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ABSTRACT Staphylococcus saprophyticus is a common pathogen of the urinary tract, a
heavy metal-rich environment, but information regarding its heavy metal resistance is
unknown. We investigated 422 S. saprophyticus isolates from human infection and coloni-
zation/contamination, animals, and environmental sources for resistance to copper, zinc,
arsenic, and cadmium using the agar dilution method. To identify the genes associated
with metal resistance and assess possible links to pathogenicity, we accessed the whole-
genome sequence of all isolates and used in silico and pangenome-wide association
approaches. The MIC values for copper and zinc were uniformly high (1,600mg/liter).
Genes encoding copper efflux pumps (copA, copB, copZ, mco, and csoR) and zinc trans-
porters (zinT, czrAB, znuBC, and zur) were abundant in the population (20 to 100%).
Arsenic and cadmium showed various susceptibility levels. Genes encoding the ars operon
(arsRDABC), an ABC transporter and a two-component permease, were linked to resistance
to arsenic (MICs$ 1,600mg/liter; 14% [58/422]; P, 0.05). At least three cad genes (cadA
or cadC and cadD-cadX or czrC) and genes encoding multidrug efflux pumps and hyper-
osmoregulation in acidified conditions were associated with resistance to cadmium
(MICs$ 200mg/liter; 20% [85/422]; P, 0.05). These resistance genes were frequently carried
by mobile genetic elements. Resistance to arsenic and cadmium were linked to human
infection and a clonal lineage originating in animals (P, 0.05). Altogether, S. saprophyticus
was highly resistant to heavy metals and accumulated multiple metal resistance determi-
nants. The highest arsenic and cadmium resistance levels were associated with infection,
suggesting resistance to these metals is relevant for S. saprophyticus pathogenicity.

KEYWORDS Staphylococcus saprophyticus, urinary tract infection, environment, heavy
metals, whole-genome sequencing, pan-GWAS, metal resistance determinants, copper,
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Antimicrobial resistance is of global concern, with the constant use of heavy metals
recognized as a player contributing to this public health challenge of multiresistant

bacteria (1, 2). Heavy metals are naturally found in soil but are also common environmen-
tal pollutants derived from human activities like industry, sewage, war (defoliants), and
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agriculture (3). The majority of metals are toxic to bacteria at low concentrations (4–7),
and for this reason, they have been massively used in animal production as prophylactics
or in agriculture as pesticides, herbicides, and insecticides (8). Moreover, some of them
are claimed to promote growth of production animals (4, 5), which has further increased
their use in the veterinary setting. Copper and zinc are examples of metals that have
been continuously used as feed supplements in the animal production chain to promote
growth and as prophylactics (5, 9). Cadmium and arsenic have been mainly used in agri-
culture, leading to environmental contamination (10).

Heavy metals are also used by the human immune system as a means of defense
against bacteria. In particular, copper and zinc play an essential role in optimal immune
defense mechanism against pathogen colonization and infection. The mobilization of
these metals (copper and zinc) to intracellular locations is described to control inflam-
mation, and their accumulation in the phagosomes, in combination with reactive oxy-
gen species, promotes innate immune function by enhancing the killing of pathogens
engulfed by macrophages (9, 11, 12).

Either as a consequence of human activities or by facing human immunity, human
and animal microbiota, as well as environmental bacteria, are constantly exposed to
selective pressure of subinhibitory concentrations of these metals (2, 9). To survive
metal toxicity and overcome human immune barriers, bacteria developed different
mechanisms such as enzyme detoxification, biotransformation, compartmentalization
to membranes, and extrusion using efflux pumps (8). These efflux pump systems may
also result in a higher potential to select for multiple resistance to two or more metals
(13). Resistance to cadmium and arsenic are mediated by cad-system genes, namely,
cadA, cadD, cadX, cadC and czrC, and arsRDABC operon, respectively, that are either
chromosomal (14) or often plasmid-borne (9, 15, 16). In particular, uropathogens such as
Escherichia coli are able to overcome the human immune barrier with the extrusion of the
toxic metal using copper efflux pump systems (17) and specific zinc exporters (18).

The exposure of bacteria to heavy metals has been hypothesized to coselect for an-
tibiotic and biocide resistance (13) because resistance determinants for these antimi-
crobials usually co-occur in the same mobile genetic elements, namely, plasmids (1, 10,
13). In staphylococci, metal resistance determinants are often associated with staphylo-
coccal cassette chromosome mec (SCCmec) types such as type VIII (4A), IX (1C2), X
(7C1), and XI (8E) (19, 20). Determinants encoding copper, arsenic, and cadmium resist-
ance have also been detected in composite SCC elements in methicillin-resistant
Staphylococcus aureus (MRSA; especially livestock, MRSA ST398) and also in mecA-posi-
tive coagulase-negative staphylococci (CoNS), namely, Staphylococcus epidermidis,
Staphylococcus haemolyticus, and Staphylococcus capitis, among others (5, 19).

Evidence has been gathered supporting the role of metal resistance in both envi-
ronmental bacterial persistence and evasion from the human immune system. What
remains to be determined is whether environmental exposure of bacteria to metals
and the consequent increase in resistance can also contribute to an increase in bacte-
rial pathogenesis. To address this hypothesis, we selected as a model Staphylococcus
saprophyticus, a bacterium that has a widespread distribution in the environment
(21–23), is a commensal of humans and production animals (24), is a frequent contami-
nant of food (25), and is, additionally, a common human uropathogen associated with
10 to 20% of all urinary tract infections (UTIs) in sexually active women worldwide (23).

