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Biological and Synthetic Surfactants Increase Class I Integron
Prevalence in Ex Situ Biofilms

Ralf Lucassen, Nicole van Leuven and Dirk Bockmühl *
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* Correspondence: dirk.bockmuehl@hochschule-rhein-waal.de

Abstract: The role of biocides in the spread of antimicrobial resistance (AMR) has been addressed
but only a few studies focus on the impact of surfactants on microbial diversity and AMR, although
they are common constituents of cleaners, disinfectants, and personal care products and are thus
released into the environment in large quantities. In this study, we used a static ex situ biofilm
model to examine the development of four biofilms exposed to surfactants and analyzed the biofilms
for their prevalence of class I integrons as a proxy for the overall abundance of AMR in a sample.
We furthermore determined the shift in bacterial community composition by high-resolution melt
analysis and 16S ribosomal RNA (16S rRNA) gene sequencing. Depending on the initial intrinsic
prevalence of class I integrons in the respective ex situ biofilm, benzalkonium chloride, alkylbenzene
sulfonate, and cocamidopropyl betaine increased its prevalence by up to 6.5× on average. For fatty
alcohol ethoxylate and the biosurfactants sophorolipid and rhamnolipid, the mean increase did not
exceed 2.5-fold. Across all surfactants, the increase in class I integrons was accompanied by a shift in
bacterial community composition. Especially benzalkonium chloride, cocamidopropyl betaine, and
alkylbenzene sulfonate changed the communities, while fatty alcohol ethoxylate, sophorolipid, and
rhamnolipid had a lower effect on the bacterial biofilm composition.

Keywords: class I integron; surfactant; resistance; anti-microbial; biofilm

1. Introduction

One of the leading health threats of the 21st century is the ever-growing number
of pathogenic bacteria resistant to a growing number of even last-resort antibiotics. It is
estimated that 1.2 million deaths in 2019 were directly attributable to bacteria resistant to
multiple antibiotics [1]. Misuse and overuse of antibiotics in healthcare settings, but also in
livestock breeding, are considered to be the main drivers in the development of multidrug-
resistant pathogens. However, the role of environmental factors such as anthropogenic
pollution should not be underestimated. In this respect, biocides are frequently used in
clinical, public, and private settings in disinfectants and special cleaners, as well as in
personal care products. For QACs (quaternary ammonium compounds) like benzalkonium
chloride (BKC) it was shown that sub-inhibitory concentrations can promote antibiotic
resistance by co-resistance via class I integrons and that the transfer of this antimicrobial
resistance can be plasmid-borne [2,3]. Class I integrons are of special interest, because they
capture, integrate, and express gene cassettes under a common promoter. They confer
several phenotypes including resistance to a broad range of antibiotic classes, heavy metals,
and biocides. Environmental stress leads to the integration of new gene cassettes and thus
the relative prevalence (RP) of the clinical version of the class I integron-integrase gene
(intI1) per 16S rRNA gene copy is a proxy for anthropogenic pollution and the overall AMR
of bacteria in a sample [3–5].

In the domestic setting, AMR has not been investigated comprehensively, yet there
are some studies that found a high abundance of resistant bacteria in different household-
related settings, such as washing machines and dishwashers [5]. These findings may at
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least partly be explained by the action of biocides, such as QACs or oxygen bleach, both
of which are frequently used in automated dishwashing and laundering. However, some
studies also suggest a high prevalence of AMR-related class I integrons in domestic areas
where frequent use of biocidal actives must not be assumed, such as the shower drain [3].
It seems obvious that other substances that are being used on a regular basis might affect
the level of antimicrobial resistance in these environments, with surfactants being a likely
candidate. They are present in most cleaning and personal care products and thus have an
almost permanent contact with bacterial biofilms in appliances and drains.

