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Summary

Wild birds have been suggested to be reservoirs of
antimicrobial resistant and/or pathogenic Enterococ-
cus faecalis (Efs) strains, but the scarcity of studies
and available sequences limit our understanding of
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the population structure of the species in these
hosts. Here, we analysed the clonal and plasmid
diversity of 97 Efs isolates from wild migratory birds.
We found a high diversity, with most sequence types
(STs) being firstly described here, while others were
found in other hosts including some predominant in
poultry. We found that pheromone-responsive plas-
mids predominate in wild bird Efs while 35% of the
isolates entirely lack plasmids. Then, to better under-
stand the ecology of the species, the whole genome
of fivestrains with known STs (ST82, ST170, ST16
and ST55) were sequenced and compared with all the
Efs genomes available in public databases. Using
several methods to analyse core and accessory
genomes (AccNET, PLACNET, hierBAPS and
PANINI), we detected differences in the accessory
genome of some lineages (e.g. ST82) demonstrating
specific associations with birds. Conversely, the
genomes of other Efs lineages exhibited divergence
in core and accessory genomes, reflecting different
adaptive trajectories in various hosts. This pan-
genome divergence, horizontal gene transfer events
and occasional epidemic peaks could explain the
population structure of the species.

Introduction

Enterococcus faecalis is a member of the gastrointestinal
flora of mammals, reptiles, insects and birds, and it causes
mild-to-severe infections in these hosts (Lebreton et al.,
2017). Transmission of both genetic elements encoding anti-
biotic resistance and strains between animals and humans
relies on the genetic similarity/identity between donor and
recipient (Ruiz-Garbajosa et al., 2006a,b; McBride et al.,
2007; Freitas et al., 2009, 2017; Larsen et al., 2011; Kuch
etal.,2012; Oravcova et al., 2013, 2014; Lozano et al., 2015;
Zischka et al., 2015). Although sporadically analysed, wild
birds might also be vectors of genes encoding resistance to
first-line antibiotics (Oravcova et al., 2017; Ben Yahia et al.,
2018) and possibly, highly virulent strains for poultry
(Petersen et al., 2008). Unfortunately, there are very few
strains from non-human sources either included in whole-
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genome databases or included in analysis of population
structure by classical methods [7.7% of the available
genomes at the time of our analysis (39/441); 23 from farm
animals, 2 from insects, 10 from non-flying birds (two pen-
guins, one chicken, one duck and one turkey), one tunicate,
one mouse, two pets (cat, dog)]. This, along with the low
specificity of typing methods, precludes our understanding of
the ecology and transmission dynamics of relevant adaptive
traits in E. faecalis. In addition, the diversity and abundance
of mobile genetic elements of E. faecalis remain largely
unexplored (Lanza et al., 2015).

Enterococcus faecalis population structure analyses
based on multilocus sequence typing (MLST) data (both
the sequence-based gene trees and the allele-based
population snapshots obtained by the goeBURST) or on
the phylogenomic analysis of concatenated core genes
have revealed a high level of recombination and a low pro-
portion of strains with identical genotypes (Ruiz-Garbajosa
et al., 2006a,b; Guzman Prieto et al., 2016). Attempts to
establish ecotypes or natural host-adapted clusters using
Bayesian analyses of population structure (BAPS) yielded
incongruent groups in studies on various sample sizes
(Tedim et al., 2015). Recently, neutral models that incorpo-
rate microepidemics and migration, which are considered
the ecological factors possibly limiting transmission
between subpopulations, revealed that the E. faecalis popu-
lation structure maintains hallmarks of a high mutation rate
and/or drift (Numminen et al., 2016). These models suggest
frequent inter-host migration, both vertical and horizontal,
which would continuously homogenize the species stratifi-
cation. This homogenization would mix the various
populations among hosts and sources thus explaining the
apparently limited host specialization of this bacterial spe-
cies (Numminen et al., 2016).

Here, we have analysed E. faecalis strains from wild
migratory birds (97 isolates from 35 bird species) by
MLST and whole genome sequencing (WGS) and com-
pared the results with available MLST and WGS databases.
We used a combination of phylogenetic and recently publi-
shed tools to analyse population structure, which allowed
us to infer the core and accessory genomes. The results
further suggest the apparently limited host specialization of
this enterococcal species (Ruiz-Garbajosa et al., 2006a,b;
Tedim et al., 2015; Numminen et al., 2016), with the acces-
sory genome reflecting the boundaries of some populations,
probably in accordance with their historical evolutionary
path. Furthermore, an analysis of plasmid diversity of this
species is provided.

Results

We analysed 97 E. faecalis recovered from 103 faecal
samples of wild birds at two Spanish veterinarian centres
for nature conservation in the Central and South West of

the Iberian Peninsula (2001—2010). The sampled animals
were migratory and raptor birds, which represents the diver-
sity of Iberian Peninsula wildlife (33 species of 10 orders
with various lifestyle and dietary habits, see. Table 1).

The combined analysis of the eco-epidemiological
investigation (including data on antibiotic resistance and
gene order), MLST-based population structure analyses,
and the study of plasmid replicon diversity of the 97
E. faecalis strains, suggested a high degree of gene flow
among populations of this bacterial species. Further
phylogenomic analyses using the five genomes from wild
birds in comparison with the 441 E. faecalis genomes avail-
able in genome databases also suggested broad genetic pro-
miscuity within the species.

Antibiotic resistance and virulence factors of E. faecalis
from wild birds

Sixty-six of the 97 isolates (68%) were resistant to one or
more antibiotics, including tetracycline (67%), chloram-
phenicol (42%) and erythromycin (28%). In addition,
we discovered high level of streptomycin (26%), kanamy-
cin (19%) and gentamicin (5%) (Supporting Information
Table S1). All the isolates were susceptible to ampicillin and
glycopeptides, whereas one-third (32%) were susceptible to
all antibiotics tested. Resistance profiles are shown in the
Supporting Information Table S1. We detected the presence
of various putative virulence genes coding for gelE (93%),
asat (76%), esp (60%) and cylA (35%). The presence of vir-
ulence genes was not associated with any wild bird group.
The presence/absence of these genes in the E. faecalis
WGS database is represented in the Supporting Information
Tables S2 and S3.

