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Abstract: Enterococci are commensal organisms that have probiotic effects for their hosts and can be
used as adjunct cultures in fermented dairy products. The dark side of Enterococci is manifested in E.
faecium and E. faecalis, which are the causative agents of nosocomial infections, and thus Enterococci
have not been granted a safety status as food additives. In this context, we aimed to assess the
safety and functional profile of an Enterococci collection retrieved from traditional dairy products
through a high-resolution genomic characterization and comparative genomic analysis. Analysis
did not reveal major differences in the main cellular processes of Enterococci. Moreover, a diverse
repertoire of resistance and virulence genes was present, though known hallmark pathogenicity
factors were either absent or occurred rarely. The abundance of bacteriocins and CRISPR/Cas systems
suggested the ability of the isolates to suppress pathogens and evade bacteriophages, respectively.
Presence–absence patterns of genes suggested that dairy-originated E. faecium are not associated with
pathogenicity factors, while those of human origin are strongly linked with notorious resistance and
virulence determinants. Our comparative analysis provided some notable insights regarding the
genomic composition of Enterococci in the context of their origin. However, their pathogenic lifestyle
is likely to be explained by the interplay of multiple genomic factors.
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1. Introduction

Enterococci are Gram-positive, facultative, anaerobic bacteria. They are commensal
inhabitants of the intestinal tract of humans and animals. However, some species of the
genus Enterococcus, such as E. faecalis and E. faecium, can be opportunistic pathogens causing
various diseases in humans and animals. In humans, Enterococci are mainly implicated in
nosocomial bloodstream and urinary tract infections (UTIs) [1]. In food-producing animals,
diseases caused by Enterococcus spp. are rare, although they are occasionally associated
with mastitis in dairy animals [2]. Coagulase negative Staphylococci, and Streptococci, are
the predominant causative agents of contagious mastitis, whereas Enterococci are one of
the environmental pathogens, collectively implicated in 6% and 4% of mastitis cases in
dairy ewes and goats, respectively [3].

Enterococci have inherent mechanisms of antimicrobial resistance (AMR) to several
antimicrobial drugs. Moreover, they can acquire resistance mechanisms by spontaneous
mutations or though horizontal gene transfer (i.e., exchange of mobile genetic elements
between bacteria, such as plasmids) [4]. Ampicillin, aminoglycosides, and vancomycin
resistance is common among E. faecium and E. faecalis isolates responsible for nosocomial
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infections. The number of infections caused by vancomycin-resistant Enterococci has risen
dramatically in recent years, which is alarming considering that vancomycin is a last-
resort antimicrobial against a wide spectrum of multidrug-resistant (MDR), Gram-positive
bacteria [5]. Studies suggest that food-producing animals are probably not a significant
reservoir of human disease given that the AMR patterns in animal isolates are different from
those isolated from human clinical cases [6]. Nevertheless, there are increasing concerns that
important mechanisms conferring resistance to critical antimicrobials in human medicine
can be disseminated to other bacteria that populate the gastrointestinal tract of animals.
These bacteria, including those that can cause human disease, can reach consumers through
the food chain [7].

As with many bacteria, there are two sides to Enterococci. Several strains are con-
sidered beneficial for their hosts by exerting their probiotics properties in vivo, such as
strain T110 of E. faecium, while others have been used as adjunct cultures in fermenting
dairy products [8,9]. Previous studies have shown that naturally occurring Enterococcus
spp. in dairy products significantly contribute to the complex metabolic network created
during the ripening process that eventually affects the organoleptic properties of the end
products. Furthermore, they exert antimicrobial activity through the production of bac-
teriocins and thus have the capacity to modulate the microbiota of dairy products and
control pathogens [7]. Despite the potential beneficial effects, none of the Enterococcus
species has been granted the Qualified Presumption of Safety (QPS) status by the European
Food Safety Agency (EFSA) [9] or the GRAS (Generally Regarded as Safe) USA equivalent.
Therefore, there is a need to employ high-throughput technologies that can help to distin-
guish friend from foe in Enterococci via their thorough characterization. In this regard,
the aim of this study was to provide a high-resolution characterization of Enterococcus
spp. isolated from different dairy products [10,11], such as raw sheep milk, artisanal Feta,
and artisanal Kefalograviera cheese, using whole-genome sequencing (WGS), primarily
with respect to their resistance and virulence repertoire, but considering other important
genomic features as well. A comparative genomic analysis of Enterococcus spp. isolated
from various sources, including human clinical isolates, was conducted as well to assess
the genomic characteristics of this collection in the context of a broader and diverse set of
sequenced isolates.

2. Materials and Methods
2.1. Microbial Strains and Culture Conditions

The Enterococcus microbial collection (E. faecium = 24, E. faecalis = 3, E. italicus = 2, and
E. durans = 1) of the dairy research department (DRD) of Hellenic Agricultural Organi-
zation “DIMITRA” (ELGO-DIMITRA), isolated from sheep milk and artisanal Feta and
Kefalograviera cheeses [10], was used in this work. Storage and culture conditions of the
strains are described in detail in the work of Tsigkrimani et al. [10,11].

