
Staphylococcus saprophyticus is the cause of uncom-
plicated urinary tract infection (UTI) in 10%–20% 

of young women (1). Despite a greater successful 

treatment rate, S. saprophyticus UTI has a higher 
recurrent infection frequency than Escherichia coli 
UTI (2). Rare complications of S. saprophyticus UTI 
include acute pyelonephritis, nephrolithiasis, and 
endocarditis (3).

S. saprophyticus frequently colonizes humans and 
can be found in the gastrointestinal tract, vagina, and 
perineum (4). S. saprophyticus also is part of the gut 
and rectal flora of livestock, including pigs and cattle, 
and a frequent contaminant of meat and fermented 
food products (1). S. saprophyticus also has been re-
covered from polluted aquatic environments (5).

The reservoirs of S. saprophyticus causing UTI in 
humans are believed to be endogenous, but evidence 
is lacking. Moreover, given the frequent bacterial 
contamination of meat through the meat-processing 
chain, meat and food are speculated to be sources of 
human gut colonization and human S. saprophyticus 
infection (6). Some studies have reported high genetic 
diversity among isolates from human infections, food 
products, and other sources (5,7,8). However, previ-
ous studies were performed with a limited number of 
isolates, which prevented the description of the global 
and local molecular epidemiology of S. saprophyticus.

We used phenotypic, genomic, and pangenome-
wide association study (pan-GWAS) approaches to 
characterize S. saprophyticus both globally and locally. 
In addition, we identified adaptive features that drive 
S. saprophyticus evolution, defined the S. saprophyti-
cus population structure, investigated dissemination 
routes, and identified new pathogenicity factors.

Methods

Ethics Considerations
The human isolates used in our study were recovered 
as part of routine clinical diagnostic testing; thus,  
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Staphylococcus saprophyticus is a primary cause of 
community-acquired urinary tract infections (UTIs) in 
young women. S. saprophyticus colonizes humans and 
animals but basic features of its molecular epidemiology 
are undetermined. We conducted a phylogenomic analy-
sis of 321 S. saprophyticus isolates collected from human 
UTIs worldwide during 1997–2017 and 232 isolates from 
human UTIs and the pig-processing chain in a confined 
region during 2016–2017. We found epidemiologic and 
genomic evidence that the meat-production chain is a 
major source of S. saprophyticus causing human UTIs;  
human microbiota is another possible origin. Pathogenic S. 
saprophyticus belonged to 2 lineages with distinctive ge-
neric features that are globally and locally disseminated. 
Pangenome-wide approaches identified a strong associa-
tion between pathogenicity and antimicrobial resistance, 
phages, platelet binding proteins, and an increased re-
combination rate. Our study provides insight into the origin, 
transmission, and population structure of pathogenic S. 
saprophyticus and identifies putative new virulence factors.
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ethics approval and informed consent were not re-
quired. All data were handled anonymously. Sam-
ple collection was in accordance with the European 
Parliament and Council decision for the epidemio-
logic surveillance and control of communicable dis-
ease through the European Antimicrobial Resistance 
Surveillance Network (http://www.ecdc.europa.
eu/en/activities/surveillance/EARS-Net/Pages/
index.aspx). Slaughterhouse samples were part of 
the routine control practices for evaluation of good 
hygiene practices and programs to assure meat safe-
ty (European Parliament and Council regulation no. 
853/2004).

Bacterial Isolates
The global S. saprophyticus collection we used included 
299 isolates from humans collected in 7 countries dur-
ing 1997–2017: 286 from UTIs, 12 from invasive disease, 
and 1 from colonization (Appendix 1 Table 1, https://
wwwnc.cdc.gov/EID/article/27/3/20-0852-App1.
xlsx). We also analyzed the genomes of S. saprophyticus 
for 38 isolates from 5 other countries: 35 isolates from 
human UTIs (8), 2 from human hand swabs (8), an iso-
late from Byzantine Troy (8), and ATCC 15305 (9), a 
previously investigated human UTI-causing isolate. 

The local collection included isolates collected in 
Lisbon, Portugal, during 2016–2017: 128 human UTI 
isolates collected in 3 hospitals and 104 slaughterhouse 
isolates collected from equipment, pork samples, work-
ers’ hands, and a pig’s rectum. In addition, we included 
5 isolates from animals and 12 isolates from food used 
in other studies (8) (Appendix 2, https://wwwnc.cdc.
gov/EID/article/27/3/20-0852-App2.pdf).

Whole-Genome Sequencing and Assembly 

Phylogenetic Analysis
We performed whole-genome sequencing (WGS) 
on MiSeq (Illumina, https://www.illumina.com) 
and MinIon nanopore (Oxford Nanopore, https://
nanoporetech.com) platforms, as described (10) (Ap-
pendix 2). We separately analyzed global popula-
tion and local epidemiology of S. saprophyticus and 
their phylogeny by using single-nucleotide poly-
morphisms (SNPs). We identified SNPs by map-
ping the draft genomes to a reference genome, S. 
saprophyticus ATCC 15305 (GenBank accession no. 
AP008934.1) by using the web-based CSI phylogeny 
version 1.4 (11) with the default parameter, but we 
disabled the minimum distance between SNPs in 
the parameter. We used Gubbins version 2.3.4 (12) 
with default parameters to concatenate SNPs and re-
move recombination regions. We reconstructed the 

phylogenies by using RAxML version 8.2.4 (https://
github.com/stamatak/standard-RAxML) and gen-
eralized time-reversible nucleotide substitution with 
gamma correction model with 100 bootstrap value. 
We visualized the maximum-likelihood trees by us-
ing Interactive Tree of Life (ihttps://itol.embl.de) 
(Figures 1–3; Appendix 2 Figure 3). Recombination 
to mutation (r/m) ratios detected by using Gubbins 
were calculated as the average r/m of isolates in the 
entire collection and separately for each lineage by 
using as reference closed genomes of KS40 for lin-
eage G and KS160 for lineage S, both obtained on the 
MinIon platform (Oxford Nanopore).

Pan-GWAS 
We used Prokka version 1.13 (https://vicbioinformat-
ics.com/software.prokka.shtml) to annotate genomes 
and defined the pangenome by using 85% blastp 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) identity in 
Roary version 3.12 (http://sanger-pathogens.github.
io/Roary). We performed GWAS by using Scoary 
version 1.6.16 (13) to identify genes associated with 
lineages and considered Bonferroni corrected p<0.05 
(odds ratio [OR] >1) statistically significant; we iden-
tified genes associated with epidemiologic groups 
and considered Benjamini Hochberg corrected and 
pairwise comparison p<0.05 statistically significant. 
Sequence data from this study are available in Gen-
Bank (accession no. PRJNA604222).

Resistome and Virulome Analyses
We screened genomes for resistance and virulence 
genes by using ResFinder version 2.3 (http://cge.cbs.
dtu.dk/services/ResFinder), an in-house virulence 
genes database, and the virulence factor database (14), 
integrated into ABRicate version 0.5 (https://github.
com/tseemann/abricate). We considered genes with 
a threshold >90% nucleotide identity and >60% cov-
erage to be present.

