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Editor: Abasiofiok Mark Ibekwe Staphylococcus aureus integrate the list of highly virulent and antibiotic resistant pathogens, mainly due to the mecA
gene, associated with methicillin resistance. Given the ubiquity of this species, the aim of this study was to investigate
Keywords: whether closely related mecA™ S. aureus found in the environment can be also thrive as clinical isolates and if the re-

.
mecA™ Staphylococcus aureus spective accessory genome may suggest bacterial adaptation. The genomes of environmental (water, animal facilities,

;{f:)t;r food products, n = 111) isolates were compared with closely related genomes of clinical origin (human patients, n =
Animals 103). These genomes, available in the public database NCBI, were analysed for phylogeny, accessory genome, and
Humans presence of selected clinically relevant genes (n = 104). The genomes of environmental isolates belonged to 18
Comparative genomics multi-locus sequence types (MLSTs), 11 of which also included clinical genomes, a result confirmed based on core-

genome analysis. Genes significantly (p < 0.05) more frequent among environmental genomes were related with
resistance to B-lactams (blal, blaPCI), aminoglycosides (ant(6)-Ia), macrolides (mph(C), erm(B)), enterotoxins (seg,
sei, sem, sen, seo, seu) and serine protease functions (splB), among others. Genes significantly more frequent among
clinical genomes were associated with resistance to macrolides (erm(C)), phenicols (fexA), fosfomycin (murA), the
leucocidin virulence gene (lukS-PV), and serine protease functions (splA, splE). It is suggested that mecA™ S. aureus
can be exchanged between clinical and environmental settings, with accessory traits (particularly antibiotic resistance,
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virulence and stress response) possibly being associated with the habitat. The interplay between phylogeny and acces-
sory genome is an interesting contribution to better understanding the ecology and evolution of mecA™ S. aureus.

1. Introduction

Some ubiquitous antibiotic resistant bacteria take advantage of the ability
to live in the environment as an opportunity for dissemination and to reach
environment-human interfaces, e.g. food-products or recreational areas.
The species Staphylococcus aureus is a good example of this, as it has a wide
distribution and includes opportunistic pathogens associated with conditions
such as endocarditis, bacteremia, osteomyelitis or skin infections (Tong et al.,
2015). The genetic diversity of S. aureus was originally studied with methods
such as pulsed-field gel electrophoresis (PFGE), multi-locus sequence typing
(MLST), or Staphylococcus aureus protein A (spa) (Enright et al., 2000;
Harmsen et al., 2003). More recently, other approaches, particularly those
based on genome sequencing, have provided important insights into
intraspecies diversity. Single nucleotide polymorphism (SNP) analysis is a
valuable genotyping method with higher resolution capacity than MLST
(Huygens et al., 2004; Roisin et al., 2016). In addition, genome sequence-
based analyses have the potential to elucidate aspects of ecology and adapta-
tion that go far beyond the epidemiological assessment.

In the species S. aureus, the core genome genes represent approximately
75 % of the total genome (Lindsay and Holden, 2004; Planet et al., 2017).
The accessory genome, which represents approximately 25 % of the
genome, is mostly composed of genes associated with mobile genetic
elements, such as phage related sequences, transposons, insertion
sequences, plasmids, and gene cassettes (Turner et al., 2019). While
phage-related sequences have been reported to harbor genes encoding
virulence factors, such as enterotoxins, Panton-Valentine leucocidin (luk-
PV), and others, transposons, insertion sequences and plasmids have been
associated with antibiotic resistance genes (e.g. to penicillin, blaZ; erythro-
mycin, ermC; tetracycline, tetK and tetL; trimethoprim, dfrA and dfrK)
(Malachowa and Deleo, 2010; Tong et al., 2012). Other genes observed in
the accessory genome are reported to be associated with surface proteins
or structures involved in host-bacterial interaction or regulatory functions
(e.g. capsule, fibronectin, coagulase, serin rich adhesins), thus contributing
to the opportunistic nature of S. aureus (Lindsay, 2010).