Population structure of E. faecalis from wild birds in the
context of the population structure of the species

MLST-based comparative analysis. MLST of the 56 iso-
lates of wild birds representing unique pulsed-field gel
electrophoresis (PFGE) types revealed 40 STs, most
(26/40 = 65%) of which were singletons (n = 19; 4 ST192,
4 ST245, 2 ST314, 2 ST337, 3 ST340, 2 ST342, 2 ST344,
2 ST345, 2 ST346, 2 ST348, 2 ST349, 2 ST352, 2 ST353,
2 ST354,2 ST356, 2 ST358, 2 ST360, 1 ST361, 1 ST362) or
double-locus variants (n = 7; ST34, ST177, ST341, ST290,
ST300, ST350, ST355). Using goeBURST, we also identified
known STs that grouped into nine clonal complexes (CCs),
namely CC81 (5 ST81, 1 ST357), CC82 (5 ST82, 1 ST170),
CC4 (ST4, ST338, ST359), CC16 (ST16, ST363), CC40
(ST40), CC55 (ST55), CC58 (STE3), CC116 (ST275) and
CC19 (ST339). To identify and localize these STs in the
global population structure of E. faecalis, we analysed the
concatenated sequences of the seven MLST genes of all
1452 E. faecalis isolates deposited in the MLST database by
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Table 1. Sources of the 103 faecal samples used in this study.

Order Number of birds Common name Scientific name Number of isolates
Falconiformes 42 Griffon Vulture Gyps fulvus 6
Cinereus Vulture Aegypius monachus 3
Black Vulture,
Monk Vulture
Red Kite Milvus milvus 3
Black Kite Milvus migrans 3
Egyptian Vulture/White Scavenger Vulture Neophron percnopterus 1
Northern Goshawk Accipiter gentilis 1
Western Marsh-harrier Circus aeruginosus 2
Montagu’s Harrier Circus pygargus 1
Black-winged Kite Elanus caeruleus 1
Sparrowhawk Accipiter nisus 2
Booted Eagle Hieraaetus pennata 1
Bonelli’s Eagle Aquila fasciata 1
Common Buzzard Buteo buteo 1
Common Kestrel Falco tinnunculus 9
Lesser Kestrel Falco naumanni 7
Anseriformes 10 Drakes Anas platyrhynchos 10
Ciconiiformes 19 Cattle Egret Bubulcus ibis 2
White Stork Ciconia ciconia 17
Charadriiformes 6 Stone Curlew Burhinus oedicnemus 6
Lesser Black-backed Gull Larus fuscus
Caprimulgiforme 1 European Nightjar Caprimulgus europaeus 1
Columbiformes 2 Rock Dove Columba livia 2
Passeriformes 10 Red-billed Chough Pyrrhocorax pyrrhocorax 2
Common Raven Corvus corax 3
House Sparrow Passer domesticus 1
House Martin Delichon urbicum 1
Barn Swallow Hirundo rustica 1
Common Blackbird Turdus merula 2
Gruiformes 3 Great Bustard Otis tarda 3
Strigiformes 6 Brown Owl Strix aluco 1
Owl Different species 1
Little Owl Athene noctua 4
Coraciformes 4 Hoopoe Upupa epops 1
Unknown 3

hierarchical Bayesian Analysis of the Population Structure
(hierBAPS). This analysis identified three first-level hierBAPS
populations, here called ‘mIStEFS’ (multilocus sequence type
E. faecalis) followed by a capital letter (mIStEFS-'N’) and nine
hierBAPS subgroups called ‘mIstEFS’ followed by a number
(mIstEFS-'n’) after a second-level analysis (Supporting Infor-
mation Fig. S1). Most STs from wild birds fall within the hier-
BAPS subgroups mistEFS-4, -5 and -6, and strains of this
mistEFS-6 subgroup appear to be distributed in various dis-
tant branches in the tree of concatenated MLST alleles
(Supporting Information Fig. S1).

The decision to apply hierBAPS to facilitate clustering
of the sequences into genetically distinct groups and
study the admixture (https:/github.com/gtonkinhill/rhierb
aps) (Supporting Information Fig. S1) was based on a
new analysis considering the increase in the number of
STs included in the E. faecalis database (https:/pubmist.
org/efaecalis/) in the last 2 years (i.e. 218 new STs with a
total of 1452 isolates corresponding to 741 STs). The
results had an excellent correlation (r = 0.956) with those
obtained in a previous study by our group, excluding
ST80, which was identified as the distorting outgroup

both for BAPS and phylogenetic analysis (Willems et al.,
2012; Tedim et al., 2015).

Whole-genome comparative analysis: core genome. In
an attempt to analyse the genetic variability of E. faecalis STs
in different hosts, we obtained the WGS of five strains from
wild birds of disparate lifestyles, namely Ciconia ciconia (omni-
vore; AE8-ST170 and AE63-ST55), Gyps fulvus (scavenger;
AEB5-ST82), Strix aluco (camivorous and noctumal;
AEB0-ST82) and Falco tinnunculus (camivorous; AE51-ST16).
The five sequenced genomes from birds isolates cor-
responded to STs widely described in humans (ST55), both in
humans and farm animals (ST16), or from poultry and other
birds (ST82). A comparative analysis of these sequences with
the 441 sequences of E. faecalis available at the GenBank
database, was performed (Supporting Information Table S2).
The genome analysis of the 441 E. faecalis from
GenBank revealed an average genome size of 3.3 Mb, and
an average core genome of 1 526 083 bp that includes
102 161 SNPs (the alignment of the SNPs core genome is
available under DOI 10.17605/0OSF.IO/UBAPN in Open Sci-
ence Framework repository). Further analysis of the SNP
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Fig. 1. Phylogenetic tree of E. faecalis core genomes deposited in the databases (from human clinical samples, human commensal, farm and
domestic animals, environmental samples, and food, n = 441) plus the five E. faecalis isolates from wild birds examined in this study. The inner
circle indicates the STs, with different shades of colours indicating different STs. The second and third circles indicate the clusters obtained
groups and subgroups revealed with hierBAPS analysis. The fourth circle represents the origin of the isolates (animal, human, environmental).
Red branches correspond to clades detected in wild bird isolates of the present study. The 22 outer circles marked by coloured dots indicate the
presence or absence of plasmids identified by the in silico PCR screening. Each colour indicates a different plasmid family. [Color figure can be