2.2. Whole Genome Sequencing, Assembly, and Quality Control

DNA extraction was performed according to Syrokou et al. [12] and DNA sequencing
by Novogene Genomics Service (Novogene Co., Cambridge, UK). Degradation and contam-
ination of DNA was examined by agarose gel electrophoresis while quantification by Qubit
2.0 (ThermoFisher Scientific, Waltham, MA, USA). Library construction was performed as
follows: sonication was employed for random fragmentation of DNA, followed by end
polishing, A-tailing, ligation with the Illumina sequencing adapters, and finally PCR ampli-
fication with P5 and P7 oligos. Purification of the PCR products was performed with the
AMPure XP system (Beckman Coulter, Brea, CA, USA), size distribution assessment with
the Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA), and quantification by qPCR.
Sequencing of the qualified libraries took place in the Illumina Novaseq 6000 sequencer (Il-
lumina, San Diego, CA, USA) (2 × 150 bp). FastQC v.0.11 tool of the KBase platform [13,14]
was employed for quality assessment of the adapter-free raw reads. Polishing and de novo
assembling of the reads into contigs took place using the Pilon tool and the Unicycler assem-



Appl. Sci. 2022, 12, 9620 3 of 16

bler, respectively, provided by the PATRIC v3.6.8 web platform [15–17]. The Multi-Draft
based Scaffolder (MeDuSa) v1.6 platform [18] was used to assemble the contigs into scaf-
folds. The latter were then ordered and oriented on the basis of multiple complete reference
genomes present in the NCBI database (https://www.ncbi.nlm.nih.gov/ accessed on 10
January 2022); E. faecium ATCC8459, E. faecium NBRC100486, E. faecium SRR24, E. faecium
LMG8148, E. faecium NCTC7171, and E. faecium NRRLB-2354 (for E. faecium); E. faecalis
ATCC19433, E. faecalis EnGen0336_T5, E. faecalis NCTC775, and E. faecalis NBRC100480 (for
E. faecalis); E. durans NBRC100479, E. durans ATCC6056, E. durans NCTC8130; E. durans
NCTC8129, and E. durans 8L1-82 (for E. durans); and E. italicus DSM15952 (for E. italicus).
The CheckM tool v1.21 [19] of the PATRIC v3.6.8. platform was used for quality assessment
of the contigs and scaffolds to ensure that assembled genomes ere of high quality, i.e.,
completeness (≥95%) and contamination (≤5%). The Skew Index Test (SkweIT) v1.0 web
tool [20] was used to assess possible mis-assemblies after scaffolding.

2.3. In Silico Typing and Characterization

Genome assembly statistics were assessed with QUAST v5.2.0 [21]. Species identification
was performed with the Kraken2 v2.1.2 taxonomic classifier [22] and the Type Strain Genome
Server (TYGS) [23]. The genomes were annotated using PROKKA v1.14.5 [24] while further
functional annotation and subsystem analysis of predicted open reading frames (ORFs) was
done via the COG database (March 2022 version) [25]. Moreover, the presence of clustered
regularly interspaced short palindromic repeats (CRISPRs) was evaluated with CRISPRCas-
Finder v4.2.20 [26], while integrated prophages were identified with PHASTER (December
2020 version) [27]. Abricate v1.0.0 [28] was used to determine the presence of resistance
genes (RGs), virulence genes (VGs) and mobile genetic elements (MGEs) using the Resfinder
(May 2022 version) [29], VFDB (August 2022 version) [30] and MobileElementFinder (June
2020 version) [31] databases, respectively. Additionally, the presence of bacteriocins was
determined with BAGEL4 v2.0-115 [32], whereas plasmids were detected, reconstructed,
and genotyped with MOB-suite v.3.1.0 [33]. Lastly, we used the PathogenFinder v.1.1 [34]
classifier to predict the pathogenicity of the isolates in our collection.

2.4. Phylogenetic Analysis and Comparative Genomics

Multilocus sequence types (MLSTs) of E. faecium isolates were identified via the
PubMLST database (https://pubmlst.org/ accessed on 11 May 2022). In addition to
the 24 E. faecium isolates of this study, 161 isolates from various sources were downloaded
from the NCBI database to conduct a comparative genomic analysis. This selection was
created by the investigation of all high quality (excluding “anomalous” filter) and taxonom-
ically accurate (taxonomy “OK” filter) E. faecium genomes available at the NCBI assembly
database. Only bacterial genomes with robust documentation of their isolation source and
isolated from human, animal or food sources were included. The pangenome analysis and
core-genome alignment of all E. faecium isolates was performed with Roary [35]. Proteins
were assigned to the same family if their amino acid sequence identity was ≥95%. The
threshold percentage of the isolates that needed to have a gene in order this to be considered
as a core gene was set at 95%. Moreover, regions indicative of homologous recombination
were removed with Gubbins [36] and a phylogenetic tree was built with FastTree [37].
Cluster calculation was performed with the hierBAPS module of the Bayesian Analysis of
Population Structure (BAPS) software v6.0 [38]. BAPS clusters were assigned based on the
core-genome alignment with 2 levels of hierarchy. The phylogenetic tree was annotated
and visualized using the Interactive Tree Of Life (iTOL) program [39].