The first cases of methicillin resistance were reported in hospitalized pa-
tients in the 1960°s and have spread to the community since the 1990s
(Tenover et al., 2006). Methicillin resistant S. aureus, i.e. any strain that is
resistant to methicillin, oxacillin or cefoxitin, often harbors the mecA
gene, which can be acquired by horizontal transfer of the staphylococcal
cassette chromosome mec (SCCmec) (Katayama et al., 2000; Alcock et al.,
2023). The strains harboring SCCmec were mostly associated with MLST
clonal complexes (CC), clustered into lineages CC1, CC5, CC8, CC22,
CC30 and CC45, which are widely distributed in clinical and community
settings (Cockfield et al., 2007; Lindsay, 2010).

Investigating the spread of antibiotic resistant bacteria across the One
Health continuum of humans, animals and the environment has been iden-
tified as a priority, not only to better understand the routes of transmission
to humans, but also the existence of niches that may serve as preferential
reservoir of pathogens and antibiotic resistance (ECDC, 2022). Genomics
is a valuable approach to address these questions, as it can help unravel
the diversity of phylogenetic lineages often observed in One Health and
elucidate the accessory genome features that predominate in each compart-
ment. This study aimed to test two hypotheses: i) that genetically closely
related lineages of mecA™ S. aureus can occur either in humans or in the
environment; ii) that thriving in the environment or in humans may be
associated with distinct features in mecA™ S. aureus. To test these hypothe-
ses, genomes of environmental and clinical mecA™ S. aureus isolates, repre-
senting phylogenetically closely related lineages and with origin in
different geographic areas were compared based on core and accessory ge-
nome features.

2. Materials and methods
2.1. Genome selection

The genomes selected for the study belonged to strains of environmen-
tal and clinical origins, were phylogenetically closely related, and were re-
ported in distinct geographical regions. These criteria permitted the
selection of 111 environmental and 103 clinical mecA* non-repetitive ge-
nomes. The genomes were selected based on a tiered approach that started
with the search of Staphylococcus aureus genomes at the National Centre for
Biotechnology Information (NCBI) public database Isolates Browser (16/
12/2020). A total of 9990 genomes whose source was identified as soil,
water, animals, food, or other were retrieved in the first query, being clas-
sified as environmental for the purpose of this study. This search was
narrowed based on the three following criteria: 1) selection of a single ge-
nome from a set where multiple shared antimicrobial resistance and
stress-related gene profiles with the same annotation, indicated the same
origin (source and country) and were submitted by the same author at
the same date; 2) presence of the gene mecA (mecA™* S. aureus), and
3) the source was described as animal facility, food or water, while other
described (soil, food industry surfaces or plants) or undescribed environ-
mental sources were not included given the limited potential exposure to
humans. The group of genomes selected based on those criteria (n =
111) were organized according to the Single Nucleotide Polymorphism
(SNP) clusters available at the NCBI. The resultant SNP clusters were used
to query the NCBI for genomes of clinical mecA™ S. aureus isolates (n =
103). The workflow of mecA™ S. aureus genomes selection (111 environ-
mental and 103 clinical) (Table S1) is depicted in Fig. S1.

2.2. Phylogenetic analysis and comparative genomics

The Multi-Locus Sequence Type (MLST) based on 7 housekeeping genes
(arcC, aroE, glpF, yqiL, pta, gmk, tpi) was determined using the MLST 2.0
(https://cge.food.dtu.dk/services/MLST/). The gene sequences were ex-
tracted from each genome, concatenated, and aligned using MEGA7
(Kumar et al., 2016) performing a total of 3187 bp. A phylogenetic tree
was determined based on the Neighbor-Joining method using a 1000 boot-
strap (Fig. S2). The staphylococcal protein A (spa) typing was determined
using the spaTyper 1.0 (https://cge.food.dtu.dk/services/spaTyper/) and
the staphylococcal cassette chromosome mec (SCCmec) typing was deter-
mined using the SCCmecFinder 1.2 (https://cge.cbs.dtu.dk/services/
SCCmecFinder/).