viewed at wileyonlinelibrary.com]

core genome with hierBAPS showed three WGS-based
EFS groups (wgsEFS) designated with capital letters
(Fig. 1). We detected three major groups (WgsFS A, B, C)
comprising various subgroups. Within the largest and highly
heterogeneous hierBAPS wgsEFS-A group (three sub-
groups), isolates from wild birds fell into subgroups
wgsEFS-1 (ST82-like isolates AE8-ST170, AE60-ST82,
AEB5-ST82, in addition to one from a human and two from
penguins in the same branch) and wgsEFS-2 (which com-
prised one isolate of this study and isolates of ST16 and
SLV ST179 from humans and animals).

Within hierBAPS wgsEFS-B, the subgroups wgsgEFS-
4, wgsEFS-5 and wgsEFS-7 were linked to the

phylogenetic clusters ST55 (including the isolate
AE63-ST55), ST40 (the sub-branch linked to humans),
and ST26/ST590 respectively. Finally, we did not detect
any isolate from wild birds in the wgsEFS-C group, which
only comprises human isolates. The hierBAPS wgsEFS-C
split into two large and phylogenetically distant E. faecalis
branches, comprising two (WgsEFS-8 and wgsEFS-9) and
four subgroups (wgseFS-10, -11, -12, -13).

Whole-genome  comparative  analysis:  accessory
genome. The analysis of the genomes available at the
GenBank database or SRA using the AccNET tool (Lanza
et al., 2017), yielded a set of 9481 proteins representative
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Fig. 2. Accessory genome tree constructed by a distance matrix built from the accessory network of E. faecalis genomes deposited in the data-
bases (from human clinical samples, human commensal, farm and domestic animals, environmental samples, and food, n = 441) plus five
E. faecalis isolates from wild birds examined in this study. A set of 11 630 representative proteins of the accessory genome from the available
fully sequenced strains were classified using OrthoMCL (Fischer et al., 2011), genomes and proteins (nodes) being clustered according to the
accessory genome profiles (95% similarity between genome unit nodes and protein nodes). The inner circle indicates the STs: different shades
of colours represent different STs. The second and third circles from inside indicate the clusters obtained with the first and second level of hier-
BAPS analysis, which are marked in different colours. The outer circle represents the origin of the isolates. Red branches correspond to the clade
corresponding to the common ancestor of wild bird isolates of our collection in a determined phylogenetic distance. The 22 outer circles marked
by coloured dots indicate the presence or absence of plasmids by the in silico PCR screening. Each colour indicates a plasmid family. [Color fig-

ure can be viewed at wileyonlinelibrary.com]

of the accessory genome (Supporting Information
Table S3), which were classified using OrthoMCL (Fischer
et al., 2011). In the accessory network, genomes and pro-
teins (nodes) were clustered according to the accessory
genome profiles (95% similarity between genome unit
nodes and protein nodes) (Figs. 2 and 3).

Figure 2 shows the accessory genome tree of E. faecalis,
which had a strong positive correlation with the core genome
tree represented in Fig. 1 (p = 0.001 by the Mantel test)
despite some incongruences between some predominant

lineages within wgsEFS-A (ST16 and its SLV ST179, both
within the wgsEFS-2 subgroup) and wgsEFS-C (ST6
and ST2 of the subgroups wgsEFS-8 and wgsEFS-9
respectively).

A detailed analysis of the STs from wild birds sequenced
here revealed some features of these lineages. ST16 was
widely distributed in humans and farm animals, especially
poultry. Its single variant ST179, which was particularly
prevalent among humans (Bortolaia et al., 2016), had a
similar core but showed disparate accessory genomes.
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Accessory genomes of the ST179 isolates were similar to
those of ST64, one of the oldest and more abundant
E. faecalis lineages in the human gastrointestinal tract
(Moles et al., 2015). The ‘root’ position of the ST82 strains
in the tree indicates the ‘uniqueness’ of the ST82 accessory
genome in the context of the genomes analysed (Fig. 2),
and its accessory genome network revealed common and
unique features among strains (Fig. 3). The ST82 isolates
exhibited a set of 89 proteins specific to the group
(Supporting Information Table S3), with only 38 of 89 with a
known function and belonging to different function groups
according to the clusters of orthologous groups (COG)
database (carbohydrate transport and metabolism, 16%;
transcription, 13%; replication, 13%; recombination and
repair, 13%; defence mechanisms, 13%; mobilome 10%;
energy production, 5%; translation and ribosomal structure,
5%; and membrane proteins, 3%). A small cluster of
10 hypothetical proteins was also shared with ST256 and
ST475 from penguin isolates.

Although we did not find any isolate of the wgsEFS-C
group, it is worth noting the high degree of admixture of
ST6 with other E. faecalis lineages, especially ST2. ST6
was the most common ST identified in clinical isolates of
the species (Figs. 2 and 3).

The PANINI application (Supporting Information
Fig. S2) confirmed the main clusters and incongruences
for some of the STs observed in the accessory genome
cladogram obtained with AccNET. These results can be
viewed online at https:/leonsampedro.github.io/AccNET _
WB/Figure_AccWB.html (AccNET) and https://microreact.
org/project/Skt1ZFaYf (PANINI).

Plasmid diversity in wild bird isolates. In our sample of
97 E. faecalis from wild birds, the number of plasmids per
strain varied between 0 and 4 (sizes ranging from 3 to
290 kb), with a notable absence of plasmids in 35% of the
97 isolates studied. The screening of replicases (rep), rela-
xases (rel) and toxin—antitoxin systems (TA) further provided
a snapshot of the plasmid diversity in our sample and in the
whole genome database (Supporting Information Fig. S3).