Planktonic bacterial cells initiate the formation of a biofilm through aggregation.
These aggregated bacteria can adhere to a solid surface. Bacterial aggregates produce
extracellular polymeric substrates (EPS) that can contain polysaccharides, proteins, lipids,
and extracellular DNA (eDNA). These compounds maintain a rigid biofilm structure and
promote the integrity and survival of the bacteria. Cell surface proteins, adhesins but
also eDNA influence the adherence process [6] and are therefore targets of surfactants.
Besides the general cell solubilization and permeabilization properties of surfactants, the
interaction of surfactants with these compounds depends strongly on their structure,
and effects can range from simple anti-aggregation and anti-adhesion to strong biocidal
action. Cationic surfactants have strong antibacterial activity against a wide range of
Gram-negative and Gram-positive bacteria. In particular, cationic surfactants with 10–14
carbon atoms in the chain show high biocidal efficacy. Anionic surfactants are strong
solubilizers and have moderate antibacterial activity against Gram-positive but limited
activity against Gram-negative bacteria. The antibacterial effects of nonionic surfactants
increase by increasing hydrophobic chain length and are reduced by increasing ethoxylate
chain length. Biosurfactants exhibit the same functionality as chemically synthetized
surfactants, but biosurfactants are more environmentally friendly, with lower toxicity and
higher biodegradable ability [7,8].

However, only a few studies focus on the impact of surfactants on microbial diversity
and antimicrobial resistance gene (ARG) abundance, although they are major constituents
of the earlier-mentioned products and are released into the environment in large quantities.
There is evidence that surfactants contribute to the dissemination of AMR and/or lower
species richness in contaminated environments [9–11]. Lower species richness can in turn,
lead to a higher prevalence of resistant bacteria. This has been shown in a wastewater
treatment plant receiving wastewater from bulk drug production and in the gut microbiome
of humans and non-human primates [12,13]. Furthermore, sub-inhibitory concentrations
of surfactants can permeabilize bacterial membranes and promote plasmid-borne ARGs
horizontal gene transfer in E. coli DH5α [14]. In addition, permeabilization can induce
ROS (reactive oxygen species) and DNA damage. Since class I integron integrase gene
expression is activated by SOS response, after DNA damage, this could increase ARG
transfer as well [15,16]. To further clarify the role of surfactants in the spread of AMR,
we tested a range of synthetic and biologically produced surfactants for their potential to
increase the prevalence of class I integrons, which serves as a proxy for the overall AMR
in a sample. To this end, we have adapted a static ex situ biofilm model according to a
protocol by Ledwoch et al. that allows for the investigation of these effects in a complex
microbial community. Ex situ biofilm models have been used in similar approaches and
were shown to provide a comprehensive, yet stable lab system for the investigation of
biofilms [17]. In contrast to single-species biofilms, these systems not only represent a
model that might react to environmental impacts, such as the treatment with antibiotics,
biocides, or surfactants, in a more realistic manner, but also allow for the investigation of
changes in the microbial community as such, which is a prerequisite for the current study.

Biofilms in this study were harvested from standard household siphons. These
biofilms contain a large array of bacteria and, depending on the sampling location, a
varying prevalence of intI1. Furthermore, this prevalence was shown to correlate well with
the overall prevalence of multi-resistant bacteria in different environmental samples [3,5].
Ex situ biofilms were cultivated in a low-nutrient culture medium under the selective pres-
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sure of different surfactants. After cultivation and media exchange over a course of 7 days,
the prevalence of intI1 was determined by qPCR as previously described [3]. In addition,
bacterial community composition was assessed by the use of HRMA (high-resolution melt
analysis) and 16S rRNA gene sequencing data [18].

2. Materials and Methods

2.1. Sampling of Biofilms

Biofilms were collected by swab method (Copan Diagnostics Inc., Murrieta, CA, USA)
from standard household siphons (bathroom sink, kitchen sink, shower 1, and shower 2) in
Kleve, Germany. The biofilm was transferred into a 50 mL reaction tube (Sarstedt AG &
Co. KG., Nümbrecht, Germany) containing 25 mL of PBS solution (Carl Roth GmbH + Co.
KG, Karlsruhe, Germany). After vigorous vortexing for 2 min, the suspension was mixed
1/1 with 80% glycerol. The biofilm suspension was homogenized by end-over-end rotation
(IKA-Werke GmbH & Co. KG, Staufen, Germany) for 5 min. Additionally, 1 mL aliquots
were prepared and stored at −80 ◦C.