The genomes were annotated using PROKKA version 1.14.6 (Seemann,
2014) and a pangenome analysis was performed based on the deduced
amino acid sequences, using the software Roary version 3.13.0 with a sim-
ilarity of 95 % (Page et al., 2015). The pangenome analysis resulted in den-
drograms based on genes' presence and absence that were obtained using
the roary_plots (Fig. S2). The annotation of genes that, based on Roary com-
parisons, were detected as exclusive of clinical or of environmental ge-
nomes, was manually confirmed. Briefly, the sequences determined as
being exclusive of clinical or environmental genomes (based on Roary out-
put, which uses PROKKA annotation), were extracted and submitted to
NCBI database to confirm the annotation. This procedure reduced the num-
ber of exclusive genes detected (clinical,n = 139 ton = 60; environmental,
n = 259 ton = 143). The core genes (present in =99 % of the genomes)
were aligned using MAFFT and concatenated using Roary. The Gblock
tool was used to obtain the sequences that were present in all the analysed
genomes. This analysis resulted in alignments of 802,783 bp (1939 genes)
for subsequent phylogenetic analysis. A phylogenetic analysis was
performed using the Neighbor-Joining method and a bootstrap of 100
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Table 1
Closely related lineages of clinical (C) and environmental (E) genomes.
Genome group and origin Identical
SNP cluster MLST Number of genomes / country SCCmec cassette type Spa type Origin
28 1 1 E / China vg(2B) t114 E:n = 1, China
1 C / China C:n = 1, China
14 5 6 E / USA IVa(2B) t002 E:n = 2,USA
2C/USA C:n = 1, USA
1 8 1 E / Spain IVa(2B) t008 E:n = 1, Spain
29 C / Canada, USA, UK C:n = 13, USA, Canada, UK
12 1 E / Austria n.d. n.d n.d
1 C / Austria
2 9 4 E / Germany, Czech Republic, Poland n.d. n.d n.d
3 C / Netherlands
7 39 1E/USA 11(2A) t007 E:n = 1, USA
4C /USA, China C:n = 4, USA, China
34 93 3 E / Australia IV(2B) 1202 E:n = 1, Australia
39 C / Australia C:n = 2, Australia
34 IVa(2B) t202 E:n = 2, Australia
C:n = 37, Australia
17 239 1E/ China 111(3A) 1969 E:n = 1, China
3 C /China C:n = 1, China
6 338 1 E / China Vb(5C2&5) t437 E:n = 1, China
1 C/ China C:n = 1, China
20 398 3 E / Australia Ve(5C2&5) t011 E:n = 1, Australia
10 C / Australia C:n = 10, Australia
29 1 E / Poland Iva(2B) 1899 E:n = 1, Poland
3 C / Denmark, Czech Republic C:n = 2, Denmark, Czech Republic
8 612 1 E / Australia Ivd(2B) t064 E:n = 1, Australia
6 C / Australia C:n = 4, Australia
9 1535 1 E / Saudi Arabia V(5C2) 1328 E:n = 1, Saudi Arabia
2 C / Saudi Arabia C:n = 2, Saudi Arabia

n.d. not detected.