* Pheromone-responsive plasmids. These plasmids
predominate in wild birds as reflected by the occurrence
of rep9 genes (78%, which can split into rep9Apap1,
rep9Byseegy, reP9Cocrio; 23%, 34%; 43% respectively),
and relaxases of the MOBP (PcfGpcriopaeess, 63%;
relngF10, 12%; rel2pE|:1071, 20/0) and MOBC (re|5pAD1, 51 %)
families (Supporting Information Fig. S3; Tables 2 and 3).
When we analysed the five genomes sequenced, we identi-
fied a single pheromone-responsive plasmid in four strains
(no plasmids were detected in the remaining sample).

The two ST82 E. faecalis isolates from the disparate
species Gyps fulvus and Strix aluco harboured an identi-
cal plasmid (pAE60 and pAE65, Fig. 4) (100% coverage

A ST6

ST82
ST170

ST8
ST16
ST19
sT21
ST40
[1ST55

ST64

Fig. 3. A. Representation of the accessory genome network of avail-
able E. faecalis genomes (this study and deposited in public data-
base) by using the ACCNET tool. Clusters of isolates (larger nodes)
as well as proteins based on 95% similarity can be visualized
according the colours of the nodes. The network shows a major clus-
ter of pink (isolates) and violet (proteins) nodes that correspond to
ST2, ST6 and ST9 isolates. The green cluster comprises proteins
common to isolates distributed throughout the network. This explains
why the violet cluster is integrated in the network despite of it
appears as a specific cluster with pink isolates. The orange isolate
cluster includes a variety of STs comprising ST16 and ST55 of the
wild bird isolates. B. The orange protein clusters show specific pro-
teins belonging to wild bird isolates (ST82). [Color figure can be
viewed at wileyonlinelibrary.com]

and 99% similarity, reppaps, and a relycrio) Which entirely
matched the partial sequences of the WGS of the E. faecalis
strain RMCS5, a clinical isolate of 1954 (McBride et al., 2007)
(sequence IDs: ASDD01000025.1, ASDD01000029.1,
ASDD01000030.1 and ASDD01000031.1) and another
partial WGS of the E. faecalis isolate C6 (Sequence ID:
OANZ01000011.1). Some regions of this plasmid are
highly homologous to regions of plasmids pBEE99 and
pEF123.

The plasmid pAE63 (58.6 kb) (Fig. 5) from an ST55
E. faecalis isolate from a Ciconia ciconia host was a
pheromone plasmid derivative of two pAD1-like, pB
(Sequence ID: CP019514.1; Length: 65920) and pA
plasmids (Sequence ID: CP019513.1; Length: 66602).

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 21, 3046-3062

85U8017 SUOWILLOD 3A1I1D) 3|qeo! dde aup Ag peusenof a8 Sspoile YO ‘@SN JO Se|ni o} Akeiq18uljuQ 8|1 UO (SUONIPUD-PUB-SWBHW0D" A8 | M ARe.q) 1 Bu UO//:SdnL) SUOIIPUOD pue SWe 1 8y} 88S *[Z02/TO/TT] uo AridiTauluo A8|im ‘(ouleAnde ) aqnopesy Aq 2021 0262-29vT/TTTT OT/I0p/W00 A8 | Ake.d 1 jpuluo's euno - ue//:sdny wouy pepeojumod ‘g ‘6T0Z ‘026229%T


https://leonsampedro.github.io/AccNET_WB/Figure_AccWB.html
https://leonsampedro.github.io/AccNET_WB/Figure_AccWB.html
https://microreact.org/project/Skt1ZFaYf
https://microreact.org/project/Skt1ZFaYf
http://wileyonlinelibrary.com

3052 R. Ledn-Sampedro et al.

pA and pB were previously identified as two indepen-
.C'é 0 g coo o~ dent plasmids in another ST53 E. faecalis clinical isolate
2| 83|33 S (GenBank CP019512.1). The pAE60, pAE65 and
o pAEB3 contain bacteriocins and restriction—modification
2 systems that are also present in other E. faecalis
g plasmids.
BI~2 | oo wo . .
Slg35|aasa «a Finally, the pAE8 (77 kb) (Fig. 6) from an ST170
9|l 9| cococ wo L , , . . . .
sl == E. faecalis isolate from a Ciconia ciconia host is a chi-
5 mera of Inc18 and pheromone-responsive plasmids
[0} . .
& C oo (rep1pipsots reP2prezs, rePpapt, relpapt), With various
(3ol =-N® an insertion sequence (IS) elements (1S256, 1S7216),
2|l | WO© ©© . . . .
g— I reflecting the origin in different hosts. The plasmid also
< contains genes encoding resistance to erythromycin,
@ - chloramphenicol and aminoglycosides (str/aadE) and a
<Z(| 25898 g8 truncated copy of Tn6248 (tet[M]-tet[L]-catA9), which
§ g %_ oYY o©So lacks the cat gene, as well as a gene encoding resis-
tance to cadmium.
— The screening of pheromone plasmids in the E. faecalis
:i% 888 88 genome database revealed differences in the abundance
g =Z|°ce° °° and diversity of these plasmids in the three hierBAPS
k3] 0 o wgsEFS groups. Most strains belonging to hierBAPS
< =NI888 88
3 20| SSs ©o wgsEFS-C (ST6 and ST2) had both MOBP and MOBC
2| | relaxases (44% of the strains), whereas genomes within
a ° —
o 2l e S gy g the wgsEFS-B (ST40) group either harboured plasmids with
i g %E oo ®o a single rel of MOBC, or did not contain any element of
ﬁ (‘:l = this plasmid family (Fig. 1). Of note is the lack of
'-é F S g coo «qo (or scarce) representation of pheromone plasmids in old
g « %h 33s 5 3 lineages of hierBAPS wgsEFS-A, such as ST16, ST8 or
L = ST21, whereas plasmids with MOBC were predominant
[Z] «©
IS o in other STs (Fig. 1).
| |2%|s88 8% (s 1)
8 o S oo @ © . - . Loy
< =4 e Other plasmid families. Among the wild bird isolates,
§ sequences of plasmid families associated with resistance
£ &.E 888 88 to antimicrobials, such as Inc18 (rep1/2prezs, replpvers,
° eF|ecee we e-inc1s) and pRUM (rep17,rum) Were detected in <10%.
§ o|laf|lwoe —-o Rolling-circle replicating (RCR) plasmids (rep7,r1s1-like,
3| olon|ftee =9 ;
o| gleg|ogo oo rep13pcig4, repl4pernpt and relpama) Were detected in
il e <5% of those isolates. Among them, the frequencies of
2 Eé 8&R8 8K |« Rep3_small theta plasmids sequences range from 3%
.é QD_Q'_ ﬁt{,’o 09 8 (rep18pE|:41g, rep11pEF1o71 and repUan|Zg) to 33%
e wrloee oo 5 (repBpamatpsss,) (Tables 2-3 and Fig. S3). These plas-
§ ” gf o g p %g 2 mids were more frequent in isolates from other hosts
s | s = o (Tables 2-3 and Supporting Information Fig. S3).
ol g|52|sns 88|32
[] [ o m o 0 ]
S]*® = f, Discussion
'g ?-:) < h coo oo E . . . .
E|l x|lag|eee S99 |5 This study represents the first analysis of E. faecalis iso-
@ o[ coococ dioc |2 . ) :
g a 2 lates from wild birds in the context of the global popula-
§ = _ E tion structure of the species. The first full genomes of
8 :?jﬁ ?% 8 isolates from E. faecalis obtained from wild birds were
2 I ke
5] TUE s |2 analysed, including their plasmid diversity. Although the
o (RS g N9 c 2 i i ’ i
o SZENg s |~ number of genomes from wild birds’ species was low, the
o s 8§SsnNao|o A
= E2Scsvf |2 combination of tools used to explore the core and the
2 <64 =5 |F accessory genomes reinforce previous theoretical models
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Table 3. Relaxases and toxin—antitoxin (TA) system plasmid-related genes content in the Efs genome database (PCR in silico) and in the wild
bird collection.

