at 8 mg/L, with a continuous reduction to 0.7 at 512mg/L 

compared to the control. This is in accordance to another investigation, where an effective bactericidal 

effect of a dose of 101 mg/L PtNPs against S. aureus, especially S. aureus biofilms, was shown (28).  

Moreover, in our study, the corresponding mutant strain UAMS-929 showed a similar turbidity 

reduction compared to the parental strain. In this case, the deletion of sarA was expected to boost the 

bactericidal capacity of PtNPs related to oxidative stress, as the inactivation of this gene may affect 

mechanisms involved in oxidative stress by downregulating super-oxide dismutase sodA (29).  Since 

SOD scavenges ROS, it was expected that the inactivation of sarA would downregulate the ROS 

scavenging mechanisms including the SOD activity (30), and so boosting the antimicrobial activity of 

the PtNPs . Since the reduction is similar in the mutant and the parental, there are more mechanisms 

that play a role in the compensation for the lack of sarA that protects the cell from oxidative stress.  

Concerning the results of E. coli, the parental strain remained almost unchanged with a slight decrease 

at 0.1 at 256 mg/L and a stronger decrease of 0.4 at 512 mg/L, when compared to the control. The 

mutant strain showed lower growth values, with an OD of 1.3 for the control and decreasing slightly to 

0.9 and 0.8 at 128, 256 and 512 mg/L PtNPs, respectively. Several studies have proven the efficacy of 

PtNPs to kill E. coli (28,31,32), comparable to our results. The luxS knock-out clearly inactivates 

protection mechanisms and compensatory reaction chains are not strong enough to bypass the oxidative 

stress induced by the PtNPs inhibiting the growth, however the effect is rather bacteriostatic. This is 



 
Chapter 5 

166 

 

known as quorum sensing (QS) and uses signal molecules, termed autologous inducers (AIs). Genes 

luxS and pfs play an important role in QS, involved in AI‑2 synthesis. The pathogenic association 

between bacteria and host is complex and diverse; numerous studies demonstrate that the QS system of 

pathogenic bacteria aids in a variety of biological functions, including biofilm formation, virulence 

factor production, drug resistance and adhesion (33). Finally, S. Typhimurium strains showed the 

strongest reduction compared to other bacteria. In fact, parental strain showed an OD reduction of 0.4 

at 512 mg/L when compared to the control. The mutant showed an even stronger reduction of 0.8 OD 

at 512 mg/L when compared to the control. We deduce that the lack of ROS-coping enzymes led to the 

fatal outcome of the exposure of PtNPs to mutant cells. Given the fact that PtNPs are best known for 

the induced oxidative stress, the following chapters of our study will focus on S. Typhimurium. 

 

 

Figure 2. Minimal bacteriostatic/bactericidal doses of PtNPs measured as a function of optical density 

at 620nm. E. faecium E1162 wild type (blue rhomboid), E1162 Δesp (blue circle), S. aureus UAMS-1 

(green circle), S. aureus UAMS-929 (green triangle), E. coli BW25113 (red square), E. coli JW2662 

(red circle), S. Typhimurium 12023 (black circle) and S. Typhimurium HpxF-(grey triangle). 

 

4.3 Effect of PtNPs on Salmonella Typhimurium growth.  

The second step of our assessment involved the evaluation of the bacterial growth inhibition capacity 

of PtNPs on Salmonella Typhimurium 12023 and its derivative mutant 12023 HpxF-, to investigate if 

the lack of ROS-coping enzymes may result in different cell viability under aerobic and anaerobic 

conditions. Fig. 3 shows that the growth of 12023 was only partially limited up to 20 mg/L particle 
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concentration. A slightly more effective reduction is observed at 50 and 100 mg/L with 0.53 and 0.64 

Log CFU reduction, respectively. No significant differences were detected between growth under 

aerobic or anaerobic conditions. On the contrary, a statistically significant reduction (p<0.05) in cell 

numbers was observed in 12023 HpxF- as a function of particle concentration. The mutant strain seemed 

to be more sensitive to the PtNPs in aerobic conditions with respect to anaerobiosis. In a second 

experiment, we analysed the PtNPs effect on cells exposed for 1 hour to sublethal doses of PtNPs (20 

and 50mg/L) (fig. 4). After 1 hour of exposure at 20 mg/L cell viability was reduced of 0.46 and 0.45 

Log CFU for parental and mutant strains, respectively. At 50 mg/L PtNPs a statistically difference was 

observed between the parental strain 12023 and mutant 12023 HpxF-, with a 1.24 Log CFU reduction.  