Statistical Analyses
We used Prism 6.0 (GraphPad, https://www.graph-
pad.com) to compare the means of 2 groups. We 
used a 2-tailed unpaired Mann-Whitney test or χ2 
test for comparison and considered p<0.05 statisti-
cally significant.

Results

Lineages of S. saprophyticus Causing UTIs 
Among study isolates, we first analyzed the diversity 
of S. saprophyticus causing UTIs by using genomic data 
of 321 human UTI isolates collected from 8 countries 
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on 4 continents during 1997–2017. From the SNPs  
initially detected, 42% arose from recombination 
events in the population, corresponding to a mean ge-
nome-wide r/m of 1.5:1, meaning that high accumu-
lation of SNPs was due to recombination rather than 
mutation in UTI strains. The maximum-likelihood tree 

constructed from the 9,134 SNPs without recombina-
tion defined 2 lineages, which we called G and S (Fig-
ure 1). Most (74%, 236/321) UTI isolates were from lin-
eage G and differed by 0–4,318 SNPs with an average 
nucleotide identity (ANI) of 98.5%–99.999%, whereas 
S isolates (26%, n = 85/321) were slightly less distantly 
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Figure 1. Maximum-likelihood tree of Staphylococcus saprophyticus isolates recovered from human infections and colonization globally, 
1997–2017. The tree was constructed by using 9,134 SNPs without recombination. Among analyzed isolates, 321 were recovered from 
UTIs, 12 from blood, and 4 from colonization. Each node represents a strain; nodes with identical color belong to the same lineage. The 
assembled contigs were mapped to the reference genome S. saprophyticus ATCC 15305 (GenBank accession no. AP008934.1; black 
star). Polymorphic sites resulting from recombination events in the single-nucleotide polymorphism (SNP) alignments were filtered out 
by using Gubbins version 2.3.4 (12). Maximum likelihood tree was reconstructed by using RAxML version 8.2.4 (https://github.com/
stamatak/standard-RAxML). We performed generalized time-reversible nucleotide substitution model with gamma correction with 100 
bootstraps random resampling for support. We visualized the tree by using Interactive Tree of Life (iTOL; https://itol.embl.de). Black 
triangles represent isolates fully sequenced by using the long-read nanopore technologies and used as reference to estimate r/m in 
the respective lineage. Cream color represents clusters G1, G2, G3, G4, and S1, which had dissemination and transmission in same 
country and in different countries. The outer ring represents isolates’ country of origin; blocks with identical color represent isolates from 
the same country. Of note, cluster G4 contains a pair of isolates collected in 2016 that had only 10 SNPs difference; one is a blood 
isolate from Barcelona, Spain (KS266) and the other is a UTI isolate recovered in Lisbon, Portugal (KS135). Scale bar indicates number 
of substitutions per site. UTI, urinary tract infection; r/m, recombination to mutation ratio.
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Figure 2. Phylogenomic analysis and distribution of Staphylococcus saprophyticus isolates collected from human infections and 
a slaughterhouse, Portugal, 2016–2017. A) Maximum-likelihood tree of 232 isolates from human infections or slaughterhouse 
contamination. The tree was constructed by using 14,110 single-nucleotide polymorphisms (SNPs) without recombination. Each node 
represents a strain; nodes with identical color belong to the same lineage. The assembled contigs were mapped to the reference 
genome S. saprophyticus ATCC 15305 (GenBank accession no. AP008934.1; black star). SNPs generated from each genome were 
concatenated to single alignment corresponding to position of the reference genome. Polymorphic sites resulting from recombination 
events in the SNP alignments were filtered out by using out by using Gubbins version 2.3.4 (12). Tree was reconstructed by using 
RAxML version 8.2.4 (https://github.com/stamatak/standard-RAxML). The generalized time-reversible nucleotide substitution model with 
gamma correction was performed with 100 bootstrap random re-samplings for support. The tree was visualized by using Interactive Tree 
of Life (iTOL; https://itol.embl.de). The clusters highlighted in cream represent admixture of isolates recovered from different sources that 
are closely related by SNPs in clusters G5–G11 and S2–S4. The inner ring (ring 1) represents genetic relatedness of isolates recovered 
from different sites inside the slaughterhouses and those recovered from infection in the community. The center ring (ring 2) identifies 
the isolates recovered from different hospitals. The outer rings (rings 3–8) represent the distribution of 6 genes that convey antimicrobial 
resistance. Scale bar indicates nucleotide substitutions per site. B) Source-based distribution of S. saprophyticus isolates in the lineage 
G and lineage S. Lineage G consisted isolates from infections, colonization, and contamination. Almost all (97%) isolates in lineage S 
are from human colonization and infection.
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related, differing by 0–3,540 SNPs with an ANI of 
99.3%–99.991% (Appendix 2 Figure 1).

S. saprophyticus lineages we identified among 
UTI isolates worldwide had distinctive features in-
dicative of 2 evolutionary histories. Although strains 
of both lineages had similar genome size as deter-
mined by their closed genomes (lineage G was 2.5 
Mb and S 2.6 Mb), isolates from lineage S (n = 6) 
grew significantly faster in tryptic soy broth incu-
bated at 37°C (μaverage = 0.34 h–1) than G strains (n = 
8) (μaverage = 0.22 h–1; p = 0.0007) (Figure 4; Appendix 
2). Moreover, we separately analyzed r/m of both 
lineages by using the respective closed genome of 
strains from each lineage as a reference and found 

that the mean estimated r/m was 9 times higher in 
S isolates (r/m = 4.4:1) than G isolates (r/m = 0.5:1). 
We did not detect a temporal signal when perform-
ing regression analysis (r) of tip-to-root distance 
versus isolation date, either in the entire collec-
tion (r  =  −0.2423) or for separate lineages (for G, 
r = −0.1314; for S, r = 0.1889) (Appendix). Hence, we 
could not determine when the 2 lineages diverged. 
The lack of temporal signal probably results from 
the limited number of isolates in each time point.

To further compare the 2 lineages, we construct-
ed the pangenome of the 338 human S. saprophyticus 
genomes and identified 10,222 genes with 85% blastp 
clustering by using Roary. Among these, 8,351 genes, 
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Figure 3. Maximum-likelihood tree depicting the genetic relatedness of Staphylococcus saprophyticus isolates belonging to clonal 
lineage G recovered from human infections or slaughterhouse contamination, Portugal, 2016–2017. Each node represents a strain. 
The tree was visualized by using Interactive Tree of Life (iTOL; https://itol.embl.de). Clusters highlighted in cream in the innermost ring 
represent admixture of isolates in clusters G5–G11, which were recovered from different sources and are closely related by single-
nucleotide polymorphism. Ring 1 represents genetic relatedness of isolates recovered from different sites in the slaughterhouses and 
those recovered from infection in the community. Ring 2 depicts the isolates recovered from different hospitals. Scale bar indicates 
nucleotide substitutions per site. 
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present in <99% of the genomes, constituted the ac-
cessory genome. A gene accumulation plot of all the 
genes against the genomes sequenced showed that 
S. saprophyticus has an open pangenome (Appendix 
2 Figure 2, panels A, B). The pan-GWAS analysis of 
the accessory genome indicated that G and S isolates 
have different genomic content (Bonferroni p<0.05, 
OR >1). A total of 128 genes were specific/enriched 
in the G lineage, including those encoding a type I 

restriction subunit (group_383), a defense mechanism 
against genetic transfer (15); metabolism of melibiose 
(ebgA, melB) (16) and inositol (iolE) (17), compounds 
that are excreted in urine; toxin–antitoxin systems 
(group_4685, group_5665), involved in stress response 
(18); and antimicrobial resistance (qacA) (19) (Table 1; 
Figure 5, panel A; Appendix 2 Table 1).