replicates using MEGA?. In addition, the chewBBACA software (Silva et al.,
2018) was used to determine the core genome based on gene-by-gene typ-
ing schemes and the software PHYLOViZ (Francisco et al., 2012) was used
to perform goeBURST analysis and to visualize the relationship among the
core genome gene-by-gene typing schemes and the origin of isolation, ST,
SCCmec and spa type of the isolates. In summary, the core genome was
determined based on two approaches, Roary and chewBBACA. The first
made the comparison of the 214 genomes to determine the core genome,
and the second determined the core genome based on alignments with a
reference strain. Both led to slightly distinct number of genes. Each genome
was screened for the presence of clinically relevant genes, including antibi-
otic resistance and stress-related genes, available and selected from the
Isolates browser database, and VirulenceFinder 2.0 (https://cge.cbs.dtu.
dk/services/VirulenceFinder/). These data were organized in a presence/
absence (1/0) matrix, examined based on the simple matching similarity
index using the software Primer & Permanova v6 (Primer-e, New
Zealand), and expressed as a dendrogram obtained with UPGMA algorithm.
Additionally, the Roary tool was used to establish a matrix of gene pres-
ence/absence, needed as input to the Scoary pipeline (Brynildsrud et al.,
2016) which was used to infer possible association between genes presence
and 1) clinical or environmental origins, 2) geographic origin, and 3) ST.

2.3. Statistical analysis

Statistically significant differences on the prevalence of antibiotic
resistance, stress-response and virulence encoding genes between the
environmental and clinical genomes was assessed using the Fisher's exact
(p-value < 0.05).
3. Results

3.1. Genome sequence availability and selection

Considering the hypotheses of the study, the comparison of closely re-
lated S. aureus of clinical and environmental origin, required phylogenetic

proximity between isolates of both groups, as well as reliable metadata
about genomes origin. These requirements were challenging, since
~85 % of the 9990 genomes of environmental isolates were of unknow
sources, simply described as “other environmental samples” (Fig. S1).
Among the environmental genomes that had reliable origin information,
the selection of those with the mecA gene, led to a group of 111 genomes,
from food (n = 88), animal facilities (n = 21) and water (n = 2) (Table S1)
that according to the NCBI database were distributed by 49 SNP clusters.
Thirty six of the 49 SNP clusters identified included more than one genome,
while 13 were represented by a single genome (Table S1). To assure that ge-
netically closely related strains were available for comparative analysis, the
selection of genomes of clinical isolates was conditioned by the assortment
of a balanced number of lineages that integrated SNP clusters defined for
the environmental genomes. The 103 mecA™ genomes of clinical isolates,
selected from a total 8712, integrated 13 out of the 49 SNP clusters of
genomes of environmental isolates (Table 1). The genomes integrating
the 49 SNP clusters were reported in 13 countries (North America, Asia,
Africa, Europe, Australia), being the environmental mostly from USA
(n = 72) and China (=19); and the clinical mostly from USA (n = 29)
and Australia (n = 54). Each of the 13 SNP clusters that integrated both en-
vironmental and clinical genomes was in general dominated by the later
(Table 1).

3.2. Phylogenomic analysis: MLST and core genome

The analysis of deduced amino acid sequences in the 214 genomes re-
vealed a total of 8119 gene sequences. Among these, 1601 sequences
were identified as core genome genes (present in =99 % of the strains),
220 as soft core (present in =95 % and <99 % strains), 1365 as shell
(present in =15 % and <95 % strains) and 4933 the cloud (present in
<15 % strains). The phylogenetic analysis based on the genes present in
100 % of the genomes (802,783 bp) (Fig. 1) confirmed the relationships
determined based on the MLST analysis (Fig. S2). In summary, the phyloge-
netic analysis based on the core genome genes grouped the STs into six
major groups i) ST8, ST612 and ST239; ii) ST1535, ST1, ST9, ST840 and
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Fig. 1. Genome-based phylogenetic analysis of the 214 mecA ™ isolates core-genomes. Neighbor-Joining Tree based on 802,783 bp with a bootstrap of 100 replicates. Green
and red symbols refer to environmental and clinical isolates, respectively. Grey circles in the nodes indicate values of bootstrap above 70 %.

ST5; iii) ST39, ST398; iv) ST59, ST338, ST59 and ST121; v) ST93; and vi)
ST152. The most notorious difference between core genome- and MLST
based analysis was the clustering of ST121 genomes with ST59 based or
with ST39, respectively.