Furthermore, we conducted Carbohydrate-active enzyme (CAZyme) searches with
the Run_dbcan V3 standalone tool of the dbCAN2 server [40], considering as positive hits
only the genes found by both the Pfam Hidden Markov Models (HMMs) and DIAMOND.
To further elucidate key genomic differences between E. faecium of human and dairy origin,
a cluster heatmap was generated using a presence-absence matrix of the RGs, VGs and
CAZymes present in these isolates. Clustering observations on the heatmap were further
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explored with statistical analysis for gene enrichment of these gene classes in the respective
isolate sources. Lastly, isolates of human and dairy origin were juxtaposed based on various
predicted phenotypic traits (n = 67), using Traitar [41].

2.5. Statistical Analysis

One-way ANOVA and Tukey’s post-hoc test implemented in R programming lan-
guage [42] was used to determine statistically significant differences for the average genome
size, GC content and number of coding sequences (CDSs) between Enterococcus species and
difference in the total number of RGs between E. faecium origins. Statistical tests for signifi-
cant genomic differences were conducted between species or groups having at least two
isolates. Moreover, we used presence-absence data matrix of the RGs, VGs and CAZymes
as input to Scoary [43] to analyze their enrichment in each isolation source. The significance
level (alpha) was set at 0.05. The p-values were adjusted with the Benjamini-Hochberg
method for multiple comparisons correction. Cluster heatmaps were generated in R using
the pheatmap package.

3. Results
3.1. Species Identification, Assembly Statistics and Subsystem Analysis

Taxonomic classification with Kraken2 and TYGS corroborated the strain identification
of Tsigkrimani, et al. [10,11]. From the 30 strains included in this analysis, 25 (83.3%) were
classified as E. faecium, while three isolates of E. faecalis, two isolates of E. italicus, and one
isolate of E. durans were found. Details and assembly statistics are presented in Table 1.
The average genome size was 2.79 ± 0.15 million bases (Mb), the average GC content was
37.92% ± 0.40%, while the average number of coding sequences (CDSs) was 2850 ± 179,
where ± denotes the standard deviation of the average. No significant difference between
Enterococcus species was found for these genomic features. Subsystem analysis with the
COG database revealed the presence of 11 enriched subsystem categories (Figure 1). The
process category of metabolism was the most enriched one with 333 (±40) genes, on
average. This category was significantly more enriched (p < 0.05) in the isolates of E.
faecalis compared with those of E. faecium (ent_C28, ent_C78 and ent_C158). Together with
metabolism, protein processing (209 ± 5), energy (120 ± 10), and stress-response-virulence
(101 ± 5) processes constituted the majority of CDSs with known functions (Figure 1).

Table 1. Species identification and assembly statistics of the 30 Enterococcus spp. isolates.

Strain ID Genus &
Species

Genome
Size (Mb)

GC
Content

(%)

No of
Scaffolds N50 (Mb) No of

CDSs
Contamination

(%)
Completeness

(%)

ent_C1 E. faecium 3.12 37.69 89 1.68 3472 3.9 96.1
ent_C11 E. faecium 2.74 37.94 5 2.28 2800 4.6 97.4

ent_C111 E. italicus 2.33 39.25 28 2.21 2332 3.5 97.5
ent_C116 E. faecium 2.79 37.87 9 2.26 2863 3.5 98.2
ent_C14 E. faecium 2.83 37.79 14 2.26 2874 3.2 98.7

ent_C143 E. faecium 2.67 37.89 70 2.11 2811 3.3 98.3
ent_C146 E. faecium 2.87 37.82 58 2.35 3010 3.4 95.0
ent_C151 E. faecium 2.78 37.91 36 2.41 2919 2.0 98.8
ent_C154 E. faecium 2.75 37.9 5 1.48 2793 3.9 96.7
ent_C155 E. faecium 2.85 37.86 34 0.88 2993 3.7 99.0
ent_C156 E. faecium 2.78 37.82 7 0.97 2840 3.0 96.1
ent_C157 E. faecium 2.79 37.87 8 2.59 2858 3.7 96.5
ent_C158 E. faecalis 2.90 37.45 13 2.85 2864 2.5 98.5
ent_C159 E. faecium 2.76 37.88 7 2.56 2812 2.1 98.4
ent_C179 E. durans 2.94 37.87 13 2.54 2933 4.9 96.9
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Table 1. Cont.