MOBV MOBQ MOBC MOoBP A

relpAMa relpRE25 relpAD1 relpCF10 relpClz2 relpEF1071 par e Axe-Txe
Animal (n = 31) 3.23 9.68 54.84 9.68 0.00 0.00 22.58 35.48 0.00
Clinical (n = 323) 8.67 1.55 65.33 29.72 0.00 0.62 53.25 8.36 1.24
Environmental (n = 22) 0.00 0.00 9.09 22.73 0.00 0.00 22.73 0.00 0.00
Wild birds (n = 97)* 2.00 0.00 50.52 63.16 12.37 2.00 23.00 7.00 0.00
Unknown (n = 56) 12.50 5.36 55.36 25.00 0.00 0.00 39.29 7.14 0.00

that suggested frequent inter-host and inter-species hori-
zontal and vertical migration. This would explain the appar-
ently limited host specialization assumed for this bacterial
species (Numminen et al., 2016).

Enterococcus. faecalis from wild birds belongs to STs
broadly distributed in other hosts and thus, we can ana-
lyse the effects of transmission, migration and adaptation
to various environments. A remarkable result was the dis-
tinct phylogenetic location of ST82, an ST previously
associated with birds. Slight phylogenetic differences
were noted by comparing the whole genome of available
ST82 strains (2 ST82 and 1 ST170 analysed in this
study, ST82 from penguins and other single locus vari-
ants from poultry) with other E. faecalis clusters. However,
the study of the accessory genome revealed a group of
highly specific genes. The E. faecalis ST82 is a common
cause of amyloid arthropathy in poultry, often followed by
systemic amyloidosis. Outbreaks caused by a single ST82
clone have been documented in Denmark, France, Germany
and the US (Petersen et al., 2008), and transmission from
wild birds has been included among the hypotheses to
explain this global clonal expansion (Zekarias et al., 2000;
Petersen et al., 2009; Fertner et al., 2011). Although it is
tempting to suggest a relationship between the specific met-
abolic features of ST82 and host (birds) specificity, the lack
of additional ST82 genomes precludes establishing their con-
tribution to severe disease/habitathost adaptation. Our
results will stimulate future directed recovery of this clonal
complex, knowing the specificity of a set of genes associated
with ST82-ST170 (Fig. 3).

Much less host/habitat specificity was observed for
other STs detected in wild birds and other hosts. ST16 is
considered a ‘zoonotic’ E. faecalis lineage, due to the fre-
quent recovery of similar ST16 strains from humans and
farm animals (Bortolaia et al., 2016). It is often detected
in strains causing farm outbreaks, contaminating com-
mercial poultry meat and colonizing swine slots, in addi-
tion to the faecal isolates from wild birds (Freitas et al.,
2009). Differences in the accessory genomes of ST16
and ST179 (a SLV of ST16 confined to humans) reflect
different patterns of recombination. Differences in acces-
sory genomes were also observed for members of the