It has been reported that PtNPs  have outstanding catalytic activity and exhibit typical kinetics of 

oxidases (31, 32). Interestingly, Song and colleagues reported that PtNPs coupled on deposited 

Multiwalled Carbon Nanotubes presented oxidase activity generating superoxide  O2
•−, from dissolved 

O2, rather than hydroxyl radicals OH• or singlet oxygen 1O2 (33). In fact, this catalytic activity mimics 

one of the best characterized sources of ROS during host cell-pathogen interactions, namely the 

NADPH oxidase (34). The accumulation of superoxide causes bacterial membrane lipid peroxidation, 

which increases the cell permeability causing the uncontrolled transport of intra- and extracellular 

molecules, finally leading to cell death (35). Our data indicate that the strain 12023 HpxF-, with 

impaired response to oxidative stress, is significantly more susceptible than its parental strain. The 

combined effect of Salmonella Typhimurium ROS defence enzymes like alkyl hydroperoxide 

reductases AhpCF, TsaA and catalases KatE, KatG and KatN enables possibility of two types of 

scavenging systems that contribute to oxidative stress survival. Hence, while catalases act as the first 

line of oxidative stress defense by scavenging H2O2, alkyl hydroperoxide reductases eliminate 

micromolar concentrations of H2O2 and other hydroperoxides (21). These reductases are part of 

peroxiredoxins, which reduce organic hydroperoxides to alcohols and hydrogen peroxide to water at 

the expense of NADH or NADPH (36). Additionally, Hébard and colleagues (2009) showed that S. 

Typhimurium Kat- mutants (ΔkatE ΔkatG ΔkatN) and reductase Ahp- mutants (ΔahpCF ΔtsaA) were 

still able to scavenge H2O2 due to the compensatory regulation of the other enzymes (23). Previous 

studies have shown similar results with Salmonella enterica ser. Infantis exposed to 50 mg/L of PtNPs 

had a reduction of 1 Log CFU (37).   
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Figure 3. Growth reduction effect of PtNPs on Salmonella Typhimurium. Parental strain 12023 (black) 

showed a weak decrease of the growth. Mutant strain 12023 HpxF- (grey) growth decreased 

continuously as a function of PtNP dose with a maximum Log CFU reduction of 2 with 100 mg/L of 

PtNPs.  

  

 

Figure 4.  Biocidal effect of sublethal concentrations of PtNPs on Salmonella Typhimurium 12023 

(black) and 12023 HpxF (grey). The exposure to 20 mg/L PtNPs for 1h caused a 0.2 and 0.45 Log CFU 

reduction for wild type and mutant strain, respectively. The 1h exposure to 50 mg/L showed an 

increased biocidal effect with 0.46 and 0.8 Log CFU reduction for wild type and mutant strain, 

respectively.  
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4.4 The combined effect of PtNPs and H2O2 on Salmonella Typhimurium. 