Strain ID Genus &
Species

Genome
Size (Mb)

GC
Content

(%)

No of
Scaffolds N50 (Mb) No of

CDSs
Contamination

(%)
Completeness

(%)

ent_C22 E. faecium 2.81 37.88 49 2.14 2951 3.6 97.2
ent_C25 E. faecium 2.79 37.83 17 1.47 2832 4.6 95.4
ent_C28 E. faecalis 2.95 37.42 18 2.86 2933 2.3 97.5
ent_C29 E. faecium 2.77 37.86 13 1.64 2803 4.5 95.7
ent_C3 E. faecium 2.76 37.88 8 2.57 2806 3.4 97.2
ent_C4 E. faecium 2.79 37.86 11 1.20 2867 3.1 98.7
ent_C5 E. faecium 2.75 37.9 6 1.48 2784 4.1 97.5
ent_C57 E. faecium 2.75 37.9 4 2.41 2793 2.9 98.7
ent_C6 E. faecium 2.79 37.87 7 2.59 2865 2.2 98.4
ent_C62 E. faecium 2.85 37.83 38 2.42 2897 2.2 95.8
ent_C7 E. faecium 2.79 37.87 12 1.63 2846 4.1 95.1
ent_C71 E. faecium 2.76 37.87 15 2.08 2795 3.7 98.4
ent_C74 E. italicus 2.39 39.36 29 1.43 2442 3.2 97.4
ent_C78 E. faecalis 2.96 37.46 18 2.43 2918 2.8 98.0
ent_C8 E. faecium 2.74 37.94 5 1.64 2798 3.2 98.9
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Figure 1. Overview of the subsystems in Enterococcus spp. genomes.

3.2. Presence of Resistance Genes

Analysis with Abricate and the Resfinder database revealed the presence of 124 RGs
in the collection of Enterococcus spp., conferring resistance to aminoglycosides, macrolides,
lincosamides and streptogramines (MLS), drug and biocide resistance (efflux pumps) and
tetracyclines (Figure 2). Less frequent types of resistance were those to trimethoprim,
nucleosides and of efflux pumps conferring multi-drug resistance (MDR). Enterococcus spp.
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isolates carried four AMR genes, on average, while all (n = 30) isolates carried at least
one AMR gene. Details on the RG-content per isolate are presented in Supplementary
File S1. The most prevalent types of resistance were those to drug and biocide resistance
and MLS, with 90.0% of isolates carrying at least one related gene, followed closely by
aminoglycoside resistance (86.7%).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 18 
 

ent_C3 E. faecium 2.76 37.88 8 2.57 2806 3.4 97.2 

ent_C4 E. faecium 2.79 37.86 11 1.20 2867 3.1 98.7 

ent_C5 E. faecium 2.75 37.9 6 1.48 2784 4.1 97.5 

ent_C57 E. faecium 2.75 37.9 4 2.41 2793 2.9 98.7 

ent_C6 E. faecium 2.79 37.87 7 2.59 2865 2.2 98.4 

ent_C62 E. faecium 2.85 37.83 38 2.42 2897 2.2 95.8 

ent_C7 E. faecium 2.79 37.87 12 1.63 2846 4.1 95.1 

ent_C71 E. faecium 2.76 37.87 15 2.08 2795 3.7 98.4 

ent_C74 E. italicus 2.39 39.36 29 1.43 2442 3.2 97.4 

ent_C78 E. faecalis 2.96 37.46 18 2.43 2918 2.8 98.0 

ent_C8 E. faecium 2.74 37.94 5 1.64 2798 3.2 98.9 

3.2. Presence of Resistance Genes 

Analysis with Abricate and the Resfinder database revealed the presence of 124 RGs 

in the collection of Enterococcus spp., conferring resistance to aminoglycosides, 

macrolides, lincosamides and streptogramines (MLS), drug and biocide resistance (efflux 

pumps) and tetracyclines (Figure 2). Less frequent types of resistance were those to 

trimethoprim, nucleosides and of efflux pumps conferring multi-drug resistance (MDR). 

Enterococcus spp. isolates carried four AMR genes, on average, while all (n = 30) isolates 

carried at least one AMR gene. Details on the RG-content per isolate are presented in 

Supplementary File S1. The most prevalent types of resistance were those to drug and 

biocide resistance and MLS, with 90.0% of isolates carrying at least one related gene, 

followed closely by aminoglycoside resistance (86.7%). 

 

Figure 2. Distribution and number of AMR genes found in Enterococcus spp. per conferred 

antimicrobial class resistance. 

Within the MLS category the msrC gene, encoding for an ABC efflux pump, was the 

most prevalent (71% of MLS genes), followed by lsa efflux pump (18%) and the ermB 23S 

methyltransferase (12%). The drug & biocide category was dominated by the efmA group 

efflux pumps. Acquired, high-level aminoglycoside resistance is particularly problematic 

in clinical Enterococci isolates [44] and within this category we found aac(6′)-Im in 83.3% 

of isolates. This acetyltransferase alters the 6-prime amino group of the aminoglycoside 

Figure 2. Distribution and number of AMR genes found in Enterococcus spp. per conferred antimicro-
bial class resistance.