For S lineage, 237 genes were specific/en-
riched, some of which are involved in metabolism 
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Figure 4. Growth rate of Staphylococcus saprophyticus clonal lineages in tryptic soy broth (TSB) and in different concentrations 
of female sex hormones. All assays were performed in triplicate and each experiment was repeated 3 times. A) Growth rate of S. 
saprophyticus strains in different concentrations of progesterone. First panel represents growth rate in TSB at 37°C; isolates belonging 
to lineage S grew significantly faster (p = 0.0007) than isolates in lineage G in TSB without hormones. However, no statistically 
significant difference in the growth rate of either lineage was noted in physiologic (2.0–200 ng/mL) and higher concentrations of 
progesterone. B) Growth rate of S. saprophyticus strains in TSB (first panel) and different concentrations of estradiol. Lineage S isolates 
grew faster in physiologic concentrations (350 pg/mL–350 ng/mL) and higher of estradiol, suggesting that this lineage is better adapted 
to the hormone-rich environment of the urine and the vagina than lineage G. Error bars indicate 95% CIs; horizontal lines indicate 
medians. C) Growth rate mean values of S. saprophyticus strains in progesterone and estradiol. 
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of ascorbate (ulaA) and thiamine (tenI) (20); induc-
tion of phosphate starvation (psiE), which was 
previously linked to switch on virulence in other 
uropathogens (21); platelet binding (splE, sdrE) as-
sociated with virulence (22); steroid metabolism 
(group_7190); and resistance to trimethoprim (dfrG) 
and biocides (qacC) (Table 2; Figure 5, panel A; Ap-
pendix 2 Table 1). Additional genes associated with 
S lineage that could explain its increased growth 
rate include those linked to lactose and cellobiose 
metabolism (group_5572 gene) (23) and cell wall 
hydrolysis (lytN) (24), whereas the prevalence of 
transposases (group_3547 and group_1828) (25) and 
phage genes (recT and yueB) (27) could justify its 
increased recombination rate.

Local and Global Spread of S. saprophyticus  
Clones Causing UTIs 
We observed no time-based clustering of S. saprophyti-
cus UTI isolates in the phylogeny, but we noted some 
geographic clustering. In particular, 89% (n = 78) of 
S isolates were found in Portugal and Spain (Figure 
1). In addition, we identified clusters containing iso-
lates from a single country. For instance, cluster G3 
(1–8 SNPs) contained only isolates from Portugal and 
cluster G1 (0–63 SNPs) only isolates from Denmark 
(Figure 1).

We noted a high degree of isolate admixture 
in the maximum-likelihood tree of our global col-
lection, suggesting that S. saprophyticus isolates of 
both lineages are disseminated geographically. G 
strains were distributed most widely, in 11 coun-
tries on 4 continents, whereas we found S isolates 
in only 6 countries. Despite the genetic diversity 
described, we still found isolates from different 
countries that differed by only a few SNPs. One 
pair in cluster G4 that had only 10 SNPs difference 

was a blood isolate from Barcelona, Spain (KS266), 
and a UTI isolate from Lisbon (KS135), collected in 
2016 (Figure 1).

Although a relatedness cutoff is not defined yet 
for S. saprophyticus, the low number of SNPs observed 
between strains from the same and different coun-
tries is below the relatedness cutoff of 10–40 SNPs for 
most bacterial species (28). The apparent relatedness 
we noted implies that UTI isolates from different pa-
tients in the same country and in different countries 
are highly related and could belong to a cross-border 
chain of transmission. This finding challenges the 
assumption that S. saprophyticus causing UTIs were 
mainly endogenous (29).

Genetic Relatedness of S. saprophyticus from  
Slaughterhouses and UTIs 
Pork is the most frequently consumed red meat in Eu-
rope (30) and is often contaminated with S. saprophyti-
cus (1). We found that 35% of slaughterhouse samples 
(from meat, equipment, workers’ hands, and a live 
pig) were contaminated with S. saprophyticus. 

To understand whether S. saprophyticus causing 
UTIs could be related to S. saprophyticus in pork, we 
compared 104 isolates collected from a slaughter-
house against 128 isolates collected from human UTIs 
in Lisbon during 2016–2017. Among the 104 isolates 
from the slaughterhouse, 39 (37.5%) were collected 
from meat, 32 (30.8%) from equipment, 32 (30.8%) 
from workers’ hands, and 1 (≈ 1%) from a live pig. 
SNP-based phylogenetic analysis with a tree-rooted 
at the midpoint showed that most (91%; 95/104) 
slaughterhouse isolates belonged to lineage G (Figure 
2, panels A, B) and that a strain from slaughterhouse 
equipment was at the base of this lineage (bootstrap 
100). In addition, the phylogenetic reconstruction 
including isolates from this study and other isolates 
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Table 1. List of genes exclusively associated with lineage G Staphylococcus saprophyticus strains in study of foodborne origin and 
local and global spread of S. saprophyticus causing human urinary tract infections* 
Genes Gene predicted function Biologic function group Frequency, % Reference no. 
group_383 Type I site-specific deoxyribonuclease 

restriction subunit 
Endonuclease 96 (15) 

icaR Ica operon HTH-type negative transcription 
regulator 

Transcription 95 NA 

licT Transcription antiterminator LicT Transcription 80 NA 
iolE Inosose dehydratase Inositol metabolism 86 (17) 
group_4976 Phage infection protein Phage-related protein 46 NA 
group_869 Bacteriophage integrase Phage-related protein 42 NA 
tnpC_1 Transposase for transposon Tn554 Mobile genetic element 17 NA 
group_744 Putative glucarate transporter Transporter 29 NA 
group_4685 Addiction module toxin Txe/YoeB family 

protein 
Stress response (Type II  
toxin–antitoxin system) 

20 (18) 

group_5665 Addiction module antitoxin Axe family protein Stress response (Type II  
toxin–antitoxin system) 

19 (18) 

yhjQ Putative cysteine-rich protein YhjQ Putative function 17 NA 
*List of genes also include 53 hypothetical proteins. Bonferroni adjusted p<0.032. NA, not applicable. 
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from production and companion animals (including 
2 pigs, 2 bovine, and 1 canine) and food (8) showed 
that most (3/5) animal isolates clustered together at a 
basal clade of lineage G (bootstrap 100) (Appendix 2 
Figure 2). Some clusters in the phylogenetic tree (e.g., 
G9) had slaughterhouse isolates at the base and UTI 
isolates at the tip. However, we also observed the op-
posite (e.g., G11), tree clusters with slaughterhouse 
isolates at the tip and UTI isolates at the base (Figure 
2, panel A).Moreover, 41% of G strains included the 
antimicrobial resistance gene tetK (p<0.0001) (Figure 
2, panel A), which is associated with resistance to tet-
racycline, an antimicrobial drug extensively used in 
animal production (31).