After analysing the inhibitory effect of PtNPs-induced oxidative stress on Salmonella Typhimurium, 

we tested if the presence of exogenous H2O2 would cause the PtNPs to act as ROS scavengers and 

protect the cell, or as ROS enhancers by boosting the combined oxidative stress effect. To this aim, we 

exposed cells to increasing concentrations (0.001-10 mM) of H2O2 in presence or absence of the sub-

inhibitory dose of 10 µg/mL PtNPs (fig.5).  As shown in fig. 5A, the growth of strain 12023 was not 

affected by H2O2 equal or below 1 mM, whereas at higher concentrations (2, 5, 10 mM) of H2O2, the 

growth was significantly inhibited. Interestingly, when 10 µg/mL of PtNPs were added, a protection 

effect was observed, being 12023 able to grow with 2, 5 and 10 mM of H2O2 (fig. 5B). Conversely, the 

mutant 12023 HpxF- presented substantially higher susceptibility to hydrogen peroxide, with growth 

inhibition at H2O2 concentrations higher than 0.001 mM. These data are consistent with a previous study 

(Hébrard et al., 2009) which showed that 12023 HpxF- accumulates H2O2 during aerobic growth much 

faster than its parental strain, and when exposed to exogenous hydrogen peroxide, it was able to survive 

at a concentration of < 0.001 mM H2O2 (fig. 5C). Notably, the presence of 10 µg/mL PtNPs in the 

growth medium exerted a protection effect enabling the mutant strain to grow at a 10-fold higher 

concentration of H2O2 (0.01 mM, fig. 5D). This indicates that the addition of low doses of H2O2, does 

not increase oxidative stress, but protects the cells by shifting the catalytic ability of the nanozymes to 

scavenge exogenous ROS mimicking peroxidase activity, rather than generating them. In fact, other 

studies have shown that a PtNPs catalytic activity can be modulated depending on external conditions, 

showing peroxidase-like activity under acidic conditions and catalase or SOD-like activity under neutral 

and alkaline  conditions  (38, 39). In any case, the change in electrochemical behaviour of PtNPs after 

the addition of H2O2 was previously studied. Briefly, in the presence of PtNPs, H2O2 dissociates and is 

absorbed to OH• on the PtNP surface. A subsequent reduction step, H2O2 becomes H2O and O2 , this 

capacity is attributed to the peroxidase properties of PtNPs (40). The protection capacity of PtNPs 

against oxidative stress has been observed in mammalian cells, particularly lung cancer cells when 

exposed to 100 µg/mL PtNPs and 350 µM  H2O2, and rat skeletal L6 cells when exposed to 10 µg/mL 

PtNPs and 10 μM H2O2 (41).  To the best of our knowledge, there are no studies that show the protection 

capacity of PtNPs in the presence H2O2 towards bacteria. This effect is more evident in the parental 

strain, being protected with the Salmonella innate ROS coping machinery, together with the peroxidase-

like remotion of H2O2 by the nanoparticles. Furthermore, the results obtained with the mutant strain 

clarify that the peroxidase -mimicking activity of the PtNPs was enough to protect katE katG katN 

ahpCF tsaA-deficient cells by correcting the stress effects that preserve the bacterial growth. In a 

previous study, it was demonstrated that the failure of the induction of ahpC, katG,and katE gene 

expression  in E. coli resulted in higher susceptibility against H2O2-induced oxidative stress (42). 

Likewise, another report  by Lui and colleagues, when exposing Salmonella Enteritidis to 3 mM of 
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H2O2, genes katG and ahpCF  boosted about 31-40 and 41-50 fold-change increase in differential 

expression (43). 

 

 

Figure 5.  Exposure of S. Typhimurium parental strain 12023 to millimolar concentrations of H2O2 

only (A) and in combination with 10 µg/mL PtNPs (B); and exposure of mutant strain 12023 HpxF- to 

millimolar concentrations of H2O2 only (C), and in combination with 10 µg/mL PtNPs (D). 

 

4.5 PtNPs-induced ROS affect membrane lipids and oxidize DNA 

Taking into consideration the previous results, untargeted metabolomics using UHPLC-HRMS was 

undertaken to explore the effect of PtNP-induced oxidative stress on cell metabolism. In particular, we 

analysed the metabolomic profile of cell extracts and supernatants of both Salmonella Typhimurium 

12023 and 12023 HpxF- strains. As shown in fig. 5, OPLS-DA (Orthogonal Projections to Latent 

Structures Discriminant Analysis) scatter plot of extracts from supernatant and pelleted cells are 

reported. A dose response effect on the metabolomic profiles of cells and supernatants was observed, 

as all samples of both strains exposed to the same doses of PtNPs clustered together and were distinct 

from other samples treated with different doses of PtNPs. No significant differences were observed in 

the metabolome profiles between the two studied strains, by used this analytical approach. 

