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Abstract

The study of enterococcal genomes has grown considerably in recent years. While special attention
is paid to comparative genomic analysis among clinical relevant isolates, in this study we performed
an exhaustive comparative analysis of enterococcal genomes of food origin and/or with potential to
be used as probiotics. Beyond common genetic features, we especially aimed to identify those that
are specific to enterococcal strains isolated from a certain food-related source as well as features pre-
sent in a species-specific manner. Thus, the genome sequences of 25 Enterococcus strains, from 7
different species, were examined and compared. Their phylogenetic relationship was reconstructed
based on orthologous proteins and whole genomes. Likewise, markers associated with a successful
colonization (bacteriocin genes and genomic islands) and genome plasticity (phages and clustered
regularly interspaced short palindromic repeats) were investigated for lifestyle specific genetic fea-
tures. At the same time, a search for antibiotic resistance genes was carried out, since they are of big
concern in the food industry. Finally, it was possible to locate 1617 FIGfam families as a core prote-
ome universally present among the genera and to determine that most of the accessory genes code
for hypothetical proteins, providing reasonable hints to support their functional characterization.
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1. Introduction has also the potential to promote health by stimulating the immune

system, assisting digestion and maintaining normal intestinal micro-
flora and is thus frequently used in probiotic preparations.*® Despite
the aforementioned, they are also known for their potential to cause

The genus Enterococcus (E.) belongs to the lactic acid bacteria (LAB)
group and includes nearly 50 species characterized for being faculta-
tive anaerobic, non-spore forming and catalase-negative."> They can

be associated with humans, animals, plants, water and fermented
foods or used as probiotics. Their application in the production of
artisanal fermented products such as cheeses, meats and olives, inter
alia is founded on their contribution in the typical taste and flavor of
the final products as well as on their hygienic quality.’> The genus

disease being the antimicrobial resistance transferability and viru-
lence phenomena of paramount importance.®

The advent of next-generation technologies has allowed the num-
ber of sequenced bacterial genomes to multiply and consequently,
has given the possibility of carrying out numerous comparative
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studies seeking to establish patterns of behavior and evolutionary re-
lationships.” Tettelin et al.® introduced the concept of pan-genome.
This term refers to the global gene repertoire of a group of organisms
consisting of a core genome (genes present in all members of the
group) and a dispensable genome (unique and accessory genes pre-
sent in one or more than one but not all organisms, respectively).®
Numerous studies evidenced that the gene content of a genome and
it structure can be affected during organism’s adaptation to a specific
niche’ and are the consequence, between others, of processes like
horizontal gene transfer (HGT), genome rearrangement and gene
loss. For the bacterial family Vibrionaceae, Kahlke et al. showed that
unique core genes appear more often in groups of isolates with a
common ancestor (monophyletic) and, in the particular case of
Vibrio cholerae, play a fundamental role in its adaptation to the eco-
logical niche. Likewise, they indicated that in genophyletic groups of
isolates (with no closest common ancestor) core genes are mainly the
result of HGT.” In Pseudomonas putida, meanwhile, the presence of
genomic islands carrying genes related to it specific lifestyle pointed
out HGT as the driving force of it adaptation to a certain niche.'® In
relation to LAB, Douillard and de Vos described that the enormous
diversity in the members of this group, as evidenced by comparative
genomics studies, is the result of genome-environment interactions.
The availability of nutrients in a specific habitat have a direct impact
on metabolic properties of LAB. Many species present an enrichment
in genes encoding for transporters (ABC or PTS systems) to compen-
sate the loss of genes of biosynthetic pathways.'!

The study of enterococcal genomes has grown considerably in re-
cent years with special attention in comparative genomic analysis
among clinical relevant isolates. In this sense, several studies have fo-
cused on the comparison of the safety aspects of clinical and non-
clinical E. faecium and E. faecalis strains'* but, to our knowledge,
Enterococcus species of food origin have not been investigated in de-
tail so far, what is surprising given the abundance of these microor-
ganisms in certain fermented food.

Through an exhaustive comparative genomic analysis the goal of
our manuscript was to identify common genetic features, features that
are specific to enterococcal strains isolated from a certain food related
source as well as those present in a species-specific manner.
Furthermore, since several studies have shown that foodborne entero-
cocci have a great potential as probiotics,'>'* Enterococcus strains
with probiotic properties were also incorporated to the analysis in
spite of having or not food as natural niche. In this way, we sought to
evaluate, at the genomic level, which were the shared traits between
probiotics and food related strains. For this, the genome sequences of
25 Enterococcus strains, from 7 different species, who were the only
one with full information about the isolation source by the time of
data collection, were selected. Their phylogenetic relationship was de-
termined at nucleotide and amino acid level comparing whole genome
alignments and orthologous proteins, respectively. In addition, a
search for markers associated with a successful colonization (bacterio-
cin genes and genomic islands) and genome plasticity (phages and clus-
tered regularly interspaced short palindromic repeats) was performed.
Since antibiotic resistance is of big concern in the food industry, the
presence of antibiotic resistance genes was also investigated.

2. Materials and methods

2.1. Genome sequences and annotation
According to their isolation source and probiotic potential 25 entero-
coccal genomic sequences, belonging to seven different species, were

retrieved from the NCBI database from December 2014 to July
20135; these included: E. faecalis, E. faecium, E. mundtii, E. hirae, E.
malodoratus, E. raffinosus and E. durans. In a next step, the strains
were assigned to one of three major groups: dairy isolates, meat iso-
lates and probiotics; and a fourth group was created: probiotics with
dairy origin, for those strains with both properties. The dataset thus
comprises 3 complete and 22 draft genomes.

In order rely on a directly comparable annotation of genes, we
performed a functional annotation combined with a metabolic re-
construction using the RAST (Rapid Annotation Subsystem
Technology) webservice.'> For running the analyses the following
settings were made: RAST for gene calling, FIGfam Release 70 as the
collection of protein families, backfilling of gaps and automatic fix-
ing of errors. Besides rRNAs and tRNAs, RAST identifies protein
coding genes and allowed us to achieve a high quality assessment of
the gene functions and their genomic context.