Phylogenetic reconstruction of all isolates from 
Lisbon based on SNPs provided additional examples 

of admixture of isolates recovered from different sam-
pling sites in the slaughterhouse and from the slaugh-
terhouse and humans. Isolates from meat were fre-
quently intermixed with isolates from equipment and 
colonized workers as observed in  cluster G6 wherein 
strains differed by only 1–65 SNPs (Figure 2, panel A; 
Figure 3). Likewise, cluster G9 included isolates from 
the slaughterhouse that were intermixed with human 
UTI isolates. Isolates collected from slaughterhouse 
equipment differed by only 19 SNPs from human 
UTI isolates. Likewise, human UTI isolates differed 
from meat isolates by 25 SNPs and from isolates of 
colonized workers by 26 SNPs. In addition, slaugh-
terhouse and human UTI isolates had the same an-
timicrobial resistance profile, exhibiting resistance to 
fosfomycin, fusidic acid, and tetracycline (Appendix 
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Figure 5. Genetic determinants 
that contribute to the distinction 
of clonal lineages and lifestyle of 
Staphylococcus saprophyticus. 
The graph displays determinants 
that contribute (A) and mediate (B) 
adaptation of S. saprophyticus to 
either infection or contamination. 
We used the genome-wide 
association study (GWAS) method 
to identify genetic factors by 
using 2 association comparisons: 
lineage G versus lineage S and 
human infection versus surface 
contamination. We used the 
pairwise comparison and included 
a core-SNP phylogenetic tree 
without recombination to remove 
the lineage effect in the analysis. 
Hits with Benjamini Hochberg 
corrected p<0.05 and odds ratio 
>1 were considered statistically 
significant. We grouped the 
identified genes into biologic 
functions based on gene annotation 
predicted by Prokka (https://
vicbioinformatics.com/software.
prokka.shtml). Some genetic 
factors that were associated with 
infections and contamination also 
were associated with the lineages 
despite subjecting the GWAS to 
lineage correction. 
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1 Table 1). We could not ascertain any epidemiologic 
link between the workers in the slaughterhouse and 
UTI patients, due to data protection limitations, but 
contact with meat production previously has been 
identified as a risk factor for UTI (6).

The only live-pig isolate was intermixed in cluster 
G8 with isolates from meat, slaughterhouse workers, 
and UTI patients (Figure 3), having 307–658 SNPs dif-
ference. The admixture of strains in the tree suggests 
the existence of frequent cross-transmission within 
the slaughterhouse and between the slaughterhouse 
and humans.

Insufficient disinfection procedures probably 
contributed to the high transmission rate of S. sapro-
phyticus within the slaughterhouse, as demonstrated 
by the highly related strains (<11 SNPs) on dirty and 
clean equipment surfaces and similar strains (<16 
SNPs) isolated 12 months apart. Carriage of the anti-
microbial resistance gene, qacA, by all G strains could 
justify the observed unsuccessful cleaning procedures 
(Figure 2, panel A).

The accumulation of substitutions and genetic dis-
tance evidenced by the phylogenetic analysis suggest 
that isolates from slaughterhouses and food probably 
are the primary sources of S. saprophyticus G strains 
(Figure 3). Transmission probably occurs more fre-
quently from the slaughterhouse and food to humans; 
however, we cannot ascertain directionality due to the 
lack of temporal signal.

Evidence Supporting the Human Origin of Lineage S
In contrast to isolates belonging to lineage G, which were 
mostly from UTIs and the slaughterhouse, S isolates 

were almost exclusively of human origin (97%; n = 
66/68), either from UTIs (n = 59) or human colonization 
(n = 7) (Figure 2, panels A, B). When we reconstructed 
the phylogeny of all isolates in this and other studies (8) 
(Appendix 2 Figure 3), a human isolate was at the base 
of the S lineage. The only 2 S isolates seen in animals 
were from nonhuman primates. Furthermore, a resis-
tance determinant for trimethoprim (dfrG), which rou-
tinely is used to treat human UTIs, was associated with 
this lineage (18%; p<0.05) (Figure 2, panel A; Table 2).

To determine whether S isolates could have origi-
nated in humans, we grew isolates from both lineages 
in the absence and presence of human physiologic 
concentrations (15–350 pg/mL) of estradiol (32), a 
female hormone commonly found in urine and the 
vagina, and in different pH values mimicking the 
stomach (pH 2.5), vagina (pH <4.5) (33), skin (pH 
5.5), and urine (pH 4.5–8.0) (34). The growth rate of 
S isolates did not change significantly at the highest 
physiologic concentration of estradiol specific to hu-
mans (0.34 h–1 vs. 0.33 h–1), but the growth rate for G 
strains decreased by 59% at this concentration (0.22 
h–1 vs. 0.13 h–1; p = 0.0007) (Figure 4, panels A–C; Ap-
pendix 2). All isolates grew at all pH levels assayed, 
except for pH 2.5. At pH 4.5 and 5.5, isolates of both 
lineages had similar growth rates, but S isolates had a 
higher growth rate than G isolates at pH 8, although 
this difference was not statistically significant (p = 
0.133). These results suggest that lineage S isolates 
are more adapted than lineage G strains to high estra-
diol concentrations found in women, but not found 
in other female animal hosts, such as pigs, bovine, or 
canines (35). GWAS also identified a gene involved in 
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Table 2. List of lineage S genes exclusively associated with Staphylococcus saprophyticus strains in study of foodborne origin and 
local and global spread of S. saprophyticus causing human urinary tract infections* 
Genes Gene predicted function Biologic function group Frequency, % Reference no. 
group_5572 Phosphotransferase system, lactose/ 

cellobiose-specific IIB subunit 
Sugar metabolism 

 
99 (23) 

ulaA PTS system ascorbate-specific IIC component Sugar metabolism 99 (20) 
group_5955 Sugar phosphate isomerase/epimerase Sugar metabolism 26 (23) 
lytN C51 family D-Ala-D-Gly carboxypeptidase Cell wall hydrolase 85 (24) 
psiE Protein PsiE Phosphate starvation 22 (21) 
group_1438 Arsenite methyltransferase Arsenite resistance 25 NA 
dfrG Trimethoprim-resistance dihydrofolate reductase Antimicrobial resistance 18 NA 
group_7190 3-β hydroxysteroid dehydrogenase/isomerase Steroid metabolism 17 (26) 
group_273 Recombinase/resolvase Mobile genetic element 69 (25) 
group_2198 Putative ATPase/transposase Mobile genetic element 26 (25) 
group_275 Recombinase/resolvase Mobile genetic element 21 (25) 
group_355 Transposase for IS431mec Mobile genetic element 17 (25) 
group_7470 Putative replication-associated protein Mobile genetic element 10 NA 
group_3363 putative DoxX family membrane protein Putative functions 85 NA 
mviM NADH-dependent dehydrogenase Putative functions 26 NA 
nmrA Putative nmrA negative transcriptional  

regulator family protein 
Transcription 17 NA 

group_7195 Amidohydrolase Hydrolase 17 NA 
group_6430 Putative restriction enzyme Restriction enzyme 17 NA 
*List of genes also include 84 hypothetical proteins. Bonferroni p<0.031. NA, not applicable. 
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steroid metabolism, 3-β hydroxysteroid dehydroge-
nase (HSD), associated with lineage S (Table 2; Figure 
5, panels A, B). Steroids such as estradiol are primary 
signaling molecules for host–microbe interactions 
(26) and involved in the interconversion of active 
and inactive steroid hormones (26). Presence of HSD 
could be an adaptive evolution to colonization of 
the bladder, a hormone-rich environment. Evidence 
supports a human (primate) origin for lineage S, but 
studies sampling a wider range of ecologic sites and 
geographic regions are needed.