We have previously defined the population structure of S. saprophyticus and identi-
fied two clonal lineages, lineages G and S, that were disseminated worldwide and had
distinctive genetic features. We also provided evidence for a possible animal origin for
lineage G and human origin for lineage S (26). In this study, the analysis of an S. sapro-
phyticus collection of diverse origins by phenotypic and genomic tools allowed us to
determine the MIC of S. saprophyticus to four heavy metals, assess the distribution of
metal resistance determinants among the S. saprophyticus population, and identify pre-
viously unknown associations between specific genetic determinants, metal resistance,
and pathogenicity in this bacterial species.
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RESULTS
Assessment of heavy metal MIC and resistance determinants in S. saprophyticus

population. The MIC for copper for the great majority of strains (99%, 418/422) was
1,600mg/liter. The only exceptions were four strains that had MICs of 400mg/liter
(n=1) or 800mg/liter (n=3). We found copA, copB, and/or copZ genes that encode re-
sistance to copper (17) in all isolates. Other copper resistance determinants found
include csoR (21%, 88/422), a copper-sensing transcriptional repressor, and mco (20%,
83/422), a multicopper oxidase.

For zinc, the MICs ranged from 200 to 3,200mg/liter, but 78% of strains (329/422)
had MICs of 1,600mg/liter (Fig. 1a and b). Zinc resistance determinants, including the
czrA-czrB operon that encodes zinc transporter (27) and other genes such as zinT, znuB-
znuC, and zur that have been described to be essential for zinc homeostasis in bacteria
(28), were present in all isolates.

Of note, copper and zinc had the same MIC50 and MIC90 (1,600mg/liter) (Table S1 in
the supplemental material). To understand if differences in MIC could be related to alterations
in the sequences of genes or proteins, nucleotide and amino acid sequences of strains with
low and high MICs were aligned. We did not find any truncation, insertion, or deletion or any
mutation that could explain the low MICs. Differences in MICs in S. saprophyticus for these
metals should most probably be related to the level of expression of any of the resistance
genes or to posttranslational modifications. Additionally, it is possible that differences in MICs
might be due to the differential distribution of yet-unknown resistance genes.

Regarding arsenic, we found that the MICs ranged from 100 to 3,200mg/liter, with
more than half (53%, 226/422) of the isolates having MICs of 400mg/liter (MIC50), while

FIG 1 MIC distribution of 422 Staphylococcus saprophyticus isolates recovered from human infection and
colonization/contamination and environmental sources using the agar dilution method. Mueller-Hilton agar was
supplemented with different concentrations (3.12 to 3,200mg/liter) of copper (copper sulfate; CuSO4), zinc (zinc
sulfate; ZnSO4), arsenic (sodium arsenite; AsNaO2), and cadmium (cadmium chloride; CdCl2). S. saprophyticus
showed high resistance to copper (a) and zinc (b) (1,600mg/liter). For arsenic (c), unimodal distribution was
observed, which suggested epidemiological cutoff value (ECV) of $1,600mg/liter. (d) A bimodal distribution
was apparent for cadmium with a suggested ECV of $200mg/liter.
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the MIC90 was 1,600mg/liter (Fig. 1a and b). Arsenic resistance determinants, namely,
arsR, arsB, and arsC (100%, 422/422), as well as arsM (9%, 40/422), were found in the
isolates studied. Additionally, 17% (72/422) of the isolates carried a complete ars op-
eron (arsRDABC), the great majority (92%; 66/72) of which had a high MIC value of
$1,600mg/liter (46/72). Hence, an epidemiological cutoff value (ECV) of $1,600mg/li-
ter was suggested for arsenic (Table S1; Fig. 2a).

For cadmium, the MICs varied between 3.12 and 200mg/liter, with MIC50 and MIC90

of 50 and 200mg/liter, respectively (Fig. 1c and d). Genes that encode resistance to
cadmium were present in the following frequencies: cadD (58%, 243/422), cadX (56%,
237/422), cadA (24%, 100/422), cadC (23%, 96/422), and czrC (6%, 26/422). Of note,
only 64% (272/422) of all isolates carried at least one known cadmium resistance gene
(Table S1).

Although unimodal distributions of MICs were detected for copper, zinc, and arsenic,
a bimodal distribution was observed for cadmium. Hence, the isolates were categorized
into cadmium susceptible (MIC# 50mg/liter; 54%, 227/422), intermediate (MIC=100mg/
liter; 26%, 110/422), and resistant (MIC$ 200mg/liter; 20%, 85/422) groups. Notably, the
great majority of the isolates in the resistant group (MIC$ 200mg/liter; 88%, 75/85) car-
ried at least three cad genes that included a combination of cadA or cadC and cadD and
others (Table S1; Fig. 2b). Thus, an ECV of$200mg/liter was suggested for cadmium.

Interestingly, the mco gene linked to copper resistance and oxidative stress
response (29) was strongly associated with isolates with MICs of $800mg/liter and
$100mg/liter for arsenic and cadmium, respectively (P, 0.05). This might be due to
the fact that mco, cad, and/or ars genes were found to be colocated in the same plasmids
(Table 1). However, we cannot disregard the hypothesis that mco in S. saprophyticus might
provide cross-resistance to Cd, As, and Cu, as it was observed for some efflux pumps (30, 31).
We did not test S. saprophyticus isolates for susceptibility to mercury, but we did find its re-
sistance determinant (merB) in,10% (n=35/422) in the collection.

Overall, S. saprophyticus had higher MIC values for copper and zinc, while there was
an increased diversity in the MICs for arsenic and cadmium in this bacterial population.