2.2. Phylogenetic analysis

2.1.1. Whole genome-based phylogenetic relationships

Whole genomes of all enterococcal species and strains including
Lactococcus lactis subsp. cremoris MG1363, Lactococcus garvieae
Lg2, Listeria monocytogenes HCC23 and Lactobacillus johnsonii
NCC 533 as outgroups were aligned using progressive Mauve.'® All
reported alignment blocks present in at least two genomes were con-
catenated. As using all species and strains at once partially lead to
weak bootstrap scores (<10%, probably due to much missing data
for incomplete genomes, data not shown), the tree was constructed
iteratively in two steps. At species level, we substituted species with
multiple strains by a single representative strain that had a fully se-
quenced genome, namely E. faecalis str. Symbioflor 1 for E. faecalis,
E. faecium NRRLB-2354 for E. faecium and E. mundtii ATCC882
for E. mundtii. The resulting 8,602,893 nt long multiple alignment
was used in a rapid bootstrap analysis with RAXML v8.1.20'7 with
1000 replicates to search for best-scoring maximum likelihood tree
with respect to the GTR substitution model and the Gamma model
of rate heterogeneity.!® We performed the same analysis at strain
level separately for each species resulting in multiple alignments of
lengths 3,336,408 nt for E. faecalis, 4,304,502 nt for E. faecium and
5,683,060 nt for E. mundtii. In the latter alignment, E. malodoratus
had to be added as phylogenetic trees cannot be reconstructed from
three instances (strains) only. It was removed from the resulting tree
after reconstruction.

2.1.2. Orthologous proteins-based phylogenetic relationships

We used Proteinortho v5.1.12" to determine universally conserved
1:1-orthologs in all species and strains (including the four outgroup
species as above) with respect to the proteins annotated through
RAST (E-value: 1e—10, algebraic connectivity:0). Groups containing
any paralogs were removed. Hence, the resulting 455 orthologous
groups contained highly similar proteins present once in all species
of interest. Amino acid sequences of orthologous proteins were

aligned using ClustalOmega v1.2.1.2°

The resulting alignment was
cropped at both ends till leading and trailing gaps were removed. All
alignments were concatenated to single sequences representing one
species/strain each resulting in a multiple sequence alignment of
134,771 aa. Based on these, the phylogenetic tree was constructed
using RAXML v8.1.20"7. A rapid bootstrap analysis with 1000 repli-
cates to search for best-scoring maximum likelihood tree with respect
to the LG matrix and the Gamma model of rate heterogeneity'® was

performed. To make sure we did not observe effects due to
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over-representation of some species (E. faecium is present with 13
strains in the dataset comprising 29 genomes) the phylogenetic re-
construction was repeated using only one representative strain for
species with multiple strains as described above. Their tree topologies
were equivalent (data not shown) indicating no such effect.

3. Niche-specific proteins and core proteome

We directly used the FIGfam annotation classes provided by RAST
to group predicted proteins according to their function. We want to
note that these classes usually encapsulate multiple instances of dif-
ferent proteins (e.g. paralogs) and thus provide a rough approxima-
tion of function rather than reflecting fine-grained homology
relations. For each enterococci group (dairy, meat, probiotics) and
combination of groups (e.g. dairy and meat and so on), we set a filter
such that only those classes remain that are present in at least a given
percentage of the respective group but in no species/strain of any
other group. Thereby, the two strains that are probiotics but were
extracted from a dairy origin, E. faecium L-3 and E. faecalis
MB5259, were dynamically assigned to either group (e.g. to dairy
when the dairy group was checked). In order to avoid species specific
results, we removed all genes solely found in strains of a single
species.

Given the amount of incomplete genomes (missing data) and di-
versity of seven different species it was not surprising that no niche
specific genes could be located when applying a presence threshold
of 100-60%. At 50% a number of specific gene classes were located
but not for dairy and the meat/probiotic combination. We decreased
it further to 40% in order to recover specificities of all groups under
this study. As statistical evaluation we repeated the analysis 1000
times with random group labels (fixed group sizes) and counted how
often a gene family would be reported specific for any group. The re-
sults were used as expectation values (E-values), e.g. FIG00632402
was reported 26 times in random 1000 runs and therefore is repre-
sented with an E-value of 0.026.

4. Genomic features

4.1. Bacteriocin and antibiotic resistance genes
Bacteriocin-coding genes were searched using BAGEL 3%'.
Mining for modified and non-modified bacteriocins was carried
out following two different approaches, one based on the analysis
of the gene context, and the other on the identification of the gene
itself. Since the gene coding for Enterocin A, entA, could not be
located by this program, it was manually assessed by BLAST** us-
ing the sequence firstly described by Aymerich et al*® (GI:
1296521) as a query and the enterococcal genomes as the data-
base (E-value < 8e—100).

Furthermore, a search for antibiotic resistance genes was per-
formed through the ARG-ANNOT tool.>* For this a BLAST* in
Bioedit*® against the ARG-ANNOT database (April 2015, http://en.
mediterranee-infection.com/article.php?laref=23%26titre=arg-
annot) was carried out. We used moderately stringent conditions
(E-Value < 1e—3), the Blosum 62 substitution matrix>® and allowed
for gapped blast hits. To reduce redundancy, only those results with-
>70% of query coverage and >90% sequence identity were taken
into account. The antibiotics classes included in the database are:
aminoglycosides, beta-lactamases, fosfomycin, fluoroquinolones,
glycopeptides, macrolide-lincosamid-estreptogramin, phenicols, ri-
fampicin, sulfonamides, tetracyclines and trimethoprim.

4.2. Prophage sequences and CRISPRs—Cas systems
Intact and incomplete prophage regions were identified through the
integrated search and annotation tool PHAST.?” This involved an
ORF prediction and translation with GLIMMER 3.022%, a BLAST-
based annotation (using a non-redundant bacterial protein library), a
tRNA and tmRNA sites localization for attachment sites recognition
(tRNAscan-SE*? and ARAGORN??), a phage sequence identification
(BLAST against a custom phage/prophage sequence database avail-
able at http://phast.wishartlab.com/Download.html) and a density
calculation of gene clusters via DBSCAN.?” Only intact regions were
analyzed in depth.