Within the MLS category the msrC gene, encoding for an ABC efflux pump, was the
most prevalent (71% of MLS genes), followed by lsa efflux pump (18%) and the ermB 23S
methyltransferase (12%). The drug & biocide category was dominated by the efmA group
efflux pumps. Acquired, high-level aminoglycoside resistance is particularly problematic in
clinical Enterococci isolates [44] and within this category we found aac(6′)-Im in 83.3% of iso-
lates. This acetyltransferase alters the 6-prime amino group of the aminoglycoside molecule
by transferring an acetyl group from acetyl-CoA to the aminoglycoside drug and is the most
common resistance type to aminoglycosides used in microbial chemotherapy [45]. The
ant(6), ant(9) nucleotidyltransferases and aph(2′’) phosphotransferase were also found but
were less frequent. Tetracycline resistance genes were present in one-third of Enterococcus
spp. More specifically, the tetM and tetlL genes, encoding tetracycline ribosomal protection
proteins, were present in eight and six strains, respectively. Furthermore, trimethoprim
resistance genes (dfr-like) were found in 23.3% of strains, whereas lsaE efflux pump gene,
which can extrude a broad range of antimicrobials and confer an MDR phenotype in Ente-
rococci that carry it [46], was found in three isolates. Lastly, the sat nucleoside was found in
only one E. faecalis strain.

3.3. Presence of Virulence Genes

The virulence gene analysis revealed the presence of 94 VGs distributed in four major
categories (Figure 3). All but one isolates (n = 29) carried at least one VG and three
VGs on average. Details of VG-content per isolate are presented in Supplementary File S1.
Adherence factors, mainly the acm and scm adhesins, were ubiquitous (100% of VG-carrying
strains). The remaining VG categories had genes present only in three E. faecalis strains
(ent_C28, ent_C78 and ent_C158). These stains carried the csp operon genes, encoding for
the biosynthesis of capsular polysaccharides which contribute to host immune evasion,
but only two out of three strains had the seven open reading frames in the cps operon that
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are essential for capsule production (i.e., cpsC, cpsD, cpsE, cpsG, cpsI, cpsJ, and cpsK) [47,48].
Lastly, in the exoenzymes category, the gelE and sprE proteases, suggested to strongly
contribute to pathogenesis in several infection models [49], were found in two out of the
three E. faecalis strains. Moreover, none of the isolates in our collection contained the
important exotoxins cylR2, cylL-1, cylL-s, or cylM.
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3.4. Other Genomic Features
3.4.1. Bacteriocins, Prophages and CRISPR-Cas

All isolates but two contained bacteriocins (n =28). The most prevalent bacteriocins
were the enterocins (ent) A (n = 23), B (n = 20) and P (n = 24) as well as enterolysin A
(n = 23). All other bacteriocins (e.g., Enterocin_SE-K4, UviB and Bac32) were each present
in less than ten isolates. Moreover, 29 strains showed the presence of one or more complete
prophage regions in their genomes with a maximum of three regions in four strains. One
isolate of each of E. faecalis, E. durans, and E. italicus showed the presence CRISPR sequences
(evidence level = 4) and cas genes in their genomes.

3.4.2. Plasmids and other MGEs

Detailed results of the 54 plasmids carried by Enterococcus spp. isolates are presented
in Table S1. Enterococci harbored two plasmids, on average. The majority of plasmids
(n = 16) were small, non-typable plasmids. The Inc18 replicon type plasmids were present
in 12 isolates (Table S1).

Ninety-seven MGEs were identified in the 30 Enterococci while isolates carried three
MGEs on average. All the MGEs were insertion sequence (IS) elements with the most
prevalent being ISEnfa4 (18.6% of MGEs). ISEfm2/ISLgar5 was the second most dominant IS
(16.5%) followed by ISLpl1 (14.4%), an IS first described in Lactobacillus plantarum. All other
IS elements made up less than 10% of the total MGEs.

Moreover, we used the PathogenFinder machine-learning algorithm to predict the
pathogenicity of the isolates in our collection and thus classify them as human pathogens
or commensals. Interestingly, all the isolates were predicted as potential human pathogens.
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3.5. Phylogenetic Analysis and Comparative Genomics

In silico typing revealed the genetic background of the sequenced E. faecium (n = 24)
and E. faecalis (n = 3) isolates by assignment to six and three unique sequence types (STs),
respectively while for the other species (E. durans and E. italicus), no official MLST schemas
exist (https://pubmlst.org/ accessed on 11 May 2022). For E. faecium, most of the isolates
(nine in 24) belonged to ST2184, followed by ST545 (n = 5), ST1956 and ST113 (n = 4, each).
The three E. faecalis isolates were assigned to ST19, ST205, and ST206. E. faecium ST113 and
E. faecalis ST205 have been previously reported to be associated with infections [4,49].