UTIs and S. saprophyticus Dissemination  
among Humans in the Community
To explore dissemination of S. saprophyticus causing 
UTIs in the community through human-to-human 
contact, we analyzed genomic data of the 128 UTI 
isolates from outpatients of 3 hospitals in the Lis-
bon area. Transmission of S. saprophyticus from lin-
eage G and S between persons in the community was  
apparent, as demonstrated by the high relatedness 
of strains from UTI patients at different hospitals. 
In the G cluster, G10 isolates had 9–24 SNPs differ-
ence, and in the S cluster, S2, differed by 6–64 SNPs 
(Figure 2, panel A). However, due to data protection  

regulations, we could not ascertain whether the pa-
tients were epidemiologically linked. Results suggest 
that patients might have acquired these strains from 
the same reservoir or that direct and indirect cross-
transmission could have occurred in the community.

Disease Signatures among S. saprophyticus Populations
Several virulence factors, including urease, have 
been described in S. saprophyticus (36), but the basis 
of pathogenicity in this species is mainly unknown. 
We used a pan-GWAS approach to compare the ge-
netic content of 128 isolates from human infections 
to 104 isolates recovered from a slaughterhouse, all 
collected in Lisbon during 2016–2017. We identi-
fied 6 genes that appear to be associated with an in-
creased pathogenic potential in S. saprophyticus (Fig-
ure 5, panel A; Appendix 2 Tables 2–5). These genes 
included those encoding an SplE-like protein and a 
gene cluster encoding a complete accessory secre-
tory system associated with a serine-rich adhesion, 
similar to SraP. Previous studies have described 
highly homologous secretory system (>97% nucleo-
tide identity) associated to serine-rich proteins that 
bind platelets, including SraP in S. aureus (37) and 
UafB in S. saprophyticus (38).
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Figure 6. A proposed model for the dissemination and transmission of Staphylococcus saprophyticus in the community. The arrows 
represent the dissemination and transmission of S. saprophyticus isolates that belonged to lineage G (green) and lineage S (yellow). 
Lineage G S. saprophyticus strains are of animal origin and enter the slaughterhouse through production animals, such as pigs, persist 
on the equipment, and contaminate the meat in processing chain. Lineage G strains could enter the community through contaminated 
meat and workers colonized in the slaughterhouse. Lineage S strains most likely are of humans and primate origin and probably are 
disseminated by person-to-person contact within the community.
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We also found other genes associated with infec-
tion that encoded phage proteins. An analysis on 128 
UTI isolates using PHASTER (39) identified 5 phages 
in 48 (38%) strains. The phages were 38–125 Kb and 
had <50% identity with any known phage. The ge-
nomic vicinity of the identified phages varied in the 
chromosome, suggesting that lysogenic conversion 
was not the mechanism involved in pathogenicity 
of these strains; instead, hypothetical phage genes 
could be crucial for pathogenicity. In addition, genes 
encoding resistance to the antimicrobial drugs trim-
ethoprim (dfrG), lincosamide (lnuA), streptogramin B 
(erm44v), or to macrolides (mphC-msrA) also were as-
sociated with strains from human infections (Figure 
2; Figure 5, panel B; Appendix 2 Tables 2–5).

Another factor highly associated with human in-
fections was the occurrence of recombination, which 
was 6 times higher in isolates from UTIs (r/m 1.7:1) 
than from isolates associated with colonization or 
contamination (r/m 0.3:1). This finding suggests re-
combination might be a strategy of S. saprophyticus 
to evade the host immune system, as described else-
where (40).

Discussion
We identified 2 S. saprophyticus lineages, G and S, 
associated with human UTIs that appeared to have 
different evolutionary histories. Our data support a 
foodborne origin for lineage G and its transmission 
through food products to humans. We also found evi-
dence of a human origin for lineage S and additional 
proof for the occurrence of direct or indirect human-
to-human dissemination in the community, which 
could explain not only the local dissemination of both 
lineages but also the wide geographic dissemination, 
as described for S. aureus (41) and E. coli (42).

Our conclusions were limited by the characteris-
tics of the sample collection analyzed. In particular, 
the lack of temporal signal did not enable inference 
of the direction of transmission between the sampling 
sites. We could establish obvious genomic relatedness 
between the meat production chain and human UTIs 
and UTIs from different persons in the community. 
However, lack of samples from other animal hosts, 
environments, or different ecologic niches in humans, 
did not enable us to establish pig meat and humans as 
the unique sources of the 2 lineages nor identify the 
preferred ecologic niche of S. saprophyticus in humans.

Our observed S. saprophyticus colonization rate 
among pigs was extremely low (1%) compared with 
previous studies (43), which could be explained by 
possible cross-inhibitory bacterial interactions (44); 
however, contamination within the slaughterhouse 

environment sometimes reached 35%. Amplification 
of S. saprophyticus in the slaughterhouse environment 
was probably potentiated by resistance to biocides. 
We found that slaughterhouse workers’ washed 
hands were colonized with strains that were highly 
related to slaughterhouse environmental isolates and 
to strains causing UTIs, suggesting exposure of work-
ers to the slaughterhouse environment as a risk factor 
for human colonization (Figure 6).

The transmission chain of S lineage isolates ap-
pears to be different and to have no link to meat 
production. S lineage UTIs might originate from hu-
man gut or vaginal colonization; both have been re-
ported as possible human niches (2,4). Evidence for 
the human origin of S lineage included the almost 
exclusive (97%) identification in humans, where S 
lineage was better adapted to the physiologic high 
concentration of human female sex hormones; grew 
at vagina, skin, and urine pH values; and harbored 
2 serine-proteases that presumably can bind to hu-
man platelets, as described for SraP (37). The distinct 
genetic content and phenotypic features of lineages 
G and S further reflected the diverse selective pres-
sures of the human and animal, slaughterhouse, and 
food environments and suggest different evolution-
ary strategies toward pathogenicity. In particular, 
we found that tetracycline and antimicrobial resis-
tance genes associated with colonization-contam-
ination also were associated with isolates of the G 
lineage. Furthermore, genes encoding sugar metabo-
lism, serine proteases, and a trimethoprim resistance 
associated with infection were also associated with 
isolates of the S lineage, implying distinctive special-
ization of the 2 lineages.