Clustered regularly interspaced short palindromic repeats
(CRISPRs) were predicted with the CRISPRFinder web service.*! In
this way, the highly conserved regions known as direct repeats (DR)
(23-55 bp long) and spacers (0.6-2.5 the repeated length) were local-
ized. Putative CRISPR cassettes having at least three motifs
(DR + spacer) and a minimum of two identical DRs were considered
as confirmed CRISPRs, while the remaining candidates were named
as questionable. CRISPRFinder databases are available at http:/
crispr.u-psud.fr/crispr/(Database status: Last update 2014-08-05).

4.3. Genomic islands

332 was used for the identification of genes of probable

IslandViewer
horizontal origin. For localizing genomic islands (GElIs) this tool inte-
grates three different methods: IslandPath-DIMOB,** SIGI-FHMM>*
and IslandPick.*® The first two predict GEIs considering the sequence
composition, while the latter uses a comparative genomics ap-
proach.>®3” For further analysis, the islands predicted for at least
one method that were completely included in a contig (in the case of
draft genomes), were taken into account. Next, in order to find
which GElIs are the same in different organisms we run Proteinortho
(all vs all blastp of protein sequences encoded on each GEI) with de-
fault options but omitting the final clustering step (algebraic connec-
tivity: 0, E-value<1e—10). Based on the resulting graph, we
extracted the pairwise amount of shared proteins for the respective
GEIs and plotted them in a heatmap using the gplots R-package.>!
Thereby predicted paralogs could be assigned to a single gene in an-
other GEI (e.g. if one GEI has two paralogs that are orthologous to a
gene in another GEI then both have a partner in this GEI resulting in
a similarity of 2/2=100% in one direction and 1/1=100% vice
versa). All islands that did not share at least 50% of their proteins
with any other island were removed as were pairs of GEIs with less
than four proteins. For sake of simplicity, the names of species were
cropped to the end of the strain name followed by the number of the
strain-specific genomic island. Thus 19116-i1 means E. faecalis
19116 genomic island 1. All groups of homologous GEIs present in
at least four strains were investigated in more detail.

5. Results and discussion

5.1. Overview of the enterococcal genomes

We investigated 25 Enterococcus strains, from 7 different species,
that had a food related origin and/or probiotic properties. Among
them, a total of 13 E. faecium, 5 E. faecalis, 3 E. mundtii and 1 E.
durans, E. hirae, E. malodoratus as well as E. raffinosus strains were
included. Based on available data they were next incorporated into
four major groups: dairy isolates (11 strains isolated from cheese or
milk environment), meat isolates (6 strains of meat origin), probi-
otics (7 strains known for their ability or potential to be used as pro-
biotics) and dairy isolates and probiotics (2 strains which were
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probiotics and had a dairy origin as well). In order to avoid errone-
ous conclusions, the members of the latter group were dynamically
assigned to either group dairy isolates or probiotics when
comparing.

General genomic features of all the strains analyzed in this study
are provided in Table 1. No significant differences (P <0.05,
Kruskal-Wallis statistical test) were observed between the groups in
terms of the average number of genes and proteins (RAST annota-
tion as stated above), genome size and GC content. Genome sizes
ranged from approximately 2.5-4.6 Mb and GC contents from 36.8
to 39.9%. In agreement with our results, genomic similarities were
previously described among E. faecalis strains irrespective of geo-
graphical, host temporal or clinical/non-clinical origin of the iso-
lates.®® Singularly, the number of protein encoding genes and
ncRNAs detected in E. malodoratus ATCC 43197 (dairy origin) and
E. raffinosus CFTRI 2200 (probiotic) draft genomes were the high-
est, and this was in accordance with their genome sizes that were
about 1.6 Mb bigger than the average size of the genomes of the rest
of the organisms under study. Interestingly, the strains with the high-
est GC% in each group were those with a higher number of coding
DNA sequence (CDS) in the respective group (E. faecium E1613 for
meat isolates).

5.2. Phylogeny

The phylogenetic relationships of all strains were determined using
two independent approaches. First, a genome based phylogenetic
tree was built obtaining two main groups at species level (Fig. 1A).
One of them, the most ancient, included the E. malodorous and E.
raffinosus species represented by the strains E. malodoratus ATCC
43197 and E. raffinosus CFTRI 2200, respectively; and the other
was comprised by the rest of the species under study: E. faecalis,
E. mundtii, E. durans, E. hirae and E. faecium. In the latter group,
E. faecalis formed a separate branch at the very beginning, and later in
evolution, the same was observed first with E. mundtti and then with
E. faecium. For their part, E. durans IPLA 655 and E. hirae INF E1
clustered together having with E. faecium the last common ancestor.
This topology is in line with that of the 16S rRNA tree presented in
Bergey’s manual.®” In the same way, the relationships observed when
comparing a 1,102-bp fragment of the gene encoding the alpha subu-
nit of ATP synthase atpA, from 91 Enterococcus strains, were in agree-
ment with the phylogeny inferred from whole genomes in our study.*
According to Naser et al.*° this gene has an optimal discriminatory
power that enables enterococcal species differentiation.

To provide an in-depth phylogenetic reconstruction we iterated
the procedure at strain level. The E. faecium strains were separated
into two major subgroups of which one also exhibited a more di-
verged subgroup comprising the two probiotic and very similar
strains L-X and T-110. These results are in agreement with those re-

ported by Palmer ez al.*!

which describe the E. faecium strains sepa-
ration into two clades using orthologous groups but without
including the two probiotic strains used here. In addition, non-
clinical E. faecium strains clustered into two clades according to an
analysis carried out by Kim et al.'?

In a second approach, we used protein sequences commonly
shared in the species and strains under this study (Fig. 1B). Both
analyses are in good agreement. However, in contrast to the genome
based analysis, E. faecalis is reported as the most ancient branch of
enterococci followed by the E. raffinosus and E. maloduratus cluster.
As both trees branch with fairly high bootstrap values (0.96 and
0.86) a different evolutional pattern at nucleic and amino acid level

can be assumed, leading to this result. Similarly, we find minor differ-
ences in the topology of the E. faecium group. We want to note that
these findings were highly reproducible in all genome- and protein-
based bootstrap runs. As for the genome-based tree, E. munditi
branched separately before E. faecium who shared it last ancestor
with E. durans IPLA 655 and E. hirae INF E1.