The genomes of clinical isolates belonged to 11 STs, all also represented
by environmental isolates. Most clinical genomes were affiliated to ST93
(39/103, 38 %), ST8 (30/103, 29 %), and ST398 (13/100, 13 %)
(Fig. S2, Table S1). Among the genomes of environmental isolates, ST8
(n = 43 food; n = 1 water; 44/111, 40 %) and ST398 (n = 4 food; n =
8 animal facilities; 12/111, 11 %) were also the most frequent, together
with ST5 (n = 13 food; n = 8 animal facilities; 21/111, 19 %). Some envi-
ronmental genomes (n = 18) belonged to STs in which clinical isolates
were not represented, such as ST59 (n = 12, food, China), ST121 (n = 2,
food, Nigeria), ST152 (n = 2, food, Nigeria) or ST840 (n = 2, food, USA)
(Table S1). The most common SCCmec cassette was the SCCmec type IVa

(2B), present in 132 of the 214 isolates (Table S1). This SCCmec cassette
was more frequent among clinical isolates (n = 71/103), compared to
the environmental isolates, found mainly in food products and animal
facilities (n = 61/111) (Table S1). In general, the SCCmec cassettes were
conserved within each and among distinct SNP clusters (e.g. cluster 1 and
cluster 3) (Table S1). However, more than one SCCmec cassette was
observed in the SNP clusters 14, 34 and 43 (Table S2). Also, most SNP
clusters (40/49) yielded a single spa type, although exceptions were
observed (clusters 1, 2, 8,12, 13, 14, 17, 25 and 29, Table S2). The analysis
of the SNP cluster, MLST, SCCmec cassette and spa type suggested close re-
lationships between environmental and clinical genomes (Table 1). In most
cases, these close relationships corresponded to isolates from the same
country, although transnational occurrences were observed for ST8, ST39
and ST 398. However, the geographic distribution of the isolates was not
homogeneous, since ST5 and ST8 genomes were reported mostly in USA,



J. Rocha et al.

A

SATT-STOVaZBH D08 naresUSA Misssip
SATS0.STEVaZB 16000 gound turkeyUSAT

ESATSS STB.Va(28)008.Ground Boc
{_L:AWJSV al
STB (351008 chanBeas USAND
STaVa ound urkayUSACR

ESA1SS STB Va(2 ound uray-USACO

08 gond e SACO
Groud Bed USACO

t ‘sa Naze) 100 g
was-ewzwuzq s «,u
Fon

cwn:vﬂv\u:w b G

ESAB.ST9 XISC2)699-poutry me
1L £sas sTomocae

CSAce STEN GBI USA

65
ESAJESTS 152

kChop-U
510 rmm Ha

.m:.\'m (7/7)
hsaon

EsazSTS wmanmcmms«usm
a6

Sp38 STEN e

Gt USAND ] Cluster 49 (3/3)

,5"'“ 7 Cluster 35(2/2)
e ;‘] Cluster 3 (3/3)

ol
] Cluster 17 (3/3)
ERTIE et ] Cluster 28(2/2)

£A80 ST 5285 oty e Gomany
ESATT.STS Va(Z8) unkrown.swn acity USA

ESh s ST tE Pk orUshcR
ESATES STS

Sk ”’s“‘& Cluster 46

;] Cluster 5 (3/3)
xn\\zrmn‘amumr o] Cluster 44 (2/2)

jI Cluster 14 (5/8)

Cluster 42 (3/3)

—Fsm STIS35VSC2)328 Saud Avaba: Ryadh
G Hesssmisevecnzs sa A
= 13 STSLV:

o
520) 202 ot sl So s
Sou

Cluster 9 (3/3)_

i e

CSAis STISAVADY 202 sk Avs Now o s

COAST TS5 VA8 202 i

453553 oz
AT-STSSVHEC25)

ooon

5

STESAT2 STE6 (2B food Crina
ESAs 2B

ESA118.STEO Va(2B) 43
S STes v

mikom

o igers
mmm ‘.m.w igeia
USA M

T rmm =

B
iomm Oy Dorg
e A o e

sEssﬂ'zzf S o o 5“&"’§J§m:|cluster 25(2/2)
AT e s > JCluster 18 (2/2) -
% . ]CIuster 19(2/2)