In contrast, when the oxidative stress markers for Glutathione oxidation, DNA oxidation, and lipid 

peroxidation were analysed, the two strains responded differently to oxidative stress (fig. 7). 

Remarkably, our results show that the exposure dose to 20 and 50 mg/L caused the GSH/GSSG ratio to 
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decrease in the parental strain, suggesting that GSH oxidizes quicklier to combat oxidative stress 

effectively. On the contrary, the decrease of the ratio in 12023 HpxF- is slower due to a decompensation 

of ROS-metabolism machinery, showing a less effective way of preventing oxidative stress caused by 

ROS. In the presence of GSH, peroxidase-catalysed one-electron oxidation leads to ROS formation with 

GSSG production. Therefore, decrease of GSH levels could be supported by the pro-oxidant property 

of the PtNPs as well as indicating disruption of the intracellular redox state (44).  Glutathione reduction 

systems has a key role in maintaining the reduced environment in Enterobacteriaceae and when ROS 

are generated, GSH is oxidized to GSSG, resulting in a decrease in GSH and increase in GSSG content 

in cellular extracts (29). 

Furthermore, the DNA oxidation was analysed by measuring three different markers of oxidative 

damage, namely 8-oxo-G, 8-oxo-2dG and 8-oxo-2dA (45). The concentration of the three oxidative 

markers increased proportionally to the dose of PtNPs. However, this effect was higher in mutant strain 

12023 HpxF- as shown by the ratio between the concentration of oxidative markers in the mutant and 

parental strain, as reported in fig. 6.  Moreover, the intracellular interactions of the PtNPs with bacterial 

DNA have been previously reported with Salmonella Enteritidis, and it was shown that PtNPs affected 

the DNA through ROS damage (46). . A commonly used marker for oxidative stress damage is 8-oxo-

7,8-dihydroguanosine (8-oxo-G), the most commonly observed oxidation product of a guanine base 

(Figure 1). Guanine has a lower reduction potential than the other DNA bases. Nearby oxidized bases 

can therefore readily be repaired by an electron transfer from the guanine base to the oxidized base 

(Candeias and Steenken, 1993), effectively transferring the oxidation site onto the guanine. 8-oxo-G 

can base-pair with both a cytosine or adenine base, thus affecting the coding potential of DNA (Cheng 

et al., 1992). Crystal structures of a Bacillus stearothermophilus DNA polymerase with 8-oxo-G pairing 

to both the cognate and mismatched base showed that under these conditions the proofreading 

mechanisms of the DNA polymerase are no longer effective (Hsu et al., 2004). In fact, Hsu et 

al. observed an inversion of the ordinary mismatch recognition. The in theory canonical 8-oxo-

G:cytosine base-pair behaved as a mismatch, whereas the 8-oxo-G:adenine base-pair was recognized 

as cognate, which ultimately leads to a G to T transversion in the replicated DNA strand. (47) 

Stress-related lipids oxidation was qualitatively assessed by untargeted metabolomics with markers for 

cell envelope fatty acid compounds in Salmonella, as function of the fold change of mutant over parental 

strain (fig. 6). Overall, at 50 mg/L PtNPs the fold change is higher when compared to the lower PtNP 

doses. In addition to this, previous studies have stated that H2O2 up-regulates efflux pumps conferring 

an additional protection towards ROS (48). Thus, the mutant strain lacking the catalases and reductases 

accumulates ROS in a more rapid manner downregulating the expression and the function of efflux 

pumps, and so causing terminal damage to the cell envelope. Other studies show that, under exogenous 

stress, Salmonella Typhimurium modifies its outer membrane fatty acid composition, increasing 
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unsaturated oleic, and linoleic acid and  resulting  to a enhance fluidity of the cellular membrane that 

affects permeabilization (49, 50),  

This is in accordance with our results when analysing the high degree of lipid peroxidation of the mutant 

strain in comparison to its parental strain (fig. 7). Moreover, the determination of MDA,  the benchmark 

method for ROS-induce lipid-peroxidation (51) showed that in parental strain 12023, no MDA was 

detected at any dose of PtNPs, whereas in mutant strain 12023 HpxF-, gradually increasing values of 