Both approaches led to the conclusion that non correlations be-
tween isolation source/probiotic properties and phylogenetic signal
exist neither at species or strain levels. This indicates that niche spe-
cific adaptations do not affect the genome and proteome as a whole.
In this direction, and analyzing strains of the same species individu-
ally, it was only seen that E. faecalis 2924 and 19116 from meat on
the one hand, and the probiotic strains E. faecium L-X and E. fae-
cium T-110, but not L-3, on the other hand, clustered together. We
thus suppose adaptations to be located in the part of the proteome
and genome that is not commonly shared among all strains of a cer-
tain species.

5.3. Functional annotation
As a result of the functional annotation conducted with RAST it was
possible to determine the features, assigned to subsystems that were
(i) present in all organisms, (ii) related to the isolation source or
strain property and (iii) species-specific (Fig. 2, Dataset 1). Among
the strains of diary origin the average number of annotated protein
encoding genes (PEGs) was 2,968; 2,739 for the meat isolates and
2,960 for the probiotics. In addition, it was seen that, for the former
group, an average of 46.64% of the identified CDS were assigned to
subsystems, 48.50% in case of the strains isolated from meat prod-
ucts and 49.29% for probiotics (Fig. 2A). Of those CDS assigned to
subsystems, carbohydrates metabolism was the most enriched meta-
bolic category. This is in accordance with the enterococcis ability to
grow in different environments motivated by their capability of me-
tabolizing at least 13 different kinds of sugar.*> Over 30 more can be
utilized by at least two members of the genus. These carbohydrates
sources are not limited to monomers, they are also usable as poly-
mers.*> The second highest percentage of PEGs was in the protein
metabolism category for E. faecium, E. hirae and E. mundtii, strains
some of which share the dairy environment as source of isolation;
meanwhile for E. malodoratus, E. raffinosus and E. faecalis species it
was in the amino acids and derivatives category (Fig. 2B). In this re-
gard, the Lactobacillus adaptation to the dairy niche has been associ-
ated with an increase in genes for peptide transport and hydrolysis.**
None of the features of a certain functional role were exclusive of
the members of one of the three major groups (dairy isolates, meat
isolates, probiotics) under consideration (Dataset 1). This observa-
tion was valid when taking into account the 100, 60 and 40% of the
members of each group for the respective comparison. However, it
should be emphasized that 115 of a total of 254 subsystems analyzed
were present in all the organisms and can thus be regarded as basic
equipment of this genus. The number of CDS for the beta-glucoside
metabolism was the most abundant in all groups (Dataset 1). Two
beta-glucosides operons were present in all strains, the Bgl (beta-glu-
coside) and Cel (cellobiose) operons. The genes alsS and alsD of the
alpha-acetolactate operon, encoding for the acetolactate synthase
and alpha-acetolactate decarboxylase, respectively, were also found
in all the Enterococcus strains; both genes are involved in acetoin
production from piruvate.*” Seventy-four out of the 115 subsystems
were highly conserved as there was a difference of <1 in the average
number of features assigned to the strains of the different groups
(Dataset 1). Interestingly, a higher number of genes of the beta-
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Figure 1. Phylogenetic relationships among food isolated and probiotic enterococci. Strains belonging to different
outgroups Lactococcus lactis subsp. cremoris MG1363, Lactococcus garvieae Lg2, Listeria monocytogenes HCC23
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groups are indicated on the bottom left. As
and Lactobacillus johnsonii NCC 533, were

selected. The scale bar indicates the relative distance of sequences. Bootstrap support values are indicated at the nodes. A) Genome-based phylogenetic tree.

Genomes were aligned using pMauve and phylogeny reconstructed using a rapid bootstrap analysis with 1000
representative strains for each species were used to retrieve the species topology then the procedure was repeated

replicates with RAXML in two steps. First
at strain level to maximize resolution here.

B) Protein-based phylogenetic tree. The tree is based on all 1:1-orthologs identified with Proteinortho. As in A, a rapid bootstrap analysis with 1000 replicates to
search for best-scoring maximum likelihood tree was performed using RAXML. For details, see Materials and Methods.
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glucoside metabolism, lactose and galactose uptake and utilization,
and fructose utilization subsystems were found, in most cases, in the
dairy isolates and in probiotics; meanwhile, meat isolates had a
greater abundance of genes involved in the oxidative stress response.
Dairy bacteria had, at the same time, on average more CDS related
to chitin and N-acetylglucosamine utilization than the member of the
other groups and probiotics, for their part, were in general more en-
riched in genes coding for the ABC transporter alkylphosphonate
and the energy-coupling factor transporters.

In parallel, an analysis aimed at evaluating the existence of species-
specific genomic fingerprints sheds more conclusive results.
Specifically, for those species that included more than one strain, it
was seen that E. faecalis, for instance, had several features nucleated in
subsystems of five different categories, some of them part of the lactate
and ethanolamine utilization machinery. Ethanolamine utilization is
considered a survival advantage for bacteria that inhabit the gastroin-
testinal tract and was also related to pathogens virulence.** E. faecium
strains had, on the other hand, genes for the late competence event,
fundamental for exogenous DNA acquisition, not localized in any
other species; and E. mundtii strains had CDS of the carotenoids sub-
system, responsible of their particular color, and one gene encoding a
NG, NG-dimethylarginine dimethylaminohydrolase 1.

5.4. Niche-specific proteins and core proteome

We used the RAST annotation to determine genes of certain classes
that could be located in a niche specific pattern and that were present
in all species, irrespective of their origin (Fig. 3, Supplementary Table
S1, Data set 2). The least specific group in this regard was repre-
sented by the strains isolated from meat (all belonging to E. faecium
or E. faecalis). This group exclusively exhibited the protein IbrB, a
co-activator of gene expression which is most likely derived from
prophage, and a methyltransferase that modifies adenine bases of the
18S rRNA (in eukaryotes). Both genes must thus be results of hori-
zontal gene transfer related to the environment. On the other hand,
most genes specific to dairy and probiotic strains were hypothetical
proteins. In the dairy group, these were most pronounced as homo-
logs were located in strains of four different species. Among others,
this included an E. faecium strain, a species that is otherwise present
in all three groups (dairy, meat, probiotics), indicating these hypo-
thetical proteins to be highly niche specific adaptations, however, of
unknown function. Interestingly, one of the niche-specific genes

meat isolates . dairy isolates

\\ -. 4- - /
Efuﬁ&igs

Figure 3. Venn diagram showing i) the number of unique FIGfam protein
classes that were present in at least 40% of the strains and in at least two dif-
ferent species of the respective group but in no species/strain of any other
group (unique), ii) the number of classes that were similarly present in two
or more groups (overlapped), iii) the number of protein classes that were
similarly present in all groups (in the center of the diagram), and iv) the sub-
set of classes that were found to be present in all groups and in at least four
different Enterococci species rather than two (indicated in parentheses).