hierBAPS wgsEFS-B that encompasses ST55 (wgsEFS-
4) and ST40 (wgsEFS-5, wgsEFS-6), which has been
detected in wild birds and humans, and also ST26
(wgsEFS-7), which is common in healthy humans
(Freitas et al., 2009; Chowdhury et al., 2014; Tedim
et al., 2015; Zischka et al., 2015). The third large hier-
BAPS group, wgsEFS-C, was overrepresented in the
human-associated ST6 and ST2 lineages, but has also
been recovered from foodborne animals (Freitas et al.,
2009) and rodents (Lozano et al., 2015). It is of note that
the core phylogenetic distances contrast with the similar-
ity of the accessory genomes (including the presence of
plasmids belonging to pheromone-responsive, Inc18 and
RepTrans families). This finding could be interpreted as a
case of evolutionary convergence of various E. faecalis
lineages to exploit the same or closely related niches
resulting from local gene capture from ecologically
related populations, but the low number of strains from
other non-human hosts precludes sound conclusions.
The AccNET analysis allowed us, for the first time, to
explore in depth the accessory genome of the E. faecalis
species, which is relevant considering the role of mobile
genetic elements (MGEs) as a major source of clonal
diversification (Manson et al., 2010; Palmer and Gilmore,
2010). Until now, the accessory genome and, more spe-
cifically, the plasmidome of E. faecalis has been scarcely
been analysed (Clewell et al., 2014; Lanza et al., 2015).
The absence of plasmids in one-third of the isolates from
wild birds supports the classical view that the carriage of
plasmids increases with proximity to settings inhabited by
humans as consequence of anthropogenic activities,
including the use of antimicrobials (Souza and Eguiarte,
1997). However, the acquisition and maintenance of
MGEs by E. faecalis depends on a variety of adaptive
strategies that were not investigated here. These adapta-
tions include the presence of CRISPR-Cas in the chromo-
some (Palmer and Gilmore, 2010; Price et al., 2016),
restriction-modification (RM) and anti-RM systems, which
would act against certain plasmids (e.g. pCF10); or lineage-
specific bacteriocins carried by pheromone-responsive plas-
mids (Kurushima et al., 2016) or conjugative transposons
(Tn916-like elements) that might influence the transfer of
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Fig. 4. Schematic representation drawn by NURIG tool of plasmid pAE60 and pAE65. The inner black circle represents the pAE60 and pAE65 plasmid
sequences, and the outer coloured circles represent the reference plasmids indicated in the key and aligned with the represented plasmid [E. faecalis
EnGen0363 strain RMCS5; E. faecalis isolate C6 genome assembly, contig: contig_11_length_43945_cov_30, (OANZ01000011.1); E. faecalis strain
EF123 plasmid pEF123, (KX579977.1); E. faecalis plasmid pYI17 DNA, (D78257.1); E. faecalis D32 plasmid EFD32pB, (CP003728.1); E. faecalis
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at wileyonlinelibrary.com]

genetic material within and between lineages (Manson Pheromone-responsive plasmids are the most com-
et al., 2010; Laverde Gomez et al., 2011; Ledn-Sampedro mon plasmids of E. faecalis, and they are involved in the
et al., 2016; Price et al., 2016). acquisition and transmission of a variety of adaptive
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traits. Known members of this plasmid family vary in size
(e.g. ca 70 kb vs. 40 kb for pCF10 and pAD1 derivatives
respectively), in their response to pheromones from plas-
mids of different bacterial species (enterococci, staphylo-
cocci or streptococci) and the genetic cargo (virulence
vs. antibiotic resistance). These differences might reflect
the evolution and interplay of the major groups pAD1,
pPD1 and pCF10 in different bacterial communities as
has been suggested for humans (Hirt et al., 2002, 2005;
Dunny, 2007; Gaca and Gilmore, 2016; Mansfield et al.,
2017). Inc18 and chimeras of Inc18 and pheromone
responsive plasmids are frequently involved in the acqui-
sition and transfer of antibiotic resistance genes in the
clinical setting (Freitas et al., 2013; Clewell et al., 2014;
Lanza et al., 2015). The recovery of Inc18 from wild birds
in close contact with humans (e.g. Ciconia ciconia) indi-
cates that some birds are involved in the natural space of
transmission of E. faecalis genes and strains.

In summary, core genome divergence, together with
convergent gene introgression events in the accessory
genome and occasional or historical epidemic peaks
enriching specific populations, would help explain the
population structure of E. faecalis. The inclusion of
genomes from wild bird isolates in this study illustrates
the apparent host specificity of some lineages (ST82),
the incongruences between the phylogenetic trees of core
and accessory genomes of other lineages (ST16/179, ST,
ST2), and the varying trajectories in hosts of still others
(ST40, ST16). These results suggest alternating periods of
genetic isolation and gene flow in different hosts for some
E. faecalis lineages from wild birds. A reassessment of the
population structure of the species through increased sam-
pling of nonhuman isolates is therefore necessary to further
identify host-specific populations suggested here and else-
where (He et al., 2018). The presence and diversity of
pheromone-responsive plasmids in most birds, as well as in
human isolates, confirms the relevance of this plasmid fam-
ily in the biology of E. faecalis as a species. Genome
research has facilitated our understanding of the evolution-
ary history of opportunistic pathogens based on their inter-
actions with their natural hosts. This approach should
provide highly valuable information for human, animal and
environmental health.

Experimental procedures
Samples and bacterial strains

We collected 103 faecal swabs from native wild birds in
two Spanish veterinarian centers for nature conservation
in the Central and South West of the Iberian Peninsula:
the Wildlife Hospital Group for the Rehabilitation of Native
Fauna [Grupo para la Rehabilitacion de la Fauna
Autdctona (GREFA)]) in the Madrid Region (40°28'22"N

3°52'20"0) and the Wildlife Recovery Center ‘Action for
the Wild World’ in Extremadura (38°33'41”N 6°20'21"0),
respectively (2001-2010). The sampled animals were
migratory and raptor birds that suffered collisions with
vehicles or power pylons, gunshot wounds or that were
orphaned chicks. Table 1 describes the wild bird sample,
which represents the diversity of Iberian Peninsula wild-
life (33 species of 10 orders with various lifestyle and die-
tary habits).

Individual faecal swabs were sent on Amies transport
medium (Biomedics, Spain) to the laboratory within 24 h after
sampling and were preserved at —80°C until processing.
Samples were screened for E. faecalis using m-Enterococ-
cus selective media and were further identified by biochemi-
cal tests (Facklam et al., 2002). Antimicrobial susceptibility
tests against eight antibiotics (ampicillin, gentamicin, kana-
mycin, streptomycin, tetracycline, erythromycin, vancomycin
and chloramphenicol) were performed by the agar dilution
method according to Clinical and Laboratory Standards Insti-
tute (CLSI) guidelines (Humphries et al., 2018). The identifi-
cation of the isolates was confirmed by matrix-assisted laser
desorption/ionization  time-of-flight mass spectrometry
(MALDI-TOF MS; Bruker Daltonics, Billerica, MA, USA) and
the antibiotic susceptibility by disc diffusion disc when isolates
were subcultured for further analysis. The presence of puta-
tive virulence genes coding for enterococcal surface protein,
cytolysinfhemolysin, gelatinase and aggregation substance
was screened for using polymerase chain reaction (PCR)
(Coque etal., 1995).