Our results also indicate a key role of setting-
associated antimicrobial drug usage, especially 
for trimethoprim, macrolides, and tetracycline, in 
resistance development and pathogenicity. Subin-
hibitory concentrations of these drugs have been 
shown to promote virulence in bacteria through 
the induction of biofilm production (45), quorum-
sensing (45), or phages (46) and might also increase 
S. saprophyticus pathogenicity.

We found a high r/m rate in isolates of the S lin-
eage and in strains from UTIs, comparable to natu-
rally transformable bacterial species like Klebsiella 
pneumoniae and Streptococcus pyogenes (47). A similar 
phenomenon was observed for S. epidermidis (48); vari-
ation in cell surface proteins was shown to contribute 
to evasion of human immunity (48), and a similar strat-
egy might be advantageous for S. saprophyticus in in-
fection. The recombination might have resulted from 
defects in repair of double stranded DNA breaks from  
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oxidative stress induced by leukocytes during in-
fection, as previously described (48). However, the 
mechanism linking infection and recombination in S. 
saprophyticus remains elusive.

Last, we identified factors associated with infec-
tion that could represent new S. saprophyticus viru-
lence factors, including 2 serine-proteases, sraP-like 
and splE-like, and phages SraP and SplE, which pre-
viously were connected to pathogenicity in S. aureus 
(22,37). In addition, phages have been described 
to transport pathogenicity islands in staphylococci 
(49). Our study constitutes a deep-structured analy-
sis of S. saprophyticus population structure and ge-
nomic epidemiology, providing groundwork for 
future studies on the pathogenicity and population 
genetics of this bacterium.
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Appendix 2 

Supplementary Methods 

Bacterial Isolates  

In addition to the global and local Staphylococcus saprophyticus collections stated in the 

manuscript, we included S. saprophyticus isolates from food production animals (1  pig and 3 

bovine), 1 companion canine, 12 food isolates, and 1 isolate recovered from a river, which was 

described in previous studies (1). We also included 18 S. saprophyticus isolates recovered from 

food products and 2 isolates from nonhuman primates from our collection. These isolates, 

together with the global and local collection (n = 480) was analyzed to infer the origin of the S. 

saprophyticus lineages. 

Isolation and Species Identification of Slaughterhouse Isolates  

We enriched samples in peptone water and grew isolates on CHROMagar Staph aureus 

(CHROMagar Microbiology, https://www.chromagar.com) supplemented with 10% NaCl and 4 

µg/mL novobiocin. We extracted genomic DNA by using methods previously described (2). We 

performed species identification by amplifying and sequencing the tuf gene (3). 

Growth Rate in Different pH and Hormones  

For representative isolates from the collection, we performed growth curves at different 

concentrations of female sex hormones, including progesterone at 20 ng/mL, 20 µg/mL, and 20 

mg/mL, and estradiol at 350 pg/mL, 350 ng/mL, and 350 µg/mL; and at pH levels of 2.5, 4.5, 

5.5, and 8.0. We performed growth assays by using an Infinite 200 PRO series microtiter reader 

(Tecan Group Ltd, https://www.tecan.com) in 96-well microtiter plates. For each strain, 

overnight culture was inoculated onto 5 mL Bacto tryptic soy broth (TSB; Becton Dickinson, 

https://doi.org/10.3201/eid2703.200852
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https://www.bd.com). The OD600nm of the liquid culture was adjusted to an initial OD of 0.5 

MacFarland with buffers for specific pHs and TSB containing varying concentrations of 

hormones and grown with aeration (180 rpm) at 37°C for 18 h. Assays were performed in 

triplicate and each experiment was repeated 3 times. 

Estimation of Evolutionary Rates  

To estimate the evolutionary rates in S. saprophyticus population, as a first approach, we 

explored the degree and pattern of temporal signal and determined whether sufficient temporal 

signals were available in the S. saprophyticus phylogeny. We performed a regression of the 

divergence of each tip from the root against the date of sampling, a root-to-tip plot, of the global 

collection and separately for the lineages using TempEst v1.5.3 (4). We used the phylogenetic 

tree without recombination and the date of isolation of the isolates as inputs. 

Average Nucleotide Identity Analysis 

 We calculated average nucleotide identity (ANI) for representative strains of S. 

saprophyticus 40 G lineages and 20 S lineages by using a standalone Python program, pyani 

version 0.2.9 (https://github.com/widdowquinn/pyani) and the ANIb option, which compares 

genomes using BLAST program (https://blast.ncbi.nlm.nih.gov). The closed genome of KS40 

was used as a reference for lineage G and closed genome of KS160 was used for lineage S. 

Intrasample Diversity  

We assessed the genetic diversity between isolates recovered from the same sample in the 

meat processing chain. We determined whether intrasample diversity existed by comparing the 

SNP differences between these isolates. 

Data Availability  

All raw sequence data are available in the SRA (https://www.ncbi.nlm.nih.gov/sra) under 

the study accession no. PRJNA604222. We also provide individual accession numbers for raw 

sequence data (Appendix 1 Table 1) and the SNP matrices and list of genes in the pangenomes 

(Appendix 1 Tables 2–6). 
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Results 

Pangenome Analysis of S. saprophyticus Revealed an Open Pangenome 

We annotated the 338 S. saprophyticus genomes by using Prokka (5) and constructed the 

pangenome by using Roary (6) with 85% blastp identity. A total of 10,222 genes were found, 

48% (n = 4,925) of which were genes with unknown functions. The genes constituting the core 

of all isolates consisted of 1,871 genes. Also, we noted 118 soft core genes in 95%–99% of the 

isolates, 856 shell genes in 15%–94%, and we found 7,307 genes that constituted cloud genes in 

<15% of S. saprophyticus population. On average, 75% of S. saprophyticus genome is 

constituted by core genes and 25% of accessory genes. The plot of the total number of genes 

against the number of genomes indicate an open pangenome in which each genome sequence 

added several new genes. This finding implies that newly sequenced genomes will identify new 

genes and the pangenome size of this species will continue to increase (Appendix 2 Figure 2). 

GWAS Revealed Genetic Factors Associated with S. saprophyticus Isolates from Different Genetic 
Lineages and Clinical Origins 

We explored the pangenome gene presence to understand the difference in the genetic 

content of isolates from each of the genetic lineages defined by core SNPs. We used Scoary 

pipeline (7) and Bonferroni p<0.05 to identify genes that were exclusive or enriched in the S. 

saprophyticus genetic lineages. We categorized the hits into biologic function groups based on 

the annotations predicted by Prokka. For genes associated with different clinical origins 

(infection and colonization/contamination), we used Benjamini Hochberg and pairwise p<0.05 