codes for a membrane transport protein that passively transfer mole-
cules or ions through the cell membrane and could thus be related to
the peculiarities of the dairy environment. For probiotic strains we
have additionally located a putative DNA methyltransferase.
Homologs are mainly known from the Haemophilus genus.*’

Looking at the overlap of shared genes, the meat and probiotic
group had the least in common. Above of a phage lysin found in
both groups, the fumarate reductase probably represented a true
functional finding. Fumaric acid is a food additive used for antimi-
crobial preservation of meat to reduce the spread of pathogens.*®
With respect to this background, it is reasonable to conclude that the
respective strains from the group are able to degrade this acid in their
habitat (meat isolates). Probiotic strains, on the other hand, might be
in contact with fumaric acid in the gastrointestinal habitat, while it
does not play a role for strains from the dairy group.

The overlap of the dairy and the probiotic groups can also be seen
as set of genes that were not present in the meat group. It contained
three phosphonate ABC transporter proteins, all found linked in the
same strains, indicating that phosphonates play an important role
here but not in meat related environments. In addition two proteins
related to galactoside metabolism were located. Both were reported
with an E-value slightly above the 0.05 significance threshold
(0.076). Again, this energy-source is obviously not important for
meat related strains. Alongside with galactoside related proteins, a
not further specifiable membrane transporter was identified to be
present. Similarly the alpha-glycosyltransferase was found solely in
the dairy and probiotic groups.

With 15 shared proteins, the overlap of the meat and the dairy
group seems rather large. Most of them, however, were related to
phages (six) or were hypothetical proteins (five) often exhibiting
weaker E-values closer to or slightly above 0.05. The remaining spe-
cific proteins were the ATP-binding protein p271, an ATPase compo-
nent of an uncharacterized ABC-type transport system and, most
interestingly a probable extracellular solute-binding protein that was
present in the same strains as an arabinofuranosidase. Both might
thus be related, indicating that arabinose might not be as relevant for
probiotic strains.

Finally, we determined the core proteome of all enterococci used
in this study by asking which genes were present in 40% of all strains
in all groups (see Materials and Methods). As a result, 1617 FIGfam
families were located to be universally present. Out of them 1457
were found to be present in at least four different enterococci species.
A detailed list can be found in Supplementary Table S1.

6. Genomic features among food-related and
probiotic enterococcal strains

6.1. Bacteriocins

Genes encoding bacteriocins are widely disseminated among entero-
cocci from different origins.*” For probiotic bacteria, the ability to
successfully outcompete undesired species is often due to, or en-
hanced by, the production of bacteriocins.*® With this background,
a search for genes related to bacteriocins was carried out through
BAGEL 3 and BLAST (Table 2).

Of all species under examination, E. faecium was the one that
harbored the larger number of bacteriocin genes in general, being the
meat isolate E. faecium UC8733 the strain with the highest bacterio-
cinogenic potential with eight genes encoding for class II and two for
class III bacteriocins. Reinforcing the idea, in previous studies we
could identify six class II bacteriocin gene clusters in E. faecium CRL
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Table 2. Number of antibiotic resistance and bacteriocin genes in the enterococcal genomes
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ARG: antibiotic resistance gene; AGly: aminoglycosides; Gly: glycopeptides; MLS: macrolide-lincosamidestreptogramin; Tet: tetracyclines; Tmt: trimethoprim.

1879* coincident with those found in NRRL B-2354, also of dairy
origin. Moreover, and in agreement with our previous findings re-
lated to non-clinical and clinical E. faecium®’, no correlations be-
tween the presence of enterocin structural genes and strains origin
were observed in the present analysis. Ozdemir et al.* also described
the same phenomenon among enterococcal species isolated from dif-
ferent origins (including river, treatment plant, spring and garbage
water, soil, animal and vegetables).

Enterocins A and B were always considered as hallmark of this ge-
nus. However, as we have shown previously, not all strains carrying
enterocin A genes (entA) also harbor a enterocin B gene (entB).*°
The first one (entA) was detected in CRL 1879, NRRL B-2354,
UC8733, L-3, L-X and UC10237, all belonging to the E. faecium
species. Surprisingly, the class III bacteriocin enterolysin A, a bacter-
iolysin, first characterized in E. faecalis, was not found in all strains
belonging to this species. However, this gene was present in all E.
faecium belonging to the three different groups (dairy isolates, meat
isolates and probiotics) except in E. faecium UC10237
(Supplementary Table S2). Meanwhile, E. faecium E1613 (meat iso-
late) was the only with a CDS for Subtilosin A. As previously de-
scribed®™*? E. mundtii CRL35 and E. mundtii CRL1656 (diary
isolates) have the CDS for Enterocin CRL35 and Mundticin
CRL1656, respectively. According to BAGEL, these were the only
bacteriocin encoding genes that they carried within their genome
(Supplementary Table S2). Regarding E. faecalis, the strains 19,116
and MB5259 (meat and dairy/probiotics, respectively) were the only
harboring genes encoding for Cytolysin structural subunits CyILS
and CylLL (Supplementary Table S2). In animal models of entero-
coccal infections it was observed that Cytolysin contributes to viru-
lence,” rendering this strain potentially pathogenic. Finally, no CDS

related to bacteriocin production were found in the genomes of E.
malodoratus ATCC 43197 (incomplete genome) and E. faecalis
Symbioflor 1 (complete genome).