Different susceptibility levels to arsenic and cadmium in S. saprophyticus. Based
on the diversity in MICs observed for arsenic and cadmium, we further categorized the iso-
lates’ MICs into three levels of susceptibility to these heavy metals. MICs of isolates with-
out known or combination of known acquired resistance determinants were classified as
susceptible, those with acquired resistance determinants known to confer high-level resist-
ance, and those with MICs value greater than or equal to the ECV were grouped as resistant.
Intermediate was defined as the MIC value that separates the other two susceptibility

FIG 2 (a) Distribution of arsenic MICs in 422 S. saprophyticus of diverse origins as determined by agar dilution. Wild type, proportion of
isolates carrying arsRBC only; high-level resistant, proportion of S. saprophyticus strains carrying a complete ars operon (arsRDABC) for arsenic.
(b) Distribution of cadmium MICs in 422 S. saprophyticus isolates of diverse origins, as determined by agar dilution. Wild type, proportion of
isolates with less than three cad genes; high-level resistant, proportion of S. saprophyticus strains carrying at least three cad genes, including
cadA and/or cadC.
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groups. Therefore, isolates with MIC values of #400mg/liter, 800mg/liter, and $1,600mg/
liter were classified as susceptible, intermediate, and resistant to arsenic, respectively.
Likewise, for cadmium, isolates with MIC values of#50mg/liter, 100mg/liter, and$200mg/
liter were categorized as being susceptible, intermediate susceptible, and resistant to this
metal (Fig. 2a and b; Table S1; Fig. S1). According to this classification, 14% (58/422) showed
a resistant phenotype to arsenic, while 25% (800mg/liter; 107/422) of the isolates in the col-
lection showed an intermediate phenotype. In the case of cadmium, 20% (85/422) showed a
resistant phenotype, whereas 26% (110/422) and 54% (227/422) showed intermediate and
susceptible phenotypes, respectively (Table S1).

S. saprophyticus belonging to clonal lineage G showed a higher resistant
phenotype to cadmium and arsenic. Given that the S. saprophyticus population is
mainly composed of two distinct lineages of different origins (26), we looked for a pos-
sible link between the level of arsenic and cadmium resistance and S. saprophyticus
genetic background. We found that resistant phenotypes to both metals were associated
with isolates belonging to lineage G (arsenic: 16%; 52/327, lineage S: 6%; 6/95, P, 0.0330;
cadmium: 24%; 77/327, lineage S: 8%; 8/95, P, 0.0047, respectively). Conversely, an inter-
mediate phenotype (MIC, 100mg/liter) to cadmium was associated with isolates belonging
to lineage S (46% [44/95]; 20% [66/327] associated with lineage G; P, 0.0014) (Table S1; Fig.
3a and b; Fig. 4). The association of lineage G and cadmium resistance was independent of
the geographic location. Although isolates from Denmark had a high resistance rate to these
two metals (Cd, 48/85; As, 25/58), when only isolates from Portugal and Spain were consid-
ered, still over 70% (Cd, 23/30; As, 21/28) of the cadmium/arsenic resistant isolates belonged
to lineage G.

S. saprophyticus isolates of human origin are resistant to high concentrations
of arsenic and cadmium. Bacterial lifestyle has been reported to play a significant role
in niche adaptation (32, 33). To understand if isolates from different sources differ in
their susceptibility to heavy metals, we categorized the isolates into either infection or
colonization/contamination/environmental sources. Isolates from human colonization
were included in the group of environmental isolates because the great majority of
them (32/33) were from the hands of slaughterhouse workers, and in this case, it is not
possible to distinguish a situation of colonization from that of contamination with slaugh-
terhouse flora. Indeed, we found different resistant phenotypes to heavy metals to be sig-
nificantly associated with the source of the isolates. For example, resistance to arsenic
(infection, 18% [54/297]; colonization/contamination/environmental sources, 3% [4/125];
P, 0.0011) and cadmium (infection, 27% [81/297]; colonization/contamination/environ-
mental sources, 3% [4/125]; P, 0.0001) were associated with human urinary tract infection

FIG 3 Lineage-based distribution of heavy metal susceptibility levels of 422 Staphylococcus saprophyticus isolates recovered from human infection and
colonization/contamination and environmental sources. Resistance to arsenic (sodium arsenite) (a) and cadmium (cadmium chloride) (b) were associated
with isolates belonging to lineage G (P, 0.0330 and P, 0.0047, respectively), whereas intermediate phenotype to cadmium was associated with isolates
belonging to lineage S (P, 0.0014). Susceptible, #50mg/liter; intermediate, 100mg/liter; resistant, $200mg/liter.
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isolates (Fig. 4; Fig. 5a and b). A similar observation was noted for an intermediate pheno-
type to arsenic that was strongly associated with human infection isolates (infection, 33%
[97/297]; colonization/contamination/environmental sources, 8% [10/125]; P, 0.0001).
Conversely, isolates that were susceptible to arsenic and cadmium were associated with col-
onization/contamination/environmental sources (P, 0.0007 and P, 0.0411, respectively)
(Fig. 4; Fig. 5a and b).

Of note, a similar observation was found when we grouped isolates into human ori-
gin (human infection and colonization/contamination) and other environmental sour-
ces. Also, when isolates from human infection and colonization/contamination were
compared, we noted that resistance to arsenic (MIC, 3,200mg/liter) and cadmium (MIC,
200mg/liter) was exclusively from human infection isolates (P, 0.05). This result further

FIG 4 Distribution of arsenic and cadmium susceptibility levels and associated resistance determinants in 422 Staphylococcus saprophyticus isolates as
determined by in silico analysis. Phylogenetic tree was constructed based on core-genome single-nucleotide polymorphisms without recombination.
Phylogenetic tree was visualized using a Microreact web tool. Susceptibility levels to arsenic were classified as follows: susceptible, #400mg/liter;
intermediate, 800mg/liter; resistant, $1,600mg/liter. Susceptibility levels to cadmium were classified as follows: susceptible, #50mg/liter; intermediate,
100mg/liter; resistant, $200mg/liter. *, all isolates in the collection carried arsRBC; #, all isolates in the collection carried copABZ. Data in interactive format
are accessible at https://microreact.org/project/uDDq7sLSj3n1Fax6iw8NrY.
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suggests that resistance to these metals (arsenic and cadmium) was not only linked with
isolates from human origin but associated specifically with those causing infections. The
two isolates recovered from small monkeys had similar phenotypes for copper and zinc
(1,600mg/liter each) and an intermediate phenotype to arsenic (200mg/liter) but had dif-
ferent susceptibility levels for cadmium (100mg/liter and 200mg/liter, respectively). The
only isolate from live pig also had an MIC of 1,600mg/liter for copper, but low MICs for
zinc and arsenic (400mg/liter) relative to other isolates in the collection, and an interme-
diate phenotype (100mg/liter) for cadmium (Table S1). Overall, S. saprophyticus strains
causing infection in human are highly resistant to heavy metals.