Population structure analysis

Clonal relatedness was established by PFGE using Smal
as a restriction enzyme and multilocus sequence typing
(MLST; www.mist.net) (Freitas et al., 2013). Clustering of
all E. faecalis STs available in the database was per-
formed with goeBURST (www.phyloviz.net). Briefly, the
separation of large DNA molecules for the PFGE was
achieved CHEF-DRIII device using different running set-
tings depending on the expected fragments size: Smal
[1-20s, 38 h (E. faecalis)] for the clonal relatedness, and
S1 nuclease (525 s for 6 h followed by 30—45 s for 18 h)
for the plasmid characterization. After electrophoresis
through agarose gels, DNA was staining with the GelRed™
dye and visualized by illumination with 300-nm UV light.
Clonal relationships were established by comparison of
DNA restriction patterns (digested with Smal) following the
Tenover et al. guidelines (Tenover et al., 1995; Roberts and
Mullany, 2011).

A maximum likelihood phylogenetic tree was built with
the sequences of the seven concatenated MLST genes
by using the IQ-TREE software (Nguyen et al., 2015) and
the best model autodetection feature. We used the Interac-
tive Tree of Life (iTOL) tool (Letunic and Bork, 2011) to
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represent the obtained tree and the clonal complexes
obtained with goeBURST and the STs found in the wild bird
collection. Next, the population structure was analysed with
hierBAPS, using as queries either the concatenated
sequences of the seven MLST loci or complete E. faecalis
genome sequences (Cheng et al., 2013).

Characterization of plasmids

Plasmid profiing was determined using a modified
Barton’s method protocol (Barton et al., 1995; Freitas
et al., 2016). Plasmid categorization was based on the
diversity of genes encoding rep-initiator proteins (rep),
relaxases (rel) and toxin—antitoxin (TA) systems of Gram-
positive plasmids using PCR-typing schemes (Supporting
Information Table S4) (Jensen et al., 2010; Wardal et al.,
2013; Clewell et al., 2014; Freitas et al., 2016). Charac-
terization of pheromone-responsive plasmids was con-
firmed by Southern blot hybridization of S1-digested
genomic DNA with specific probes for rel, rep and TA genes
obtained by PCR using DNA from reference plasmids as pos-
itive controls. Briefly, the Southern blot hybridization requires
different steps: DNA transfer and fixation; DNA labelling and
hybridization; post-hybridization washes; signal detection
(Southern, 1992). Chemiluminescence detection was carried
out using a dioxetane substrate (CDP-Star reagent) which
is catalysed by the probe-bound alkaline phosphatase gener-
ating a rapid light output. The signal was detected by
ChemiDoc™ XRS (Bio-rad). The DNA immobilized on a
nylon membrane was hybridized with different DNA probes at
different times without significant loss of signal strength as
described. We assessed the genomic location of genes with
specific replicase gene probes under high stringency condi-
tions (Supporting Information Table S4).

The plasmid content (number and diversity of rep, rel
and TA sequences) of E. faecalis isolates from the wild
birds in this study was compared with those of the
441 genomes available in public databases (31 from animals,
323 from hospitalized patients, 22 from environmental sam-
ples, 6 from nonhospitalized patients, 4 from food and 55 from
unknown sources) (Supporting Information Table S2). To this
end, we modified an in silico PCR pipeline applying the same
PCR schemes mentioned above (rep/rel/TA) (https://github.
com/leonsampedro/primersearch/blob/master/parse_prim
ersearch_mod.R). Briefly, we implemented the Prime-
rSearch EMBOSS tool with a homemade script written in
the R environment; we transferred the results to an easy-
to-handle table and further analysed the data obtained.
The E. faecalis genomes from public databases were clas-
sified according to their origin (human, animal and environ-
mental), with information obtained from the Pathosystems
Resource Integration Center database (Wattam et al.,
2014). Finally, we represented the plasmid features found

in the phylogenetic trees derived from the core and acces-
sory genome using the iTOL tool.

Comparative genomics

Five E. faecalis isolates from wild bird species with dispa-
rate lifestyles were fully sequenced. Total DNA was
extracted from 5 ml of overnight cultures using the Wizard
Genomic DNA Purification Kit (Promega, Madison, WI,
USA) and DNA concentration was measured using a
Qubit™ Fluorometer and Nanodrop 1000 (Thermo Scien-
tific, Waltham, MA, USA). The library preparation was
carried out with the Nextera DNA Flex Library Prep Kit
(lllumina, San Diego, CA). Sequencing was performed
using a standard 2 x 100 base protocol in a Genome
Analyser lIx lllumina HiSeq 2500 platform (lllumina). The
paired-end reads were de novo assembled using SPAdes
(v.3.5.0) (Bankevich et al., 2012). The quality of the genome
assemblies was evaluated by QUAST (Supporting Informa-
tion Table S5) (Gurevich et al., 2013).

Both the core and accessory genomes of the sequenced
strains were compared with the 441 E. faecalis genomes
available at the National Centre for Biotechnology Informa-
tion (NCBI) database. Sequencing reads of the five
genomes from wild birds were trimmed, filtered by quality
and aligned and mapped to the reference genome V583
(Accession no. NC_004668.1). Variants were called using
Snippy v2.5 (https://github.com/tseemann/snippy), requiring
a minimum base quality of 20 and a minimum read cover-
age of 10x.

For the analysis of the core genome (the set of homol-
ogous nucleotides present in all the isolates when
mapped against the same reference), an alignment of the
single nucleotide polymorphisms (SNPs) obtained with
Snippy v2.5 was used to infer a phylogeny (Supporting
Information file S1). A maximum-likelihood tree was gen-
erated using IQ-TREE with the feature of automated
detection of the best evolutionary model (Nguyen et al.,
2015). The tree was plotted using the iTOL tool (Letunic
and Bork, 2011).