0.001, 0.002 and 0.004 nM of MDA were detected at 0, 20 and 50 mg/L, respectively. 

 

 

Figure 6. Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) score plot 

based on the metabolomic profile of treated and untreated supernatant and cells of parental strain 12023 

and mutant strain 12023 HpxF-. The exposure was carried out with 0 mg/L (green), 20 mg/L (blue) and 

50 mg/L (red) of PtNPs. WT_sur: parental strain supernatant sample; WT_pellet: parental strain cell 

sample; F_sur: mutant strain supernatant sample; F_pellet: mutant strain cell sample. 
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 1 
Figure 7. Fold change of the mutant 12023 HpxF- in comparison to parental strain 12023 at a PtNPs dose of 0 mg/L (light grey), 20 mg/L (grey) and 50 mg/L 2 
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(dark grey).  Overall cellular oxidation state was determined as the ratio between reduced (GSH) and oxidize (GSSG) Glutathione. DNA oxidation was determined 3 

by markers 8-oxo-G, 8-oxo-2-dG and 8-oxo-2-dA. Lipid peroxidation was assessed with markers for oleic acid, linoleic acid derivatives and epoxy fatty acids. 4 
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5 Conclusion 

Platinum nanoparticles are of high interest due to their strong catalytic activity that mimics oxidase and 

peroxidase enzymes, making them great candidates for antimicrobial agents. Here, we analysed the effect of 

different bacterial survival mechanisms such as biofilm formation, quorum sensing, transcriptional regulation, 

and stress response. The limited biocidal effects of PtNPs against Gram-positive bacteria E. faecium and S. 

aureus suggests that additional machinery is required to target biofilm formation and transcriptional regulation. 

The effect on E. coli was bacteriostatic showing link between the antimicrobial properties of PtNPs and 

quorum sensing mechanism deficiency. We further investigated the oxidative stress response of Salmonella 

enterica Typhimurium when exposed to PtNPs and their role in ROS scavenging. In agreement with other 

studies, our results showed that PtNPs exert antibacterial activity at high doses, mainly due to their oxidase-

like properties, with a significantly higher effect on the mutant strain, lacking ROS-coping mechanisms, 

compared to the limited activity on the wild type, especially under aerobic conditions. This result was 

supported by metabolomic analyses of oxidative stress markers, including lipids, glutathione and DNA 

oxidation. In contrast, the modulation of the catalytic function of PtNP is shifted to a peroxidase-like behaviour 

in conjunction with H2O2, where ROS are scavenged and thus, protects bacterial cells from oxidative damage. 

This mechanistic study sheds light on understanding the mechanisms of PtNP enzymatic activity in view of its 

potential antimicrobial applications, which contrary to other evidence, does not pose exceptional antibacterial 

activity when combined with other oxidative stress causing agents. 
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General Conclusions 

Food quality and safety is of paramount importance for both consumer health and the food industry. Microbes 

can contaminate food in different ways at different stages of food production, therefore, detection and 

monitoring are crucial. The increasing demand for sensitive, accessible, and cost-effective methods has driven 

technological innovation including DNA-based method, enabling the development of increasingly efficient 

molecular tests as they offer the ability to instantly detect and characterise microbes that are critical for food 

quality and safety. While traditional microbiological methods are labour-intensive and time-consuming, DNA-

based methods are better suited for rapid and accurate detection. However, molecular methods also have their 

limitations, as they usually focus on one or a few characteristics of a microorganism and can be compromised 