S. saprophyticus isolates from different countries differed in their susceptibility
to arsenic and cadmium. To understand if the level of resistance to metals clustered
geographically, we assessed the distribution of heavy metal MICs in three countries for
which $55 S. saprophyticus isolates were obtained, (Denmark (n= 94), Portugal
(n=250), and Spain (n=55). We noted that the resistant phenotype to arsenic was
linked to isolates recovered from a northern European country (Denmark; P, 0.05),
while susceptible isolates were associated with southern European countries (Portugal
and Spain; P, 0.05). Similarly, we did find that more than 50% (51%; 48/94) of isolates
recovered from Denmark showed a resistant phenotype to cadmium (200mg/liter;
P, 0.05) (Fig. 4; Fig. 6a and b) and also belonged to lineage G, a lineage reported to
be globally disseminated and also prevalent in northern European countries (26).

Identification of new genes putatively linked to arsenic and cadmium resistance
in S. saprophyticus. Bacterial susceptibility to different concentrations of heavy metals
could be associated with different mechanisms. To identify other candidate determi-
nants that could be associated with resistance to arsenic and cadmium to complement
the in silico analysis described above, we employed a pangenome-wide association
study (pan-GWAS) approach. The association between different metal susceptibility
levels described above was tested against 9,182 genes that constituted the accessory
genome defined as pan less core (n=1,885/11,067) using Bonferroni and pairwise com-
parison P values of ,0.05 and odds ratio (OR) of ,1 (see Materials and Methods). We
excluded the MICs of copper and zinc from this analysis since resistance to these met-
als was intrinsic in the collection analyzed. In addition to the ars operon (arsRDABC)
that was strongly linked to resistance to arsenic ($1,600mg/liter) in S. saprophyticus,
we found genes that encode a putative ABC-F family ATP-binding cassette
(group_3565) and five hypothetical proteins also associated with high MICs. Notably,
another gene that was enriched in isolates showing a resistant phenotype to arsenic

FIG 5 Heavy metal susceptibility levels in 422 Staphylococcus saprophyticus isolates based on origin. (a) Resistant and intermediate phenotypes to arsenic
(sodium arsenite) were associated with human infection isolates (P, 0.0011 and P, 0.0001, respectively). Susceptible, #400mg/liter; intermediate, 800mg/
liter; resistant, $1,600mg/liter. (b). Human infection isolates were strongly associated with high-level tolerance to cadmium (cadmium chloride)
(P, 0.0001). Overall, susceptible phenotypes to arsenic and cadmium were associated with isolates from colonization/contamination/environmental sources
(P, 0.0007 and P, 0.0411, respectively). Susceptible, #50mg/liter; intermediate, 100mg/liter; resistant, $200mg/liter.
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was group_1381 that encoded two-component membrane permeases that have been
described in Streptococcus mutans to be involved in the survival of this bacterium in
general stress conditions, particularly in acidified environments (34) (Table 2; Fig. S2;
Table S2).

In addition to the cad genes that were identified by in silico analysis to be associ-
ated with a resistant phenotype to cadmium, we found genes (group_6201 and
group_7208 and group_7210) encoding multidrug efflux pumps, three transposases,
and four genes with uncharacterized functions that were strongly associated with re-
sistance to this metal. Also included was a gene (opuAC) that encodes glycine betaine-
binding protein that has been described previously in E. coli to be involved in adapta-
tion and resistance in high-osmolarity environments (35) (Table 3; Fig. S3; Table S2).
Likewise, a gene (group_7205) that encodes a transporter belonging to a broad LysE
transporter superfamily that is related to CadD family (36) and was previously
described to be involved in the amino acids and heavy metal efflux in Corynebacterium
glutamicum (36, 37) was included (Table 3; Fig. S3; Table S2).

Besides the metal resistance genes, the putative new resistance determinants iden-
tified by GWAS were not part of the representative or putative plasmids identified in
this study, with the exception of group_1381, suggesting that their association with
high-level resistance should be functional and not due to colocation in the same mo-
bile genetic element.

The fact that we found the genes identified by the in silico analysis to be associated
with resistant phenotype using the pan-GWAS approach further supports the ECVs
defined for arsenic and cadmium (Fig. S2 and S3; Table S2). We noted that the great

TABLE 2 Genes positively associated with resistance (MIC$ 1,600mg/liter) to arsenic in Staphylococcus saprophyticus in this studya

Gene annotation Functional annotation Frequency (%) Other (%)b Reference no. or source
arsRDABC Arsenical resistance operon 79 7 8
group_2340 Hypothetical protein 79 7 NAc

group_6095 Hypothetical protein 79 7 NA
group_1381 Putative two-component membrane permease complex subunit SMU_747c 78 7 33
group_3121 Hypothetical protein 50 15 NA
group_3565 Putative ABC transporter ATP-binding protein 34 3 NA
group_6309 Hypothetical protein 22 0 NA
group_6308 Hypothetical protein 22 0 NA
aBonferroni P, 0.05 and OR. 1; n= 58.
b% isolates in the population that carried the genetic determinant but susceptible to the heavy metals.
cNA, not applicable.