(Appendix 2 Tables 1–5). 
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Appendix 2 Table 1. List of differentially enriched genes in Staphylococcus saprophyticus lineages in a study of isolates from 
human urinary tract infections and meat processing plants* 
Gene Gene predicted function Biologic function group Lineage G, % Lineage S, % Reference no. 
melB Melibiose carrier protein Sugar transport and 

metabolism 
98 26 (8) 

ebgA Evolved β-galactosidase subunit α Sugar transport and 
metabolism 

98 26 (8) 

csxA Exo-β-D-glucosaminidase Sugar transport and 
metabolism 

62 1 (8) 

arsA Arsenical pump-driving ATPase Metal resistance 28 2 NA 
arsD Arsenical resistance operon transacting 

repressor ArsD 
Metal resistance 28 2 NA 

tenI Thiazole tautomerase Thiamine biosynthesis 22 100 (9) 
splE S1B family serine protease SplE Virulence 15 100 (10) 
sdrE Serine-rich repeat-containing protein Virulence 35 74 (10) 
mhpC Arylesterase Hydrolase 26 60 NA 
group_1205 Transcriptional regulator Transcriptional regulator 81 1 NA 
group_4356 Rho termination factor domain-

containing protein 
Transcriptional regulator 4 59 NA 

qacA Antiseptic resistance protein Biocide resistance 100 5 NA 
qacC Quaternary ammonium compound-

resistance protein QacC 
Biocide resistance 35 87 NA 

group_2160 Chaperone ATPase Putative functions 16 84 NA 
group_330 Spore coat protein Putative functions 12 46 NA 
bin3_2 Recombinase/resolvase Mobile genetic element 32 3 NA 
group_4660 Putative replication-associated protein Mobile genetic element 28 1 NA 
group_2182 Putative replication-associated protein Mobile genetic element 54 97 NA 
group_3547 IS1181 transposase Mobile genetic element 45 78 (11) 
group_1828 Transposase-associated ATP/GTP 

binding protein 
Mobile genetic element 15 59 (11) 

group_1679 Transposase for transposon Tn552 Mobile genetic element 2 25 (11) 
group_278 Recombinase/resolvase Mobile genetic element 1 20 (11) 
yueB Phage infection protein Phage-related protein 38 85 (12) 
recT Putative phage-related DNA 

recombination protein 
Phage-related protein 15 59 (12) 

group_2472 Phage N-acetlyglucosaminidase Phage-related protein 15 59 (12) 
group_2102 Phage protein Phage-related protein 15 59 NA 
group_2856 Phage protein Phage-related protein 15 59 NA 
group_2857 Phage protein Phage-related protein 15 59 NA 
group_3414 Phage protein Phage-related protein 15 59 NA 
group_1521 Phage tape measure protein Phage-related protein 15 59 NA 
group_2854 Putative phage DNA-packaging protein Phage-related protein 15 59 NA 
group_2855 Putative phage head-tail adaptor Phage-related protein 15 59 NA 
group_4784 Putative phage minor structural protein Phage-related protein 15 59 NA 
group_1829 PVL phage protein Phage-related protein 15 59 NA 
group_2103 Phage N-acetlyglucosaminidase Phage-related protein 15 57 NA 
group_2858 Phage tail protein Phage-related protein 15 56 NA 
group_1640 Phage portal protein, SPP1 family Phage-related protein 15 56 NA 
group_3412 Phage terminase, large subunit Phage-related protein 15 56 NA 
group_2860 Phage protein Phage-related protein 14 56 NA 
group_4359 Holin protein Phage-related protein 14 56 NA 
group_3894 Phage minor structural protein GP20 Phage-related protein 14 47 NA 
group_3895 Phage minor head protein Phage-related protein 13 47 NA 
group_4788 Phage transcriptional regulator Phage-related protein 7 46 NA 
group_3800 Bacteriophage transcriptional regulator Phage-related protein 5 24 NA 
group_4678 Bacteriophage integrase Phage-related protein 5 24 NA 
group_6539 Bacteriophage terminase small subunit Phage-related protein 2 43 NA 
*Bonferroni p<0.00002.  Genes encoding hypothetical proteins enriched in lineage G = 55; genes encoding hypothetical proteins enriched in lineage 
S = 9. NA, not applicable. 
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Appendix 2 Table 2. List of genes that were exclusively associated with Staphylococcus saprophyticus isolates recovered from 
urinary tract infections* 
Gene Gene predicted function Biologic function group % Infection Reference no. 
group_1652 Putative DNA primase-phage 

associated 
Phage-related protein 15 NA 

group_2800 Putative phage leukocidin protein Phage-related protein 8 NA 
group_4438 Phage minor structural GP20 Phage-related protein 8 NA 
group_1406 Hypothetical protein Uncharacterized protein  15 NA 
group_1405 Hypothetical protein Uncharacterized protein  15 NA 
group_4443 Hypothetical protein Uncharacterized protein 

 
10 NA 

group_3431 Hypothetical protein Uncharacterized protein 
 

10 NA 

group_863 Hypothetical protein Uncharacterized protein  9 NA 
group_4447 Hypothetical protein Uncharacterized protein  9 NA 
group_4446 Hypothetical protein Uncharacterized protein  9 NA 
group_4445 Hypothetical protein Uncharacterized protein  9 NA 
group_4439 Hypothetical protein Uncharacterized protein  9 NA 
group_3617 Hypothetical protein Uncharacterized protein  7 NA 
group_3616 Hypothetical protein Uncharacterized protein  7 NA 
group_1466 Hypothetical protein Uncharacterized protein  7 NA 
*Benjamini Hochberg p<0.02. NA, not applicable. 

 
Appendix 2 Table 3. List of genes that were enriched in Staphylococcus saprophyticus isolates recovered from urinary tract 
infections* 
Gene Gene predicted function Biologic function group % Infection % Contamination Reference no. 
group_4400 Mph(C) macrolide 2' 

phosphotransferase 
Antimicrobial resistance 25 2 (13,14) 

dfrG Dihydrofolate reductase Antimicrobial resistance 9 1 (14) 
csoR Copper-sensing transcriptional 

repressor CsoR 
Metal resistance 28 3 NA 

cadX Putative cadmium efflux system 
accessory protein 

Metal resistance 44 13 NA 

rep Plasmid replication initiation 
protein 

Mobile genetic element 18 3 NA 

group_2868 Protein rlx Mobile genetic element 17 2 NA 
group_422 Transposase for IS431mec Mobile genetic element 14 2 (11) 
group_425 Transposase for IS431mec Mobile genetic element 12 2 (11) 
group_1094 Bacteriophage integrase Phage-related protein 38 8 (12,14) 
group_4449 DNA packaging protein Staph 

phage phiRS7 
Phage-related protein 19 4 (12,14) 

group_858 Holin protein Phage-related protein 16 2 (12,14) 
group_1653 Phage protein Phage-related protein 15 2 (14) 
group_1392 Phage protein Phage-related protein 13 2 (14) 
group_800 Bacteriophage tail tape 

measure protein 
Phage-related protein 13 2 (14) 

splE S1B family serine protease SplE Virulence 55 24 (10) 
group_3377 Accessory Sec system protein 

Asp1 
Virulence 27 3 (15,16) 

secY_2 Preprotein translocase subunit 
SecY2 

Virulence 27 3 (15,16) 

secA2 Sec family Type I general 
secretory pathway protein 

SecA2 

Virulence 27 3 (15,16) 

asp3 Accessory Sec system protein 
Asp3 

Virulence 27 3 (15,16) 

asp2 Accessory Sec system protein 
Asp2 

Virulence 27 3 (15,16) 

sraP Serine-rich repeat-containing 
protein 

Virulence 14 1 (15,16) 

grxC Glutaredoxin 3 Stress response 30 7 NA 
kefF Glutathione-regulated 

potassium-efflux system 
ancillary protein KefF 

Stress response 16 3 NA 

yhjQ Putative cysteine-rich protein 
YhjQ 

Stress response 9 1 NA 

splE S1B family serine protease SplE Virulence 55 24 (10) 
group_3377 Accessory Sec system protein 