Given that E. faecium was the dominant species isolated from the dairy products of
this study, a comparative genomic analysis was conducted to gain deeper insights into
the genetic relationships of the E. faecium isolated from various sources. More specifically,
genomes of human (n = 81), dairy product (n = 61), chicken (n = 8), pig (n = 7), dog
(n = 2), and soy (n = 1) origin as well as one isolate of M. primigenius were parsed from
the NCBI database [50] (Figure 4), creating an extension of the dataset initially reported
by Zhong et al. [51]. All animal isolates were retrieved from the gastrointestinal (GI)
tract while those of human origin were isolated from bloodstream infections (n = 39/81),
urinary tract infections (n = 9/81) and the GI tract (33 in 81) (Figure 4). The pangenome
of the E. faecium isolates (i.e., the total number of unique gene families found) consisted
of 15,951 gene families. The core-genome comprised 1327 genes, which is equivalent of
46.6% of the average number of CDSs in each genome, meaning that more than half of the
protein-coding genes in each genome had an accessory role.

The phylogenetic tree and the hierarchical clusters (n = 16) calculated with hierBAPS
revealed the genomic relatedness of the analyzed E. faecium isolates. Isolates clustered
primarily according to their isolation origin (Figure 4). The bottom-left part of the tree
predominantly comprised clusters that contained mainly to human-origin isolates, re-
trieved from the GI tract (human-GI) or from clinical cases (human-clinical). Conversely,
at the right part of the tree, we found the dairy-origin isolates, including all isolates of
this study, organized in six closely related clusters. This arrangement was disrupted by
a few isolates from other sources, including three from human GI (Figure 4). Lastly, the
top-left of the tree contained isolate clusters with a mixture of human (GI and clinical),
dairy, chicken, and pig origin. Nevertheless, the dominant, origin-driven pattern of E.
faecium clustering observed in our extensive analysis corroborates the findings from pre-
vious studies [8,51,52], which also showed that human pathogenic isolates are generally
phylogenetically distinct from environmental and food-related isolates.

One additional finding of our analysis, which was visually observable in the anno-
tated tree, was the difference in terms of total RG-content between different origins, with
human and pig isolates showing higher numbers of resistance determinants and strong
association with vancomycin-resistance genes (Figure 4). We confirmed this pattern
statistically with Scoary and found significant differences in the total number of RGs
and VGs between source of isolation. More specifically, dairy isolates carried the lowest
number of RGs (Figure 4) and their RG content was significantly different (p < 0.05) from
all other sources except for dog isolates. Moreover, the RG analysis showed that the
van-like resistance and regulator genes, which respectively encode and regulate resis-
tance to vancomycin and other glycopeptides, were predominant in human E. faecium
isolates and even more abundant in isolates from human bloodstream infections and
UTIs (Figure 4). Regarding the VGs, significant differences (p < 0.05) were found only
for the human VG-content versus all other origins (Figure 4).

https://pubmlst.org/


Appl. Sci. 2022, 12, 9620 9 of 16
Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 18 
 

 

Figure 4. Phylogenetic tree including the 24 E. faecium dairy isolates of this study and 161 isolates 

from various origins, parsed from NCBI. The outer bar graph denotes the abundance of RGs found 

in each strain. Alternating dark and light grey segments in the outer ring mark different hierBAPS 

clusters. The colored inner ring indicates the isolates’ origin according to the legend. Isolate labels 

with red font signify human clinical isolates form cases of bloodstream and urinary tract infections. 

The outlined, filled or absent orange circle at the tree’s leaves, shows whether an isolate carried 

vancomycin-resistance regulator gene(s) (vanR-like) only, regulator and vancomycin-resistance 

gene(s) (van-like), or no vancomycin-related genes, respectively. The isolate labels of this study and 

Figure 4. Phylogenetic tree including the 24 E. faecium dairy isolates of this study and 161 isolates
from various origins, parsed from NCBI. The outer bar graph denotes the abundance of RGs found
in each strain. Alternating dark and light grey segments in the outer ring mark different hierBAPS
clusters. The colored inner ring indicates the isolates’ origin according to the legend. Isolate labels
with red font signify human clinical isolates form cases of bloodstream and urinary tract infections.
The outlined, filled or absent orange circle at the tree’s leaves, shows whether an isolate carried
vancomycin-resistance regulator gene(s) (vanR-like) only, regulator and vancomycin-resistance gene(s)
(van-like), or no vancomycin-related genes, respectively. The isolate labels of this study and of those
retrieved from NCBI have a “C” and “GCA_” numerical prefix, respectively. #, number of the
respective genes.