New Sout Waes
s AusalsNew Sou Wales

.??w]c|uster 23(3/3)

o ICluster 6 (2/2)
r.mli“‘“‘jcluster 24(2/2)

e Crorgeng

Cluster 7 (5/5)

*‘L‘j?;;;‘]cluster 33(2/2)
o Ropbicna e
o
Cluster 29 (4/4)
g oy USA Cluster 13 (7/7)
cn
<
ok Cana e
ok ST a2 101 Famwatar At S s
oo ST s At e e
= 91, vxaa Vqﬁ(‘?iymﬂ Farm workers-Austraia: New South Wales
fesn ieisiion | Cluster 20
e i
AT ST VA 101 o et NowSodhfines
S e | (13/11)
Cres ST VECa 5011 o ks Now Sodins
0GR a8 Vs 1011 ot o o S
oo el o E
?"“‘ e 9
S eluster 40 (3/3)
s o
TJCluster 12 (2/2)
Ao SN AT W GUSh
E?ﬂlﬁ.ﬁr’i‘ﬁ‘?&ﬁds‘{f& G Bt A :l Cluster 1
ST e B
Ot o et AL
e STo gDy SaT U e Yok oy
o oy
N ST D) R ent U D
| 530 o Gy Cluster 1
s SN o0 A
ST Nl 08 i cnpandscl s Sy
S e Ut
5
Sk e
Rl oL e S ot
B ey on
sy
Cluster 1
oo
R ST a3 30 o USA Cllria

ST8
(22/22)

ST612/ Cluster 8
(7/7)

ST9/Cluster 2
(7/7)

ST5/ST5*
(20/23)

ST93/Cluster 34
(42/42)

ST59/ST5*
(12/15)

ST398
(25/26)

ST8
(52/52)

Tree
(214 strains)

-

Science of the Total Environment 895 (2023) 165078

Roary matrix
(8119 gene clusters)

Fig. 2. Analysis of the core and accessory genome based on 8119 amino acid sequences demonstrating the A) UPGMA dendrogram representing the degree of similarity of the
214 mecA* genomes based on the amino acid sequences presence or absence and the B) the UPGMA dendrogram and the corresponding heatmap presenting the amino acid
sequences presence and absence.



J. Rocha et al.

ST93 and ST398 genomes were exclusively or most prevalent among
Australian isolates (Fig. 1). The eBURST analysis (based on the allele
scheme of the genes of the core genome) revealed that most of the clinical
genomes that were close to animal facility isolates, belonged to the ST5,
ST93 and ST398 (Fig. 3-A and B).

3.3. Core plus accessory genome analysis

Phylogenetic relationships based on core genome genes were not fully
reproduced by genomes clustering based on the presence/absence of
8119 deduced amino acid sequences (Figs. 2, S3). Based on this analysis,
ST8 was split into three major subgroups, ST612 and ST239 formed a clus-
ter that subclustered also ST1, ST9, ST5 and ST840, while ST1535, ST93,
ST59, ST338, ST121, ST152, ST39 and ST398 were grouped in a common
cluster. However, contrary to our initial hypothesis, this reorganization
did not segregate environmental from clinical isolates' genomes (Fig. 2).
Based on Scoary analysis, the pangenome composition of environmental
isolates was not significantly different from that of clinical isolates
(Table S3). However, the genome comparison of clinical and environmental
genomes belonging to the same SNP, hence genetically closely related, re-
sulted in the identification of exclusive gene sequences observed in either
clinical or environmental groups of isolates (Fig. S4). The genes observed
only in clinical genomes were related with genes mobilization (insertion se-
quences, transposases, recombinases, aminoglycoside resistance, among
others (Table S4). The genes observed only in environmental genomes
were related with adhesins, toxins, streptomycin resistance, and phages
(Table S4). The comparison of the genomes of clinical, and animal facilities
and food products (the ones that co-clustered with clinical genomes),
showed that these groups differed in 1014 and 352 genes, respectively
(Table S3).