Asp1 
Virulence 27 3 (15,16) 
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Gene Gene predicted function Biologic function group % Infection % Contamination Reference no. 
secY_2 Preprotein translocase subunit 

SecY2 
Virulence 27 3 (15,16) 

secA2 Sec family Type I general 
secretory pathway protein 

SecA2 

Virulence 27 3 (15,16) 

asp3 Accessory Sec system protein 
Asp3 

Virulence 27 3 (15,16) 

asp2 Accessory Sec system protein 
Asp2 

Virulence 27 3 (15,16) 

sraP Serine-rich repeat-containing 
protein 

Virulence 14 1 (15,16) 

grxC Glutaredoxin 3 Stress response 30 7 NA 
kefF Glutathione-regulated 

potassium-efflux system 
ancillary protein KefF 

Stress response 16 3 NA 

yhjQ Putative cysteine-rich protein 
YhjQ 

Stress response 9 1 NA 

*Benjamini Hochberg p<0.01. Hypothetical proteins (n = 19 genes). NA, not applicable. 
 
Appendix 2 Table 4. List of genes that were exclusively associated with Staphylococcus saprophyticus recovered from 
environmental sources* 
Gene Gene predicted function Biologic function group % Contamination References 
group_1467 Hypothetical protein Uncharacterized protein 42 NA 
group_466 Hypothetical protein Uncharacterized protein 39 NA 
group_1991 Hypothetical protein Uncharacterized protein 32 NA 
group_6148 Hypothetical protein Uncharacterized protein 18 NA 
group_6146 Hypothetical protein Uncharacterized protein 18 NA 

*Benjamini Hochberg p<0.00006. NA, not applicable. 
 
Appendix 2 Table 5. List of genes that were enriched for in Staphylococcus saprophyticus isolates recovered from environmental 
sources* 
Gene Gene predicted function Biologic function group % Contamination % Infection References 
group_227 Type I site-specific 

deoxyribonuclease restriction 
subunit 

Restriction system 83 32 (17) 

ccrB Cassette chromosome 
recombinase B 

Mobile genetic element 61 9 NA 

ccrA Cassette chromosome 
recombinase A1 

Mobile genetic element 54 4 NA 

group_1878 Putative replication-
associated protein 

Mobile genetic element 49 17 NA 

group_3001 Myosin-cross reactive antigen 
(Oleate hydratase) 

Stress tolerance 60 6 NA 

tetK Tetracycline resistance 
protein 

Antimicrobial resistance 51 12 (18) 

cap5O Capsular polysaccharide 
biosynthesis protein Cap5O 

Capsule  15 1 NA 

cap5M Capsular polysaccharide 
biosynthesis 

galactosyltransferase Cap5M 

Capsule  13 2 NA 

group_1472 Hypothetical protein Uncharacterized protein  86 56 NA 
group_1179 Hypothetical protein Uncharacterized protein  69 24 NA 
group_353 Hypothetical protein Uncharacterized protein  61 9 NA 
group_2224 Hypothetical protein Uncharacterized protein  59 18 NA 
group_1627 Hypothetical protein Uncharacterized protein  55 25 NA 
group_2291 Hypothetical protein Uncharacterized protein  17 1 NA 
group_3863 Hypothetical protein Uncharacterized protein 10 1 NA 

*Benjamini Hochberg p<0.0001. NA, not applicable. 
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Appendix 2 Figure 1. Measure of genetic diversity between Staphylococcus saprophyticus lineage G (A) 

and lineage S (B) determined by using ANI. Lineage G strains had ANI values of 98.5%–99.999% and 

appear to be more diverse compared with lineage S strains, which had ANI values of 99.3%–99.991% 

and were slightly less diverse. Most isolates in lineage G had a lower ANI (99.6%) than the isolates in 

lineage S (99.7%). The ANI results were comparable to the genetic diversity observed with single 

nucleotide polymorphism analysis. ANI, average nucleotide identity. 

 

Appendix 2 Figure 2. Pangenome of Staphylococcus saprophyticus inferred from 338 isolates recovered 

from human infections and colonization. Among analyzed isolates, 321 were recovered from UTIs, 12 

from blood, 4 from colonization, and 1 from reference strain ATCC 15305 (https://www.atcc.org; GenBank 

accession no. AP008934.1). A) Distribution of genes in the pangenome generated using Roary (6). We 

found a total of 10,222 genes. The core genes shared by all isolates were constituted of 1,871 genes. We 

also found 188 soft core genes in 95%–99% of isolates, and 856 shell genes in 15%–94% of isolates. In 

addition, we noted 7,307 cloud genes <15% of S. saprophyticus population. B) Gene accumulation plot 

for S. saprophyticus pangenome as a function of genomes sequenced indicating that S. saprophyticus 

has an open pangenome. 
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Appendix 2 Figure 3. Single nucleotide polymorphism-based maximum likelihood tree of 480 

Staphylococcus saprophyticus from different sources. Each node represents a strain. A node with 

identical color belongs to the same lineage. The assembled contigs were mapped to the reference 

genome S. saprophyticus ATCC 15305 (https://www.atcc.org; GenBank accession no. AP008934.1) and 

SNPs were called. SNPs generated from each genome were concatenated to single alignment 

corresponding to position of the reference genome. Polymorphic sites resulting from recombination 

events in the SNP alignments were filtered out by using Gubbins v2.3.4 (Sanger, https://sanger-

pathogens.github.io/gubbins). Maximum likelihood tree was reconstructed using RAxML version 8.2.4 

(https://github.com/stamatak/standard-RAxML). The generalized time reversible nucleotide substitution 

with gamma correction was performed with 100 bootstraps random resampling for support. The image 

was generated using Interactive Tree of Life (https://itol.embl.de). The colored ring represents the source 
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of isolates. The green triangles represent strains recovered from pigs, green stars represent strains from 

bovines, and green circle a strain from a domestic canine. A slaughterhouse isolate recovered from 

equipment and those from pigs, bovines, and canine were at the base of lineage G, suggesting a 

probable foodborne origin of this lineage. Conversely, a human infection isolate was at the base of 

lineage S implying a human origin of this lineage. The green arrows in lineage S depict isolates recovered 

from small nonhuman primates. 

 

 

Appendix 2 Figure 4. Growth rate of Staphylococcus saprophyticus clonal lineages in different pH levels. 

A) pH 2.5 representing pH of the human stomach; B) pH 4.5 and C) pH 5.5 representing pH of human 

skin; and D) pH 8.0 representing pH of urine from a healthy human. Isolates were completely inhibited at 

pH 2.5 but grew at a low rate when pH = 4.5 and 5.5. The 2 lineages behaved slightly differently in 

pH = 8.0 but this difference was not statistically significant. Assays were performed in triplicates and each 

experiment was repeated 3 times. Error bars indicate 95% CI; horizontal lines indicate median. 