In the next analysis, we aimed to juxtapose isolates of human and dairy origin with
respect to their functional (CAZymes content) and safety (RGs-VGs) profile and elucidate
whether the presence-absence patterns of these genes can distinguish isolates of different
sources. The heatmap and hierarchical clustering showed an arrangement similar to that of
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the phylogenetic tree. Three major clusters were formed, which predominantly contained
dairy and human isolates (clinical and GI) and a mixture of isolates, respectively (Figure 5).
Statistical analysis for gene enrichment with Scoary showed no significant associations
of dairy isolates with specific RGs or VGs, on the contrary, several genes, such as the
van-like RGs and the ecbA VG, showed a strong negative association (odds ratio (OR) < 1,
p-value < 0.05). Conversely, several RGs (n = 19) and VGs (n = 4) were significantly enriched
in the human-clinical (n = 13) and human-GI (n = 16) sources, while six genes were
associated with both sources (OR > 1, p-value < 0.05). Important RGs enriched in the
human sources were the vancomycin RGs (van-like) and regulator genes (vanR-like), the
tetracycline RGs (tet-like), and the lsaE MDR efflux pump. Noteworthy VGs were the sgrA
and ecbA adhesins as well as the scm adhesin. Several RGs and VGs, such as the efmA efflux
pump and acm adhesin, were ubiquitous across all isolate origins (Figure 4).
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data matrix of E. faecium isolated from dairy, human-clinical and human-gastrointestinal origin.

The majority of the CAZymes identified in the analyzed E. faecium isolates belonged
to the glycoside hydrolase (GH) families with the GH43 family being predominant, while
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62 different families were identified. The GH43 family as well as others from different
groups, e.g., Glycosyltransferase (GT) 2, Carbohydrate Esterase (CE) 4 and Polysaccharide
Lyase (PL) 9, were ubiquitous among isolates. Nevertheless, our comparative analysis
showed that several CAZyme families were associated with either the human or dairy
sources. The GH35, GH123, and the Carbohydrate-binding module (CBM) 70 families
were significantly enriched in dairy-related isolates (OR > 1, p-value < 0.05). Within the
human sources (clinical & GI), the CBM61, CE12, and GH154 CAZymes were significantly
enriched and they showed strong negative association in the dairy-origin isolates. The
AA10 CAZyme was strongly associated only with the human–clinical source.

Lastly, analysis with Traitar for predicted phenotypic characteristics showed that,
irrespective of their origin, all isolates can utilize sugars, such as lactose, galactose, maltose,
sucrose, and D-mannitol (Figure 6). The clustered heatmap of predicted traits indicated
an overlap of dairy and human origin isolates as well as a separate human–clinical cluster.
Statistical analysis for phenotype enrichment provided more insights for this arrangement.
Dairy-origin isolates had a strong association (OR > 1, p-value < 0.05) with the utilization of
starch and malonate, whereas human origin isolates were found to be significantly related
with the catabolism of L-rhamnose, D-sorbitol, and raffinose.
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4. Discussion

Enterococci are largely commensal organisms and several strains have been proven to
have probiotic effects for their hosts. Furthermore, they can be used as adjunct cultures in
fermenting dairy products, where they modulate the metabolic network created during
fermentation and thus affect the organoleptic properties of the end products [8,9]. The
dark side of Enterococci is manifested in several strains, mainly of E. faecium and E. faecalis,
which are causative agents of persistent nosocomial infections. For this reason, Enterococcus
species have not been granted the QPS status [9] and thus cannot be freely used as starter,
adjunct cultures or generally as food-additives. In this context, we aimed to provide a
high-resolution genomic characterization of an Enterococci collection retrieved from dairy
products, such as raw sheep milk, artisanal Feta cheese, and artisanal Kefalograviera cheese,
with E. faecium being the dominant isolated species and E. faecalis, E. italicus, and E. durans
appearing less frequently.

A subsystem is a set of CDSs that together implement a specific biological process
or structural complex [53]. Apart from an enriched metabolism repertoire in E. faecalis,
the subsystem analysis did not reveal major differences in the main cellular processes
of this Enterococci collection. Bacteriocins are peptides synthesized by bacteria that kill
other bacteria by creating pores in target membranes. They have been suggested to play a
promising role as food preservatives by modulating the food microbiome and suppressing
pathogens [54]. Prophages that integrate in bacterial genomes often harbor resistance
or virulence determinants [55]. Thus, the existence of CRISPR/Cas systems can help to
protect bacterial genomes from prophage integration [8]. The abundance of bacteriocins
and CRISPR/Cas systems suggested the ability of the isolates to suppress pathogens and
evade bacteriophages, respectively. Furthermore, analysis for resistance and virulence
determinants showed a diverse collection RGs and VGs present in Enterococci, though
known hallmark pathogenicity factors were either absent, e.g., vancomycin RGs and
the CylR2, CylL-1, CylL-s, and CylM exotoxins, or occurred rarely, e.g., the gelE VG
found in two out of 30 isolates. It is important to note, however, that the absence of
hallmark pathogenicity factors cannot guarantee the safety of isolates. With regard to the
plasmids and other MGEs, we found the Inc18 replicon type plasmids to be prevalent.
These plasmids have been found to carry genes that encode resistance to vancomycin,
chloramphenicol, as well as the MLS group of antibiotics. They are also widespread
in nosocomial settings, but they have been isolated from food-producing animals, the
environment, and wastewater facilities as well [56]. The most prevalent IS element was
ISEnfa4. Although this IS has been associated with the MDR gene cfr [57], this gene was
not identified in our collection. ISEfm2/ISLgar5, the second most dominant IS, has been
linked to the Tn1546-like transposon that often harbors the vanA vancomycin RG [57].
However, none of the two genetic elements were detected in our collection. Furthermore,
ISLpl1 (14.4%), an IS first described in Lactobacillus plantarum, is considered to be linked to
bacteriocin production and sugar utilization [58,59].