FIG 6 Heavy metal susceptibility level in Staphylococcus saprophyticus recovered from three European countries. (a) Resistance to arsenic (sodium arsenite)
was significantly associated with isolates recovered from a northern European country (Denmark), while isolates showing susceptible phenotypes were
associated with southern European countries (Portugal and Spain) (P, 0.05). Susceptible, #400mg/liter; intermediate, 800mg/liter; resistant, $1,600mg/
liter. (b) Isolates from Denmark were significantly associated with resistance to cadmium (P, 0.05). Susceptible, #50mg/liter; intermediate, 100mg/liter;
resistant, $200mg/liter.
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majority of the new genes identified were present together with other known resist-
ance determinants to arsenic and cadmium in isolates that showed resistant pheno-
types to these metals (Fig. S2 and S3).

Metal resistance determinants in S. saprophyticus are either chromosomal and/
or plasmid-borne. To determine the location of metal resistance genes in S. saprophy-
ticus, first, we accessed the Nanopore closed genomes of KS40, representative of line-
age G, and KS160, representative of lineage S (26). The chromosomes have an average
size of 2.6Mb and 2,481 coding sequences (CDS). Noteworthy, the two strains were
methicillin resistant and carriedmecA. While one (KS160) of the SCCmec types was non-
typeable by SCCmecFinder (38), the other (KS40) carried SCCmec type III, a type com-
monly found in S. saprophyticus (39). These two strains were also different in terms of
metal susceptibility phenotypes. KS160 showed an intermediate phenotype to both ar-
senic and cadmium, while KS40 showed susceptible and resistant phenotypes to these
metals, respectively (Table S1).

The visualization of the two closed genomes using Artemis v17.0.1 (40) showed that
both strains had resistance determinants for copper (copB) and cadmium (cadD, cadC,
and/or cadA) located within the SCCmec region. Other resistance determinants to copper
(copA, copZ), zinc (zinT, znuB-znuC, and zur), arsenic (arsB, arsR, and/or arsC), and cadmium
(cadC, cadD, and/or cadA) were found in the same chromosomal location in the two
strains. There were, however, some differences in the location of extra copies of arsenic
resistance determinants (arsB, arsC, and/or arsR) in the chromosomes of the two represen-
tative strains (Fig. 7a and b). Additionally, KS160 strain carried extra copies of cadmium re-
sistance determinants (cadA, cadC, and cadD) in its chromosome (Fig. 7b).

The KS160 strain carried no plasmids and more chromosomally encoded heavy
metal resistance determinants, but KS40 strain carried three metal-containing plas-
mids (KS40p1, KS40p2, and KS40p3) (Fig. 7c to e) with sizes ranging from 29,628 bp
to 36,856 bp with 27 to 36 CDS. The best hits in a BLAST search against the NCBI
(BLASTn) database for each plasmid identified KS40p1 as pSSAP2 (100% nucleotide iden-
tity) (GenBank accession number HE616681.1) (41) and KS40p3 as FDAARGOS_168 plas-
mid unnamed2 (GenBank accession number CP014115.1)—two plasmids previously
found in S. saprophyticus. The KS40p1 was present in 57% (235/422) of the isolates in the
collection. It contained the gene encoding plasmid replication protein 20 (rep20), genes
encoding arsenic reductase (arsC), and surface protein F (sssF), among other metabolic
genes (Table 1; Fig. 7c). On the other hand, KS40p3 was found in 6% (n=25/422) of the

TABLE 3 Genes positively associated with resistance to cadmium (MIC$ 200mg/liter) in Staphylococcus saprophyticus in this studya

Gene
annotation

Nonunique
gene name Functional annotation

Frequency
(%)

Others
(%)b

Reference no.
or source

cadX_1 Putative cadmium efflux system accessory protein 72 7 5
group_3121 Hypothetical protein 49 13 NAc

group_2412 Hypothetical protein/transposase 45 11 NA
group_2065 Hypothetical protein/resolvase 45 4 NA
group_3485 cadD Cadmium resistance permease (CadD) 44 4 5
group_1830 cadA_2 Cadmium-transporting ATPase (CadA) 44 4 5
cadD_1 Cadmium resistance permease (CadD) 44 4 5
tnpC_1 Transposase for transposon Tn554 35 2 NA
group_6073 MerR family transcriptional regulator 35 2 NA
group_6075 Hypothetical protein 34 2 NA
group_7205 Hypothetical protein/lysE family transporter 18 1 35, 36
opuAC Glycine betaine-binding protein OpuAC 18 1 34
group_7208 RND superfamily resistance-nodulation-cell division, proton (H1) antiporter 18 1 NA
group_7209 Hypothetical protein 18 1 NA
group_7210 Hypothetical protein/ABC transporter permease 18 1 NA
group_2701 Hypothetical protein 16 1 NA
group_6201 Hypothetical protein/DHA2 family multidrug efflux MFS transporter

permease subunit
15 1 NA

aBonferroni P, 0.05 and OR. 1; n= 85.
b% isolates in the population that carried the genetic determinant but susceptible to the heavy metals.
cNA, not applicable.
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collection and carried rep19c genes, genes encoding transposases for insertion sequences,
and several resistance determinants to copper (copA, copZ, csoR), cadmium and zinc
(cadC, cadD, and czcD), and macrolides [mph(C), msr(A)], among other metabolic genes as
well (Table 1; Fig. 7e). The third KS40 plasmid (KS40p2) was present in only seven isolates
and had a low homology (coverage, 62%) to those in the NCBI database and hence could
be a novel S. saprophyticus plasmid. This novel plasmid contained multiple resistance
determinants to heavy metals (cadmium; cadC and cadD; mercury, merR, merA, and
merB), IS6-like elements, rep genes, and other metabolic genes (Table 1; Fig. 7d).