3.4. Antibiotic resistance, virulence and stress related genes

Clinical and environmental genomes differed on the frequency of genes
associated with antibiotic resistance (n = 57 in 58 searched), virulence
(n = 21 in 31 searched) and stress related (n = 1 in 15 searched). The en-
vironmental genomes presented higher frequency of genes related with re-
sistance to -lactams (blal, blaPCI), aminoglycosides (ant(6)-Ia), macrolides
(mph(C), erm(B)), enterotoxin (seg, sei, sem, sen, seo, seu) and serine protease
functions (splB), among others. In contrast, clinical genomes yielded higher
percentage of genes related with resistance to macrolides (erm(C)),
phenicols (fexA), fosfomycin (murA) or with leucocidin virulence gene
(lukS-PV) and serine protease functions (splA, splE) were more frequent in
the clinical isolates (p < 0.05) (Table S5). When the genomes were com-
pared based on the presence/absence of antibiotic resistance, virulence
and stress related genes, the clusters differed from those observed based
on phylogenetic proximity or pangenome resemblance (Fig. 3). Considering
a cutoff of 80 %, three major groups were formed including by i) ST9 and
ST5; ii) ST8, ST1535, ST5, ST840, ST612 and ST239; and iii) ST338,
ST59, ST93 and ST398. This distribution suggests that the potential
clinically relevant genes are associated with the pangenome composition,
although structured by the phylogenetic lineage (Fig. 3).

4. Discussion

The environmental dimensions of antibiotic resistance have received
much attention from the scientific community (Baquero, 2021). The
major argument behind such interest is that antibiotic resistant bacteria
and their genes can move freely across distinct One Health sectors —
humans, animals, and the environment (Hernando-Amado et al., 2019).
However, it is still unclear if some bacterial features may favor a ubiquitous
lifestyle that permits living either in the environment or in an animal or
human body. It is also yet poorly understood if the environment or the
human body may shape the adaptation towards distinct features. These
questions have been addressed in previous studies, which suggest the role
of the environment on shaping bacterial features and their evolution
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(Christaki et al., 2020; Liu et al., 2022; Rocha et al., 2022a, 2022b;
Wright, 2019). This study aimed to understand if mecA™ S. aureus occurring
in natural environments can also colonize humans, which would be sug-
gested by the observation of closely related lineages in both compartments.
In addition, we aimed to understand if the environment or the human body
might be associated with distinct features in mecA™* S. aureus. Despite the
limited availability of environmental genomes in public databases,
constrained by insufficient or inadequate metadata, the results confirmed
our initial hypotheses. Closely related lineages were observed in the envi-
ronment and in humans, and both types of compartment may select differ-
ent features in mecA™ S. aureus. Among the 49 SNPs of genomes of
environmental isolates that could be retrieved from NCBI, only 13 also in-
cluded genomes of clinical isolates. Indeed, this may have resulted from
an artifact of selecting the genomes based on SNPs, as it has been discussed
that this typing method may be inaccurate to establish relationships be-
tween genomes that originate from a wide range of sources (26). In such
a case, this would suggest that closely related lineages thriving in distinct
habitats would display distinct SNPs. Nevertheless, genomes with identical
SNP, ST, SCCmec cassette type and Spa type were observed in humans and
environmental samples, and even in distinct countries. These observations
suggest that the interchangeability of mecA™* S. aureus between humans
and the environment may occur regularly, as it was observed for 10 distinct
STs, some of which are not among the most common.