6.2. Antibiotic resistance genes

Enterococci have been defined as increasingly resistant to multiple
antibiotics in recent years.”* They have an intrinsic resistance to
many antibiotics and can also acquire resistance to many others, in-
cluding those of clinical use. E. faecium and E. faecalis are the most
successful strains evolving as multi-resistant pathogens because of
their ability to acquire and share adaptive traits, including antimicro-
bial resistance genes, encoded by mobile genetic elements.’® In this
study, genes that conferred resistances to glycopeptides, macrolide-
lincosamide-streptogramin, tetracyclines and trimethoprim were de-
tected. The in silico prediction of antibiotic resistance genes revealed
that E. faecalis 2924, isolated from turkey meat in 2005, was the
only strain carrying genes involved in vancomycin resistance, which
is of high clinical importance. At the same time, this was the strain
with the highest number of antibiotic resistance genes (14 protein-
coding genes, see Table 2 and Supplementary Table S3). This finding
is in line with the idea that the increased use of antibiotics in health-
care and animal husbandry is linked with the emergence, spreading
and persistence of resistant strains in animal products.’® For exam-
ple, some enterococci isolated from Portuguese traditional fermented
meat products were resistant to erythromycin, nitrofurantoin, rifam-
picin and tetracycline, but in this case none was to vancomycin.’’
With ten resistance genes E. faecalis 19116 was the second in abun-
dance (Table 2). In contrast, strains belonging to E. mundtii, E.
durans and E. maloduratus species did not contain antibiotic


Deleted Text: ,
Deleted Text: .
http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw043/-/DC1
http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw043/-/DC1
http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw043/-/DC1
Deleted Text: ,
Deleted Text: 5
Deleted Text: .
Deleted Text: .
Deleted Text: the present
http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw043/-/DC1
Deleted Text: .
Deleted Text: .

J. Bonacina et al. 19

Table 3. Distribution of the intact prophage regions among the enterococcal strains

Group Strain Region?® Length® (Kb) Ne° CDS GC% Most common phage (hit genes count)*
Dairy isolates IPLA 655 1 40.7 55 35.4 Lister 2389 (16)
2 44.8 64 36.8 Entero phiEf11 (13)
3 16.5 27 35.1 Bacill G (2)
INF E1 1 38.8 54 33.4 Entero phiFL1A (10)
CRL 1879 1 52.5 61 37.5 Entero EfaCPT1 (11)
E1604 1 37.6 51 36.8 Entero IME EF4 (11)
NRRL B-2354 1 56.8 59 36.64 Lactob phigle (12)
2 46 58 34.96 Lactob phigle (13)
UC7256 1 48.7 54 36.8 Lactob phigle (12)
UC 7267 1 31 36 38.5 Bacill BCJA1c (10)
UC8668 1 25.8 31 36.8 Lactob phigle (8)
2 47 59 36.1 Lister 2389 (15)
ATCC 43197 — — — — —
ATCC 882 1 46.5 66 36.7 Bacill BCJA1c (10)
CRL1656 — — — — —
CRL3S 1 38.5 50 36.3 Lactob PL 1 (13)
2 44 .4 68 37.3 Lactoc Tuc2009 (13). Entero phiEf11 (13)
3 44.1 53 37.6 Bacill BCJA1c (9)
Meat isolates 2924 1 36.8 46 34.5 Strept phi3396 (8). Lister LP 101 (8)
19116 1 68.8 72 36.2 Entero EFC 1 (38)
E1613 1 37.1 50 35.4 Lister 2389 (14)
uC7251 1 70.1 64 35.9 Lister 2389 (16)
UC8733 1 31.9 35 37.9 Entero IME EF4 (12)
UC10237 1 21.8 23 37.5 Lister B02S (5)
Probiotics PC1.1 1 21.6 27 36.8 Lister LP 101 (9)
Symbioflor 1 1 41.6 54 35.83 Entero phiEf11 (12). Temper phiNIH1 1 (12)
2 45.2 66 34.63 Entero phiEf11 (63)
L-X 1 25.5 30 34.4 Bacill BCJA1c (7)
2 41.9 55 36.1 Lactoc Tuc2009 (13). Entero phiEf11 (13).
Lactoc TP901 1 (13)
T-110 1 41.9 56 36.16 Lactoc Tuc2009 (13). Entero phiEf11 (13)
CFTRI 2200 1 50.1 71 371 Entero phiFL3A (18)
2 18.8 32 40.5 Entero EFC 1 (3)
Dairy isolates and L-3 — — — — —
probiotics MB5259 1 30.8 22 33 Lactob phiAT3 (2)
2 43.9 68 34.4 Entero phiEf11 (63)
3 42.5 60 34.5 Entero phiFL1A (15)
4 35.3 55 35.2 Entero phiFL3A (13)
N 41.7 31 37 Staphy StauST398 4 (2)

“Intact prophage region.
PIntact prophage region length.

“Phage with the highest number of CDS in the region and the number og gene counts in brackets.

resistance related CDS at all (Table 3). Remarkably, all of them were
isolated from dairy origin indicating that at least in some instance,
antibiotic resistances are of minor relevance in dairy environment
compared to the other groups where no strain investigated com-
pletely lacks antibiotic resistance genes.

Genes related to resistance to macrolide-lincosamide-
streptogramin (ms7C) and aminoglycosides (aac (6°)-1i) were found
in all E. faecium strains but not in E. faecalis (Supplementary Table
S3). The aac(6')-Ii gene, is species-specific and encodes for a chromo-
somal aminoglycoside acetyltransferase specific for E. faecium
strains.’® The 6'-N-aminoglycoside acetyltransferases [AAC (6')s]
are of particular interest because they can modify a number of clini-
cally important aminoglycosides and some of them are often present
in integrons, transposons, plasmids, genomic islands and other ge-
netic structures. AAC (6)-I-type enzymes effectively acetylate amika-
cin but not gentamicin. To date 45 such genes have been

characterized.’” On the other hand, msrC encodes a putative efflux

pump of the ABC transporter family and it seems that the presence
of this gene confers an advantage for the members of this species.”®
Similarly, the genes IsaA and mphD were found exclusively in the E.
faecalis strains (Supplementary Table S3). Lsa gene, encodes a puta-
tive ABC protein that confers resistance to quinupristin-dalfopristin
and clindamycin®® and is located in the chromosome. The gen mphD
codes for a phosphorylase and belongs to the group of inactivating
enzymes®! (Supplementary Table S$3). The meat isolate E. faecium
UC7251, unlike the other strains of this species, additionally had
genes for resistance to antibiotics of the tetracyclines class, apart
from the MLS resistance genes ermB and InuB, and aminoglycosides
resistance genes aph3-III and sat4A (Supplementary Table S3).