by inhibitors in the food matrix. In recent years, improvements in the performance of molecular methods have 

been evaluated and developed, finding new strategies to overcome limitations in sensitivity and efficiency, 

and improving the rapid visualisation of results. In addition, whole genome sequencing has extended the great 

potential of molecular methods by making genome sequencing available and opening the possibility of in-

depth investigation. The high discriminatory power of WGS is unmatched by any other technique. The choice 

between a rapid molecular technique and WGS depends on the goal to be achieved. Chapters two to four were 

mainly focused on the main problems of surveillance and timely detection of foodborne bacteria, namely 

taxonomic identification, pathogenic potential, and antimicrobial resistance, which are faced by the WGS 

approach. It is important to denote that the presence of multi-drug resistant strains in ready-to-eat fermented 

food pose a risk of public health for the spread of AMR determinants in the food chain and in the gut microbiota 

of consumers and that in silico bioinformatic accurately assess the safety of Enterococcus faecium strain 

UC7251, encouraging the development of innovative strategies for the mitigation of the risk related to 

antimicrobial resistance diffusion in food. Additionally, WGS-derived taxonomy and population structure 

analysis addressed the definition of species in bacteria and show how the genomic approach makes the 

difference in taxonomic assignment, especially for species identification, a difficult step in the study of 

microbes. A combined genome-based approach was successfully applied to the reclassification of the 

taxonomic unit E. faecium clade B, with a higher percentage similarity to E. lactis compared to E. faecium 

clades A1 and A2. The study also highlights the limitations of 16S rRNA-based taxonomy and points to the 

great potential of the application of WGS in alternative analyses like dDDH, ANI and pangenomics. The deep 

understanding of pathogenic potential and population structure permits the development of rapid detection 

strategies by designing DNA specific probes. In the fourth chapter, the designed and validated PCR to identify 

E. faecium and E. lactis species, based on the pangenome-derived gluP gene showed high resolution and 

discriminatory power. To note that published primers widely used for years and designed to identify E. faecium 

(e.g., ddl gene) lack enough discriminatory power to distinguish these species. The development of a precise 

differentiation method has direct implications in both the clinical and food safety fields and could draw the 

line between E. faecium strains currently being used in probiotics and feed that actually correspond to E. lactis 

and isolates associated with human infections when they are actually E. lactis having possible implications in 
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infection management and overall, in different Public Health contexts. Furthermore, genome-derived studies 

have paved the path to understand microbial dynamics against stress and to thrive in suboptimal conditions. In 

the final chapter we analysed the effect of different bacterial survival mechanisms such as biofilm formation, 

quorum sensing, transcriptional regulation, and stress response systems when exposing bacteria, lacking 

different genes coding for any of these mechanisms, to Platinum nanoparticles. The limited biocidal effects of 

PtNPs against Gram-positive bacteria E. faecium and S. aureus suggests that additional machinery is required 

to target biofilm formation and transcriptional regulation. The effect on E. coli was bacteriostatic showing link 

between the antimicrobial properties of PtNPs and quorum sensing mechanism deficiency. We further 

investigated the oxidative stress response of Salmonella enterica Typhimurium when exposed to PtNPs and 

their role in ROS scavenging. Especially in aerobic conditions, PtNPs has a higher effect on the mutant strain 

due to their oxidase-like properties and metabolomic analyses of oxidative stress markers supported the fact 

of lipids, glutathione and DNA oxidation. In contrast, the modulation of the catalytic function of PtNP is 

shifted to a peroxidase-like behaviour in conjunction with H2O2 protecting bacterial cells from oxidative 

damage. The mechanisms of PtNP enzymatic activity as potential antimicrobial applications, which contrary 

to other evidence, does not pose exceptional antibacterial activity when combined with other oxidative stress 

causing agents. To conclude, this work explored the power of genome derived information and analysis thereof 

for detection, surveillance and mitigation of foodborne pathogens and the need to further harmonize genomic 

investigation across the scientific community to achieve food safety and in a wider view to safeguard public 

health. 

 

 

 