Other putative plasmids carrying metal resistance determinants in the entire S.
saprophyticus collection were identified using PlasmidFinder (see Materials and
Methods). We identified 13 rep gene families (Table S3). Next, we selected one repre-
sentative isolate from each rep family and blasted the contigs containing these rep
genes using BLASTn nonredundant/nucleotide (nr/nt) against the NCBI database
and the Nanopore sequences obtained for the KS40 and KS160 strains. We found 13
putative plasmids that were associated with at least one metal resistance determi-
nant in addition to the three plasmids described above (Table 1). One of these puta-
tive plasmids, KS244p, rep21_26 (pSK108), 28.6 Kbp, present in 15% (n = 64/422) of
the isolates in this collection, was similar (.90% nucleotide identity and coverage)
to that in Staphylococcus warneri (pSW22.1) (NBCI nucleotide accession no.
NZ_CP032158.1) and carried copper (copA, csoR) and zinc (czrB) resistance determi-
nants in addition to biocide (qacC) and penicillin (blaZ) resistance genes. The
remaining putative plasmids (n= 12) appear to be new, as they had low homology

FIG 7 Staphylococcus saprophyticus genomes showing the chromosome and plasmid-borne genetic determinants that encode resistance to heavy metals.
(a to b) S. saprophyticus KS40 (a) and KS160 (b) chromosomes showing the chromosome-borne metal resistance determinants of representative strains of
lineages G and S, respectively. The tracks from the outside represent (i) chromosome tick marks, (ii) forward CDS, (iii) reverse CDS, (iv) tRNA (red), (v)
percent GC plot, and (vi) GC skew (GC)/(G1C). orfX-mecA complex and cassette recombinase genes within the SCCmec are depicted with pink-, red-, and
magenta-colored arrows, respectively. Other genes encoding resistance to copper (copA, copB, copZ), zinc (zinT, znuB, znuC, zur), arsenic (arsB, arsC, arsR),
and cadmium (cadA, cadC, cadD) are highlighted with different-colored arrows. Arrows with the same color encode resistance to the same heavy metal. (c
to g) Representative S. saprophyticus plasmids that carried a single (c) or multiple (d and f) heavy metal resistance determinants in addition to
determinants that encode resistance to antibiotics and/or biocides (e and g). Colored arrows represent forward and reverse CDS. Cyan arrow, hypothetical
proteins; light red arrows, copper resistance determinants; green arrows, arsenic resistance determinants; light sky-blue arrow, cadmium resistance genes;
orange arrows, mercury resistance genes; black arrow, cobalt, zinc, and cadmium resistance gene; dark gray arrow, other CDS. Gene names in bold form
represent biocides and antibiotics resistance genes.
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compared to those in NCBI database and present in ,10% of the isolates in the col-
lection. Five of these putative plasmids carried only cad-system genes (cadA, cadD,
cadX, and/or cadC), and two carried both ars operon and cad-system genes, while
others carried genes that encoded resistance to macrolides [mph(C), msr(A)], bio-
cides (qacA, qacR), and multiple heavy metals, including copper (copA, csoR, mco), ar-
senic (arsRDABC), cadmium (cad-system), and mercury (merB) (Table 1; Fig. 7f and g).
However, we did not find a direct correlation between the carriage of rep genes or
the putative plasmids identified and the metal resistance genes in our study.
Additionally, we could not ascertain by the methodology used if the plasmids in the
collection analyzed were located in the chromosome or autonomously replicating in
the cytoplasm.

DISCUSSION

S. saprophyticus is a common cause of uncomplicated community-acquired UTIs
worldwide. An association between metal resistance and antimicrobial resistance has
been previously established (1), and metal resistance has been described to be a
means of evading human immune response (12), potentially contributing to pathoge-
nicity. To better evaluate the clinical significance of resistance to metals, we deter-
mined the susceptibility to metals of a diverse collection of S. saprophyticus, compris-
ing isolates from human infection and colonization/contamination and food and
environmental contamination. Moreover, we explored the heavy metal resistome and
identified genes that were never before linked to resistance using a pan-GWAS
approach.

Our study showed that S. saprophyticus was highly resistant to copper and zinc and
carried, in parallel, resistance determinants for these metals. Copper is acknowledged
as a host effector mobilized to urine during UTI to impair bacterial colonization (42,
43). All isolates in this study carried copA and copB that were previously described to
mediate efflux and maintain intracellular concentrations of copper necessary for
growth in staphylococci (28). These same genes in E. coli were additionally described
to be involved in detoxification, colonization, and adhesion of bacteria to the epithelial
cells (18). Zinc, on the other hand, is an essential element that plays an important cata-
lytic and structural role in a number of proteins (44). In humans, in particular, the traf-
ficking of zinc to intracellular locations may enhance the bactericidal capability of mac-
rophages and neutrophils (9, 11, 12). All isolates in this study carried genes (zinT, czrA,
czrB, znuB, znuC, and zur) which are all part of already described zinc extrusion mecha-
nisms in S. aureus (27). The fact that carriage of these copper and zinc detoxification
systems was associated with a high MIC in our study suggests that these systems are
probably responsible for the high resistance of S. saprophyticus to copper and zinc. On
the other hand, they could additionally contribute to mediating resistance to phagocy-
tosis in infection (11, 43). However, the establishment of a definitive link between these
genetic determinants and antibiotic resistance or pathogenicity in S. saprophyticus
requires further genetic studies.