2.2. Preparation of Culture Medium

For culturing of biofilms, a mixture of 2.5% tryptic soy broth (Merck Millipore, Darm-
stadt, Germany) and 2.5% malt extract broth (Merck Millipore, Darmstadt, Germany) was
used. Tryptic soy broth and malt extract broth were prepared according to the manufac-
turer’s instructions. The resulting media (100%) were each mixed to 2.5% in sterilized tap
water of 5.43◦e (Clark degree), which corresponds to 0.77 mmol/L CaCO3. The final pH
was 6.8.

2.3. Ex Situ Biofilm Model

For cultivation of ex situ biofilms, 50 mL of culture medium (mixture of 2.5% tryptic
soy broth and 2.5% malt extract broth) was applied to a 50 mL test tube (Sarstedt AG & CO.
KG., Nümbrecht, Germany). Following the addition of 1 mL of biofilm suspension and
vortexing for 1 min, 1 mL was applied to each well of a 24-well cell culture plate (Sarstedt
AG & CO. KG., Nümbrecht, Germany). Samples were incubated at 25 ◦C for 6 h without
the addition of surfactants. After 6 h, the surfactants were applied by addition of 1 mL of
the respective surfactant (at 2× of the desired concentration) in culture medium. Samples
were incubated with regular exchange of culture medium (with surfactant) after 24 h of
incubation over the course of 5 days. The medium was exchanged by tilting the plate and
drawing the medium from the plate with a micropipette. A final incubation step of 48 h
(without exchange of culture medium after 24 h) was performed before DNA extraction.
Ex situ biofilms incubated in surfactant-free medium were processed in the same way and
served as the control. All tests were conducted in independent triplicate determination.

2.4. Surfactants

Benzalkonium chloride (12060-100G) was purchased from Sigma Aldrich (St. Louis,
MO, USA), cocamidopropyl betaine (Dehyton PK 45) and alkylbenzene sulfonate (Disponil
LDBS 55) were purchased from BASF (Ludwigshafen, Germany), fatty alcohol ethoxylate
(Marlipal 24/70) was purchased from Sasol (Johannesburg, South Africa), and rhamnolipid
(Rewoferm RL 100) and sophorolipid (Rewoferm SL ONE) were purchased from Evonik
(Essen, Germany). The surfactants were dissolved in culture medium (mixture of 2.5%
tryptic soy broth and 2.5% malt extract broth). All surfactants were added to the biofilm
model to a final concentration of 0.1% and 0.01% (w/v), except for benzalkonium chloride,
which had to be applied at 0.01% and 0.001% (w/v) because of its higher biocidal activity.
The critical micelle concentrations (CMC) of the surfactants are given in Table 1.
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Table 1. The CMC of the surfactants, taken from the supplier’s technical data sheets (TDS) or, in the
case of sophorolipid, rhamnolipid, and benzalkonium chloride, from published results.

Surfactant CMC [g/L] CMC [%] Source

Fatty alcohol ethoxylate (Marlipal 24/70) 0.012 0.0012 TDS
Rhamnolipid (Rewoferm RL 100) 0.02 0.002 [19]

Sophorolipid (Rewoferm SL ONE) 0.08 0.008 [19]
Cocamidopropyl betaine (Dehyton PK 45) 0.1 0.01 TDS

Alkylbenzene sulfonate (Disponil LDBS 55) 1 0.1 TDS
Benzalkonium chloride 0.05–0.1 0.005–0.1 [20,21]

In general, the CMC depends on the composition of the solution with respect to salt
concentration and pH, and the actual CMC in our culture medium may vary from the
values in Table 1.