The analysis based on core genome genes and on concatenated MLST se-
quences yielded equivalent results suggesting the reliability of the later
method and justifying that part of the discussion relies on STs designations.
Most of the mecA* S. aureus genomes analysed (161,/214) belonged to ST5,
ST8, ST398, and ST93. The first three, correspond to lineages representing
about 90 % of known S. aureus genomes and are affiliated to four clonal
complexes (CC5, CC8, CC398 and CC30), closely related with the respective
STs (Turner et al., 2019). In our study, all ST93 genomes were from
Australia and, although mostly were clinical (n = 39/42), it was suggested
a clonal relationship with the three environmental genomes (animal facili-
ties). This observation is agreement with the previous description of ST93
as community acquired methicillin resistant S. aureus associated with
Australian indigenous populations (Turner et al., 2019). Other STs only ob-
served in environmental isolates (ST59, ST121, ST152 and ST840) were
probably overlooked based on SNPs search for clinical isolates, as their as-
sociation to humans has been documented (https://pathogen.watch/1
March 2023).

Considering the hypothesis that the habitat may influence the genomic
profile, it would be expected that genomes of the same ST but thriving
under different environmental conditions would yield distinct genes. Ac-
cording to Liu et al. (2022), the ST is a reliable measure for the distribution
of bacterial genomes and phylogenetic assessments. However, the same au-
thors argue that when the genomes under analysis are from diverse sources,
the pan-genome analysis may give better inferences about evolutionary dis-
tances (Liu et al., 2022). Although we observed a redistribution of the ge-
nomes when compared the phylogenetic analyses with the presence/
absence dendrograms based on core plus accessory or on antibiotic resis-
tance, virulence and stress related genes, in any case it separated clinical
and environmental genomes. However, clinical genomes differed from
closely related environmental lineages on the presence of genes related
with functions such insertion sequences, transposases, recombinases or
aminoglycoside resistance, while the environmental genomes differed on
the presence of genes related with adhesins, toxins, streptomycin resistance
or phages. Moreover, the targeted analysis of antibiotic resistance, viru-
lence and stress related genes revealed features that were more associated
to clinical or to environmental genomes. Specifically, genes encoding resis-
tance against macrolides (erm(C)), phenicols (fexA), fosfomycin (murA) or
virulence factors - leucocidin (lukS-PV) and serine protease functions
(splA, splE) were more frequent in the clinical isolates. Also, genes encoding
resistance to (3-lactams (blal, blaPCI), aminoglycosides (ant(6)-Ia) and
macrolides (mph(C), erm(B)) or virulence factors such as enterotoxin (seg,
sei, sem, sen, seo, seu) and serine protease functions (splB) were more
frequent in the environmental isolates. These results suggest that some
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Fig. 3. Clustering analysis of 214 mecA™ isolates based on selected clinically relevant features (genes encoding antibiotic resistance (n = 58), stress (n = 15), and virulence
(n = 31)). A presence/absence table supported the Simple matching similarity index estimation and UPGMA clustering analysis. Green and red labels refer to environmental
and clinical isolates, respectively. Each column next to the dendrogram refer to ST, SCCmec and spa type, respectively. Similar symbols in each column represent similar
isolates typing.
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genomic traits associated with fitness and defense may contribute to the
propagation or persistence of S. aureus in the environment-human nexus,
as has been demonstrated for some successful epidemic clones (Chen
et al., 2022).

As has been discussed in the literature (Liu et al., 2022; Turner et al.,
2019), the complex interplay between genetic adaptation and environmen-
tal factors may be determinant for shaping the ecology of S. aureus. Geno-
mics has an important potential for elucidating the ecology and evolution
of ubiquitous antibiotic resistant bacteria and the role of the environment.
However, the availability of genomes and metadata, seriously limit the im-
plementation of broad comparative genomic studies. The enrichment of
public databases with genomes of environmental isolates supported by reli-
able metadata (type of sample, isolation procedure, known relevant pheno-
typic features, among other) will be an important contribute to better
understand antibiotic resistance evolution and transmission.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.165078.
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