In contrast to copper and zinc, for which all S. saprophyticus isolates had high MICs,
susceptibility to arsenic and cadmium had diverse levels in the population. In particu-
lar, 14% of the isolates in this study showed resistance to arsenic ($1,600mg/liter),
which was correlated with the corresponding carriage of a complete ars operon
(arsRDABC). This system had been described in S. aureus and E. coli, among others, to
mediate resistance to arsenic (8). Like for arsenic, for cadmium, there was a strong
association between resistance present in 20% of the population and the presence of a
specific cad gene system (cadA or cadC and cadD-cadX) that encodes resistance to cad-
mium in S. aureus (27, 45, 46). For these reasons, we proposed that the ECV of
$1,600mg/liter for arsenic and $200mg/liter for cadmium should be considered in S.
saprophyticus. Another phenomenon that we observed was that the accumulation of
previously described arsenic and cadmium resistance genes were associated with a
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steady increase in MIC for these two metals, which could be an alternative strategy to
achieve high-level resistance.

Using pan-GWAS, we additionally identified other putative determinants that
were strongly linked to resistance to arsenic and cadmium. This included a putative
ABC-F family ATP-binding cassette and a gene encoding a two-component mem-
brane permease associated with high-level resistance to arsenic and a multidrug
efflux pump and an ABC transporter linked to high-level resistance to cadmium.
These determinants were previously described to contribute to survival in acidified
environments (34) and stress conditions in other bacterial species (34, 36, 37) and
can also be important for arsenic and cadmium resistance in S. saprophyticus, con-
tributing to its persistence in low-pH environments such as urine. Most of these new
genes were carried together with other known resistance determinants, suggesting
that the accumulation of different resistance mechanisms could probably be respon-
sible for the high-level resistance to these metals (arsenic and cadmium) in this bac-
terium. Indeed, a similar phenomenon has been previously described for high-level
resistance to linezolid in S. epidermidis (47). Further studies on the functional charac-
terization of these candidate protein-coding genes and the hypothetical proteins
identified are required to give insight into their roles in heavy metal resistance in S.
saprophyticus. Surprisingly, for the few cadmium-intermediate-resistant isolates that
do not carry any known resistance genes, no genes were found to be associated
with this phenotype. The phenotypes observed in these isolates could probably be
due to cross-resistance from resistance mechanisms from other heavy metals or
unknown mechanisms yet unexplored.

Resistance to arsenic and cadmium was statistically associated with isolates belong-
ing to clonal lineage G, a lineage previously reported to have originated in food pro-
duction animals (26). Likewise, livestock-associated MRSA (LA-MRSA) isolates belonging
to clonal complex 398 (CC398) have been previously reported to be associated with re-
sistance to cadmium (48). Arsenic and cadmium are ubiquitous in nature, and the con-
tinuous use of these metals in human industrial activities could have contributed to
their abundance (8). This could have been the driving force for the emergence of ar-
senic and cadmium resistance of bacteria in the farm environment (8). In addition, re-
sistance to arsenic and cadmium was additionally strongly linked to isolates from
northern Europe (Denmark). The causal link between arsenic resistance and Denmark
is not easy to explain and could derive from either the high prevalence of lineage G in
this country (26) or selection by exposure to arsenic. Prevalence of lineage G, a lineage
associated with the pig meat processing chain, can be a result of the fact that
Denmark is one of the major producers of pigs and pig meat (49). On the other hand,
studies assessing the concentration of metals in food products showed that contami-
nation of these products (fish, meat, and milk) with arsenic is apparently higher in
Denmark than in other countries such as Portugal (50). Since S. saprophyticus can be a
colonizer or contaminant of these food products (7), resistance to arsenic could have
resulted from prolonged exposition to arsenic and cadmium in these food products.
Nevertheless, we could not establish if there were differences in the use of heavy met-
als between the southern and northern European countries sampled in this study that
could explain these results, as there are scarce reports addressing this.

Interestingly, resistance to arsenic and cadmium was associated with human
infection, an observation that was still maintained when only isolates outside
Portugal (infection and environment) were considered. This finding could be the
consequence of continuous interaction of human microbiota with these heavy met-
als in the environment where they are found as common pollutants (51) or from
their use as topical antiseptics, disinfectants, and preservatives in consumer prod-
ucts (52, 53). On the other hand, the link between arsenic resistance and infection
might derive from previous colonization with S. saprophyticus strains belonging to
lineage G. This lineage was found in this study to be associated with arsenic and
cadmium resistance. Furthermore, lineage G was previously shown to have
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originated in the food production chain and to be transmitted to humans, probably
as a result of poor hygienic procedures during raw meat handling or contact with
the food processing chain setting (26). Since urine is the main route of excretion of
most metals (54–56), resistance of uropathogenic S. saprophyticus to these metals
could also contribute to its survival in the bladder. On the other hand, genetic deter-
minants associated with resistance to these metals can provide a better adaptation
of S. saprophyticus to the acidic environment of the urine as mentioned above, func-
tioning as virulence determinants under these conditions.

Some of the resistance determinants for copper, arsenic, and cadmium were
found in our collection to be part of the core nonmobile genome, and some have
been found in mobile genetic elements like putative plasmids and SCCmec, as previ-
ously described in S. aureus (46, 57). In particular, a high prevalence of putative plas-
mids harboring metal resistance genes was estimated among the S. saprophyticus
collections analyzed, reaching 57% for some plasmids. In some of these putative
plasmids, there was co-occurrence of multiple metal resistance determinants (ars
operon, cad gene system, copA, mco, and merB) in addition to biocides (qacC, qacA)
and antibiotic resistance genes [mph(C), msr(A), and blaZ]. This suggests that these
determinants could probably be transferred between strains or to other related
staphylococcal species, providing resistance not only to multiple heavy metals but
also to biocides and antibiotics in a single genetic event. Indeed, the exposure of
bacteria to heavy metals has been suggested to coselect for antibiotic and biocide
resistance owing to the co-occurrence of their resistance determinants that could be
transported in the same plasmid (10, 13).