6.3. Prophage sequences and CRISPRs—Cas systems
Lysogenic phages are an important source of information related to
bacterial pathogenesis.®? Comparative genomic analysis evidenced
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that polylysogeny is a common phenomenon in the Enterococcus ge-
nus.®? Particularly, in E. faecalis V583 temperate phages constitute
the main source of horizontally acquired DNA representing nearly
10% the size of the genome.®

Within the scope of this study we search for prophage-like se-
quences in the genomes. In this sense, as a result of the analysis per-
formed with PHAST, we evidenced in all strains but E. mundtii
CRL1656, E. malodoratus ATCC 43197 and E. faecium L-3, several
intact regions related to different prophages associated with the
Lactobacillus, Lactococcus, Listeria, Bacillus, among other genera
(Table 3). The temperate bacteriophages EFC-1 and PhiEf11, origi-
nally described in E. faecalis, had the highest number of CDS.
PhiEf11 contained 63 from a total of 68 phage CDS in the probiotic
strain MB5259, and EFC-1 38 CDS from a total of 72 in the meat
isolate 19116. At the same time, the ¢Ef11 phage was present in or-
ganisms belonging to four different species: E. durans IPLA 655, E.
faecalis MB5259, E. mundtii CRL3S, E. faecalis Symbioflor 1, E.
faecium L-X and E. faecium T-110. Additionally, E. faecalis
MBS5259, a strain with probiotic properties and a dairy origin had a
total of five intact phage related regions with CDS from different
phages (Table 3).

It is interesting to note that all strains from meat origin harbored
only one intact prophage region and that E. faecium UC7251 con-
tained the largest intact phage-related region (70.1 kb) with the bac-
teriophage Lister 2389, isolated from Listeria monocytogenes strain
Scott A,°* having 16 from a total of 64 CDS located in that region.

In E. faecalis 2924 and PC1.1 another Listeria phage, LP-101, was
located. Interestingly, this phage was first obtained from silage sam-
ples collected on a dairy farm.®* Then Listeria phage B025 related
coding sequences were localized on the intact region of E. faecium
UC10237 (Table 3). Bacillus phage BCJA1c had the highest protein
counts in UC7267, ATCC-882, CRL35 and L-X, but none in those
meat related strains and Lactococcus phages related proteins were
the most abundant in E. mundtii CRL3S5 and E. faecium L-X intact
phage regions (Table 3).

Related to the acquisition of phages and other mobile elements,
enterococci that possess CRISPR-Cas systems, are less likely to ac-
quire phages and other mobile elements.®® We found that E. raffino-
sus CFTRI 2200, with four individual gene cassettes, was the strain
with the highest number of these prokaryotic immune systems
among all under evaluation (Table 4). At the same time, one of these
four CRISPRs, with a size of 1215 bp, was the largest identified. E.
faecium UC7256 and E. hirae INF E1, both dairy isolates, had two
confirmed CRISPRS systems each. Regarding meat isolates, E. faeca-
lis 2924, E. faecium E1613 and E. faecium UC7251, had confirmed
clusters with five, three and three spacers, respectively. All members
of the probiotics group but E. faecium T-110 had confirmed CRISPR
systems (Table 4). Among the confirmed CRISPR systems of all or-
ganisms DR sizes ranged from 23 to 37 bp and the number of spacers
from 3 to 18.

Certain enterococcal lineages have recently emerged as one of the
main causes of hospital infection outbreaks around the world. These

Table 4. Confirmed CRISPR structures in the enterococcal genomes predicted with CRISPRFinder

Group Strain Confirmed CRISPR Length?® DR length® N° of spacers
Dairy isolates IPLA 655 — — — —
INF E1 1 300 37 4
2 683 37 9
CRL 1879 — — — —
E1604 1 199 24 3
NRRL B-2354 — — — —
UC7256 1 199 24 3
2 201 28 3
uC7267 — — — —
UC8668 1 201 28 3
ATCC 43197 — — — —
ATCC 882 — — — —
CRL1656 — — — —
CRL3S5 1 227 28 3
Meat isolates 2924 1 365 36 N
19116 — — — —
E1613 1 199 24 3
uC7251 1 199 24 3
UC8733 — — — —
UC10237 — — — —
Probiotics PC1.1 1 365 36 N
Symbioflor 1 1 629 36 9
L-X 1 199 24 3
T-110 — — — —
CFTRI 2200 1 484 23 6
2 221 27 3
3 1215 30 18
4 537 24 8
Dairy isolates and probiotics L-3 1 199 24 3
MB5259 1 431 36 6

“Total length of the CRISPR cassette.
"Length of the repeated sequences.
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are characterized by abundant mobile DNA, including phages, plas-
mids and transposons that carries multiple antibiotic resistances.
Palmer et al. found that antibiotic resistance and possession of com-
plete CRISPR loci are inversely related and that members of recently
emerged high-risk enterococcal lineages lack complete CRISPR loci
suggesting that antibiotic therapy inadvertently selects for entero-
cocci with compromised genome defense.®> However, we cannot
confirm these findings with our results regarding food-related strains.
Especially for dairy isolates we frequently found no confirmed
CRISPR system but also no antibiotic resistance genes (IPLA 655,
ATCC 43197, ATCC 882, CRL1656). Vice versa the probiotic iso-
late CFTRI 2200 was heavily armed both with four confirmed
CRISPR systems and at least four antibiotic resistance genes (see
Tables 2 and 4), observations that are opposite to the findings de-
scribed for the strains of clinical relevance.

Interestingly, the analysis of the gene context of all confirmed
CRISPR systems identified by CRISPRFinder evidenced the existence
of CRISPR associated genes (cas) upstream the CRISPR cassette only

proportion of similar proteins

in INF E1 (confirmed CRISPR #2) and CFTRI 2200 (confirmed
CRISPR #3). The former has genes exclusive of a Type II CRISPR-
Cas system subtype II-A, while the latter related to a Type I CRISPR-
Cas system subtype I-B.°*®” These results suggest that the systems
detected in the other strains might not be functional or their specific
cas related genes are located further than 2000bp upstream or down-
stream the CRISPR cassette.

On the other hand, No confirmed CRISPR system was detected in
CRL1879, NRRL B-2354, UC7267, 19116, UC8733 and UC10237

strains.