Interestingly, all the isolates were predicted as potential human pathogens by the
PathogenFinder machine learning algorithm. However, in their publication, Cosentino
et al. [34] report that the performance of their classifier was suboptimal for Enterococci,
explained by the few Enterococcus spp. isolates included in their training dataset. We
thus focused on the comparative genomic and phylogenetic analysis to juxtapose de facto
pathogenic isolates from human infections and isolates from dairy and other sources.

The comparative genomic analysis with a large collection of E. faecium isolates from
various origins provided deeper insights. Although phylogenetically diverse, clusters
of closely related isolates were formed according to their origin, with three large dairy,
human, and mixed cluster arrangements appearing in the phylogenetic tree (Figure 4).
A similar structure was observed in the hierarchical cluster-heatmap created with the
resistome, virulome, and CAZyme content of these isolates (Figure 5). Statistical analysis
using the presence–absence of related gene suggested that E. faecium of dairy origin are not
associated with particular factors, while those of human origin (both clinical and intestinal)



Appl. Sci. 2022, 12, 9620 13 of 16

are strongly linked with notorious resistance and virulence determinants. Important RGs
enriched in the human sources were the vancomycin RGs (van-like) and regulator genes
(vanR-like), the tetracycline RGs (tet-like), and the lsaE MDR efflux pump. These RGs,
especially the vancomycin resistance determinants, are strongly associated with persistent
nosocomial infections, which alarmingly show increasing rates and are becoming more
difficult to manage [5,6,52]. Noteworthy VGs were the sgrA and ecbA adhesins, which
were shown to play a role in adhesion to medical-device-related infections by forming
biofilms [60], as well as the scm adhesin. Several RGs and VGs, such as the efmA efflux
pump and acm adhesin, were ubiquitous across all isolate origins (Figure 4). This finding
suggests that certain genetic elements might not be directly linked to pathogenicity and, in
the absence of other hallmark pathogenic factors, they might contribute to the attachment
and survival of Enterococci in the GI tract where the bacteria can exert their beneficial
probiotic properties [7,8,61].

Enzymes responsible for the synthesis and metabolism of carbohydrates are known as
carbohydrate-active enzymes (CAZymes). Apart from being interesting in biotechnological
applications, the biotransformation of food carbohydrates by bacteria can produce valuable
metabolites [62]. Additionally, the combination of pre- and probiotics can lead to significant
beneficial effects such as the inhibition of inflammatory processes and the reduction of
cholesterol levels [63]. CBMs were significantly enriched in dairy-related isolates. They act
as catalytic modules of long CAZymes, such as glycoside hydrolases, with the latter being
essential in the degradation of complex carbohydrates, such as lactose and starch [64]. Within
the human sources, the CBM61, CE12, and GH154 CAZymes were significantly enriched,
which also showed a strong negative association in the dairy origin isolates. Interestingly,
the AA10 CAZyme, which was strongly associated only with the human–clinical source,
was found to play a key role in the binding of (opportunistic) pathogens [65,66].

Lastly, analysis with Traitar highlighted associations between the isolate source and
specific phenotypic traits. Remarkably, dairy origin isolates presented a strong association
with the utilization of starch and malonate, suggesting that these strains could be used
in both dairy and vegetable fermentation [67]. On the contrary, human origin isolates
were found to be significantly related with the catabolism of L-rhamnose, D-sorbitol, and
raffinose. The fermentation of the latter two sugars has indeed been found to be associated
with nosocomial E. faecium pathogens [68,69].

Even though our comparative analysis provided some notable insights regarding the
genomic composition of Enterococci in the context of their origin, our approach cannot
provide a definitive answer as to which genomic features can distinguish pathogenic from
commensal isolates. Although beyond the scope of this study, this goal can be achieved
through a systematic genome-wide association study (GWAS) coupled with machine
learning methods and involving large numbers (1000–2000) of properly labeled isolates
(e.g., pathogenic vs. commensal) to establish sufficient statistical power [70]. Such an effort
should involve modelling based on all core genomic features (e.g., core-genes and their
SNPs), given that the pathogenic lifestyle of Enterococci is likely explained by the interplay
of multiple genetic factors. To distinguish friend from foe in Enterococci and exploit the
beneficial properties of harmless strains, future projects should aim to accomplish this
difficult objective.
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