In this study, we found high levels of resistance to heavy metals in S. saprophyticus,
identified putative resistance determinants, found geographic and clonal lineage associa-
tions, and established a link between high heavy metal resistance and pathogenicity.

MATERIALS ANDMETHODS
Ethical considerations. The human isolates were recovered as part of the routine clinical diagnostic

testing; ethical approval and informed consent were not required. All data were handled anonymously.
Isolates from slaughterhouse samples were recovered as part of the routine control practices for evalua-
tion of good hygiene practices and programs to ensure meat safety (CE no. 853/2004).

Bacterial collection. A diverse collection of 422 S. saprophyticus isolates recovered from different
sources between 1997 and 2017 in seven countries was assembled. UTI-causing isolates (n=285) were
recovered from Denmark (n= 91), Poland (n= 13), Portugal (n= 128), and Spain (n= 54). Twelve isolates
recovered from human blood in Brazil (n= 2), Bulgaria (n= 3), Denmark (n= 4), Iceland (n= 1), Poland
(n= 1), and Spain (n= 1), as well as one isolate from human nasal swab in Poland, were included in the
collection. Additionally, we included 104 isolates recovered from human hands (n= 32), slaughterhouse
equipment (n= 32), pork meat samples (n= 39), and a live pig (n= 1). We also included 18 isolates recov-
ered from household kitchen equipment (n=13) and staple food products (n= 5). Lastly, two isolates
recovered from small monkeys in Brazil were also included (Table S1 in the supplemental material).

Metal susceptibility testing. MICs to four heavy metals were determined for all isolates using agar
dilution method with Mueller-Hinton agar (58) containing copper (copper sulfate; Merck, Darmstadt,
Germany), zinc (zinc sulfate; Merck, Darmstadt, Germany), arsenic (sodium arsenite; Sigma-Aldrich, St.
Louis, MO), and cadmium (cadmium chloride; Sigma-Aldrich, St. Louis, MO) and at concentrations rang-
ing from 3.12 to 3,200mg/liter (58). Bacteria were grown overnight, and cultures were emulsified in
0.85% NaCl to a turbidity equivalent to a 0.5 McFarland standard suspension, inoculated with 2-ml spots
on the top of the agar plates supplemented with metals, and incubated at 37°C for 24 h. Assays were
carried out in duplicate. The MIC was determined as the lowest concentration of metal that completely
inhibited growth (58).

Determination of ECV. The ECV was defined as the MIC value that separates the isolates into a wild-
type population and those with acquired or unknown resistance mechanisms to the heavy metals, as
previously suggested by EUCAST (59).

Whole-genome sequencing and assembly. Pair-end sequence reads produced on an Illumina
MiSeq with an average coverage of 103x per genome reported in Lawal et al. (26) with the accession
number PRJNA604222 were retrieved from Sequence Read Archive. Low Q score ends (Q score, 20)
were trimmed of the Illumina reads using Trimmomatic v0.36 (60). Reads were assembled using SPAdes
v3.11.1 (61). The quality of the assemblies was evaluated using QUAST v5.1 (62). Contig sizes of less than
200bp were discarded.

Detection of metal resistance genes and putative plasmids. The draft genomes were screened
for known metal resistance determinants using ABRicate v0.5 pipeline (https://github.com/tseemann/
abricate). Genes that were reported to be putatively associated with resistance to metals in staphylo-
cocci were searched for in literature, and respective nucleotide sequences were extracted from NCBI
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to create a custom database that was embedded in ABRicate (Appendix I in the supplemental mate-
rial). Genes with minimum coverage length of $70% and identity of $90% were considered present.
Moreover, to determine whether metal resistance genes were carried within plasmids, genomes were
first screened for genes encoding plasmid replication proteins (rep) using the PlasmidFinder database
(https://cge.cbs.dtu.dk/services/PlasmidFinder/). Furthermore, contigs containing the rep genes were
blasted against the NCBI database and against closed genomes of representative strains that had pre-
viously been sequenced with Nanopore (26) (accession number PRJNA604222). The chromosomes
and plasmids were visualized using Artemis v17.0.1 (40) and DNAPlotter v1 (63).

Phylogenetic construction. Sequence reads were mapped to the S. saprophyticus strain (ATCC
15305) and generated core genome alignment using Snippy v4.3.6 (https://github.com/tseemann/
snippy). Unknown characters from the sequence alignment were removed, and the cleaned alignment
was used as input for the recombination detection pipeline Gubbins v2.3.4 (64) with default parameters
to remove the polymorphic sites. The recombination-free alignment was used to construct a maximum-
likelihood tree using RAxML v8.2.18 (65). The generalized time-reversible nucleotide substitution with
gamma correction for rate heterogeneity was performed with 100 bootstrap replicates random resam-
pling for node support. Phylogenetic tree was visualized using Microreact web tool (66).

Genome annotation and pan-GWAS analysis. To further identify putative genetic determinants
associated with different metal resistance levels (high, medium, and low), we annotated the draft
genomes using the gene function prediction pipeline, Prokka v1.13 (67). Homologues were clustered at
85% amino acid identity to generate the pangenome using Roary (68). We accessed the accessory ge-
nome, which was defined as the pan less the core. To determine genetic determinants for heavy metal
resistance, the three different phenotypes (susceptible, intermediate, and resistant) were used as prede-
fined traits for pan-GWAS using Scoary (69). Only genes with a Bonferroni and best pairwise comparison
P values of ,0.05 and odds ratio (OR) .1, with no duplicated function in the pangenome, were
considered.

Statistical analysis. The mean and standard error values of replicates of each strain were calculated.
The statistical significance was assessed using unpaired Student's t test or chi-square test. Statistical
analyses were performed with GraphPad Prism v6.0 (GraphPad Software, Inc., San Diego, CA).
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