6.4. Genomic islands

Horizontal gene transfer (HGT) is one of the phenomena responsible
of the diversification and adaptation of microorganisms, and has a
direct impact on the genome plasticity and size; it is believed that the
majority of the HGT has been facilitated by genomic islands
(GEIs).%® In this respect, a detailed analysis of the enterococcal
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genomes allowed us to identify many GEIs and to correlate them ac-
cording to the similarity of the encoded CDS (Fig. 4). From the GEI
detected, all groups found in at least five different strains were fur-
ther evaluated. With the exception of the GEI number 3, all four re-
maining islands were E. faecium-related to the major extend. A
correlation with respect to the isolation origin cannot be observed
nor can an exclusive occurrence in strains of a certain species
(Supplementary Table S4).

GEIs play a crucial role in dissemination of variable genes, such
us antibiotic resistance and virulence genes, and can contribute to the
generation of the currently well-known named hospital ‘superbugs’.
However, none of the five GEIs here evaluated contains CDS related
to known pathogenic markers of clinical relevant enterococcal spe-
cies. With 33 to 36 CDS GEI 1 (Supplementary Table S4a) was the
biggest island containing mainly ribosomal proteins and translation
factors along with accessory proteins for transcription and transla-
tion and protein secretion (e.g. RNA polymerase, Preprotein translo-
case secY).

In agreement with one of the ideas that considers GEIs an over-
arching family of elements, as is the case of mobile DNA elements
constituted by integrative and conjugative elements (ICEs), conjuga-
tive transposons and some prophages, we found for instance integra-
ses in GEI 2 (XerD, Supplementary Table S4b) and GEI §
(Supplementary Table S4e) and phage-related proteins in GEI 4
(Supplementary Table S4d). It has been previously described that the
coding capacity of GEIs is not limited to pathogenicity functions and
can be very diverse including such traits as symbiosis, sucrose and ar-
omatic compound metabolism, mercury resistance and siderophore
synthesis.®””° Thereof especially GEIs 2 and 3 (Supplementary Table
S4b and ¢) encoded some interesting CDS. Among others, some ex-
amples were the ferric uptake regulation protein (oxidative stress),
an enolase (pyruvate metabolism) and a triosephosphate isomerase
(sugar metabolism). Finally, the third group of genes was that of hy-
pothetical proteins with unknown function which was highly abun-
dant in GEI 4 and 5 (Supplementary Table S4d and e) rendering any
interpretation futile.

7. Conclusion

In this work we performed a detailed comparative analysis of food-
related and probiotic enterococcal genomes. As previously demon-
strated by our group, bacteriocin genes were widely distributed
among E. faecium strains. Interestingly, antibiotic resistance genes
were predominant in those organisms of meat origin coincidentally
with the notion of the unrestricted use of antibiotics in husbandry. A
search for regions enriched in phage related coding sequences evi-
denced that they were extensively propagated throughout the genus.
In dairy isolates, phages derived from bacteria commonly associated
to the milk environment, such us Listeria, Lactobacillus and
Lactococcus. Interestingly, only two strains carried a complete
CRISPR-Cas system (CFTRI 2200 and INF E1) but potential orphan
cassettes were localized in the rest of the species. Importantly, five
GEIs were found to be the same in different organisms and none of
them contained CDS related with known pathogenic markers of clin-
ical relevant enterococcus species.

Our in-depth phylogenetic reconstruction yielded that strains
form clusters in accordance to their species but not to their isolation
origin or probiotic properties. While we determined a set of 1617
FIGfam families as core proteome universally present among the gen-
era, we were also able to identify several proteins that seem to occur

in a strain-overarching but niche-specific pattern. Besides some
phage-related regions/genes that seemingly occur in a habitat-
dependent fashion, there was a specific membrane transport protein
found exclusively in dairy isolates. Moreover, our data indicated that
only dairy isolates could be found without any antibiotic resistance
genes. All strains from the other groups code for at least one such
gene. On the other hand, all dairy isolates were missing a gene cod-
ing for fumarate reductase generally present in meat isolates and pro-
biotics. Enterococci isolated from meat origins lacked three
phosphonate ABC transporters and two proteins related to galacto-
side metabolism that were otherwise found in most dairy isolates and
probiotics. Moreover, arabinose-related proteins were missing from
probiotics. Finally, we located a number of additional niche-specific
but hypothetical proteins, a finding that might nevertheless aid in
their future functional characterization. In principal, any of these
specific genes could be used as indicator for the original habitat of a
species making it possible to trace e.g. the origin of a strain that de-
veloped pathogenicity.

Based on the above described we can suggest that dairy isolates
have greater potential than meat isolates for use as probiotics, at
least at the genomic level, and their formal application in the future
will require deep analysis including biochemical tests and iz vitro as
well as in vivo experiments.

Other than that, we also observed niche-specific features at species
level. For instance, the antibiotic resistance genes IsaA and mphD
were found exclusively in the E. faecalis strains that belonged to the
probiotics and meat isolates groups but not in those isolated from
dairy. Also, only Enterococcus faecalis strains from meat origin and
probiotics had a set of genes for ethanolamine utilization.

Regarding the data, parallel evolution via horizontal gene transfer
seems a likely cause for many specific genes reported here. We as-
sume that most were acquired after speciation due to similar environ-
ments. This is certainly true for phage-related genes, likely being a
result of the environment rather than a prerequisite. Also a number
of specific genes were only present in less than half of all representa-
tives of a niche and most were located mainly in E. faecalis and E.
faecium strains specific to a certain niche (see Table 2). With respect
to the phylogenetic tree (Fig. 1) one would expect them to occur in
some species in between as well if they were already present in a
common ancestor. There are, however, notable exceptions. Specific
genes present in five or even six of the seven enterococci species un-
der this study that occur in a niche-specific manner were likely pre-
sent in the common ancestor and probably got lost in strains that did
not gain advantage of them anymore due to specialization, e.g. to a
different niche or habitat. Here we especially refer to the phospho-
nate ABC transporters and the genes related to galactoside
metabolism.

Altogether, our data demonstrated that while a few niche-specific
genomic features of enterococci can be identified, relevant genomic
idiosyncrasies mainly depend on the species in the first place rather
than a specific niche or habitat.
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