For the analysis of the accessory genome, we used
AccNET, a tool that allows us to infer the accessory
genome from the proteomes and cluster them based on
95% protein similarity (Lanza et al., 2017). The set of rep-
resentative proteins was used to build a binary matrix
(presence/absence of proteins in the accessory genome)
in the R-environment (http://www.r-project.org) and a
cladogram to classify the strains according to the acces-
sory genomes. The Euclidean distance was calculated
by the dist function and a hierarchical clustering was per-
formed with UPGMA using the hclust function in the R
environment. This accessory genome binary matrix was
also analysed by Pangenome Neighbour Identification for
Bacterial Populations (PANINI; http://panini.wgsa.net/), a
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computationally scalable method for identifying the neigh-
bours of each isolate in a data set with the aim of con-
firming the results obtained by the cladogram (Abudahab
et al., 2017). Protein functions were inferred by interrogat-
ing the COG database and using OrthoMCL, a tool for
genome-scale screening (Fischer et al., 2011).

To analyse the congruence between the core and the
accessory trees, we performed correlations between the
distance matrices by the application of the Mantel test.
Mantel regressions were performed using the package
Vegan in the R environment (http://www.R-project.org).

Finally, the plasmid content of the 5 sequenced strains
was inferred by combining the PLACNET (Lanza et al.,
2014) and plasmidSPAdes (v.3.5.0) tools (Antipov et al.,
2016) to analyse short reads. The plasmid contigs
obtained by both methods were annotated with Prokka
v1.12 (Seemann, 2014) and further compared with avail-
able sequences at the NCBI database by BLASTN and
BLASTP. Afterwards, plasmid backbones were drawn
with Easyfig v2.2.2 (Sullivan et al., 2011) and Nurig tools
(https://github.com/valflanza/nurig).

Statistical analysis

Differences in the plasmid content of hosts/sources were
considered significant when p < 0.05. The Lilliefors test
was used to test the normality of the plasmid data distri-
bution, including the complete genome database and the
collection of wild bird isolates analysed. The nonparametric
Kruskal-Wallis test and the post hoc Tukey’s range test
were used to compare data from different sources. Statisti-
cal tests were performed within the R environment.

SRA accession numbers

The five genomes sequence in this work were deposited to
the Sequence Read Archive (SRA) database with the
accession numbers SRR8587711 (Efs AE60), SRR8587709
(Efs AE8), SRR8587712 (Efs AE63), SRR8587710 (Efs
AE51) and SRR8587713 (Efs AE65).
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Fig. S1. Maximum likelihood phylogenetic tree derived from a
concatenated sequence of the seven MLST loci and the STs
(and CCs) of each isolate in the complete E. faecalis MLST
database (last update October 2017) (https:/jpubmist.org/
efaecalis/), including the 97 isolates from wild birds analysed
here. Data were analysed by the electronic Based Upon Related
Sequence Types (eBURST) obtaining the ST complexes repre-
sented in both the outer circle of the figure and the coloured cla-
des within the tree. The second and third circles represent the
groups and subgroups detected using hierarchical BAPS (hier-
BAPS). Dots at the branches tips match with colours of the hier-
BAPS subgroups. STs of wild bird strains identified in this study
are marked with red arrows.
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Previous studies of the E. faecalis population structure that
analysed MLST datasets using BAPS did not yield consis-
tent results (Tedim et al., 2015). Due to the increase in the
number of STs included in the E. faecalis database (https://
pubmist.org/efaecalis/) in the last two years (i.e., 218 new
STs with a total of 1452 isolates corresponding to 741 STs),
we repeated the analysis, excluding ST80 once again, given
that it remains as an outgroup that distorts the results from
both BAPS and phylogenetic analyses. In this new analysis,
we observed a strong, positive correlation (r = 0.956)
between the new results and those obtained in a previous
study (Tedim et al., 2015). The consistency of the results
with BAPS between both analyses led us to apply hierBAPS,
an upgraded version of the BAPS that allows clustering the
sequences into genetically distinct groups and studying
admixture (https://github.com/gtonkinhill/rhierbaps).

Fig. S2. Annotated output of the PANINI algorithm applied
to the accessory genome binary matrix (presence/ausence
of accessory proteins) of 446 E. faecalis isolates. Each
node represents an isolate, each of which is coloured
according to its ST. Clusters of isolates belonging to the
same sequence type are circled and annotated.

Fig. S3. Plasmid gene content of E. faecalis genomes from
the NCBI whole genome database. Each colour represents
the source of the isolates analysed: blue, animal (n = 31);
red, clinical (n = 323); green, environmental (n = 22) and
purple, genomes of unknown origin (n = 56). Data were
obtained by a homemade ‘in silico’ PCR pipeline written in

the R environment and using the Jensen et al. (2010) PCR
scheme. PrimerSearch EMBOSS tool was implemented
and modified to an easy to handle script. The genomes
from the database were classified by source after extracting
isolate information from the Pathosystems Resource Inte-
gration Center (PATRIC) database (Wattam et al., 2014).
Abbreviations: Reps = replicases; Rels = relaxases;
TA = toxin-antitoxin systems.

Table S1. Classification of E. faecalis obtained from wild
birds according to PFGE, MLST and susceptibility to anti-
biotics analyses.

Table S2. Main features of the genome sequences
analysed, including obtained from wild birds and from
GenBank database.

Table S3. Accessory genome network obtained from the
446 whole genome sequences studied. In red, specific
proteins belonged to the ST82 lineage.

Table S4. Oligonucleotides used in this study. Primers
used for the identification of relaxases will be available
upon request (Goicoechea P, Romo M, Coque TM, et al.
Identification of enterococcal plasmids by multiplex-PCR-
based relaxase typing (Abstract number: P1669). In: 18th
European Congress of Clinical Microbiology and Infec-
tious Diseases. Barcelona, Spain, 2008.)

Table S5. Assembly quality of the 5 genomes sequenced
in this study obtained by QUAST.
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