2.5. Extraction of DNA

After 7 days the culture medium was aspirated and discarded by use of a micropipette.
DNA was extracted according to the instructions of FastDNA Spin Kit for Soil (MP Biomed-
icals Germany GmbH, Eschwege, Germany), with the exception that 978 μL of PBS (from
Kit) and 122 μL of MT Buffer (from Kit) were added to the wells of the cell culture dish
directly. After a 5 min incubation step at room temperature, the biofilm was detached by
use of a cotton swap. The biofilm suspension was then transferred to the matrix tube of the
extraction kit and extraction procedure was continued. The extracted DNA was quantified
by Nanodrop (Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.6. qPCR and High-Resolution Melt Analysis (HRMA)

For determination of 16S rRNA and intI1 genes, qPCR was performed on QuantStudio
3 (Applied Biosystems by Thermo Fisher Scientific Inc.). A 1 μL amount of purified sample
DNA, standards, low prevalence and high prevalence controls, and non-template control
(qPCR grade water) were applied to 10 μL of master mix. We used sewage sludge from
a wastewater treatment plant (WWTP) and non-contaminated soil samples from organic
farm fields (used for plant breeding; fertilized with organic manure only) as high and
low prevalence controls. Amplicons of intI1 and 16S rRNA genes from Pseudomonas
aeruginosa (isolated from WWTP) served as standards (103 to 108 copies/mL). Copies/mL
of intI1 and 16S rRNA genes were determined in the same test run but in separate wells.
All determinations were performed in duplicates.

The master mix consisted of 5 μL FastStart Essential DNA Green Master (Roche Life
Sciences, Mannheim, Germany), 4.8 μL of PCR grade water, and 0.1 μL of 10 μM forward
and reverse primer, respectively. qPCR was performed using the following parameters:
95 ◦C/10 min initial activation and denaturation followed by 33 cycles of 95 ◦C/15 sec
denaturation, 60 ◦C/15 s annealing, and 72 ◦C/15 s extension. A final 72 ◦C/90 sec final
extension step was included. Subsequently, a melting curve analysis from 50 ◦C to 95 ◦C
at 0.02 ◦C/s was performed. In case of negative results, 1/10 and 1/100 dilutions of the
sample were analyzed to avoid false negative results due to inhibitors.

For the determination of intI1, the primers F165 (5′CGAACGAGTGGCGGAGGGTG′3)
and R476 (5′TACCCGAGAGCTTGGCACCCA′3) were used [4]. This primer pair targets
the clinical version of class I integron integrase gene and has been proposed as a good
marker for ARG and phenotypic resistance of a sample [3,22]. For the determination of
16S rRNA gene, the primers F919 (5′GAATTGACGGGGGCCCGCACAAG′3) and R1378
(5′CGGTGTGTACAAGGCCCGGGAACG′3) were used [23]. For the HRMA ITS1f (5′-
TTGTACACACCGCCCG-′3) and ITS2r (5′-YGCCAAGGCATCCACC-′3) primer set was
employed [23]. The bacterial ITS primer set was used for HRMA instead of the 16S rRNA
gene primers because the ITS sequence offers a higher degree of variation and thus better
discrimination of melting curves [24].
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2.7. Determination of Relative Class I Integron Prevalence

Based on the qPCR result the relative prevalence (RP) in % of intI1 was determined
according to the following equation.

RP =

(
copies per mL o f intI1

copies per ml o f 16S rRNA gene

)
∗ 2.5 ∗ 100 (1)

Based on a previous study [3], we used an average value of 2.5 copies of the 16S
rRNA gene per bacterial cell, which is a matter for discussion because other studies use a
value of four copies [25,26]. Although not influencing the data of this study, this should be
considered when comparing studies that used different copy numbers for the 16S rRNA
gene.

2.8. Calculation of Euclidian Distance from HRMA as a Measure of Bacterial Community
Dissimilarity

HRMA and calculation of Euclidian distance between to samples is a good proxy
for the dissimilarity of microbial communities [13]. After qPCR and subsequent HRMA,
data were normalized between y = 0 and y = 1 across the active melting range of 72–92 ◦C.
Euclidian distances between treated (culture medium plus surfactant) and non-treated
(culture medium only) biofilms were calculated according to the following formula.

=
√

(x 2 − x1)
2 + (y 2 − y1)

2 (2)

2.9. 16S rRNA Gene Sequencing and Determination of the Dissimilarity of Bacterial Communities

To verify the utility of HRMA analysis in determining the dissimilarity of the biofilms
and to obtain a better understanding of the bacterial communities, the extracted DNA of the
four biofilms (incubated at 0.1% of the respective surfactant and in case of benzalkonium
chloride at 0.01%) was pooled and analyzed by 16S rRNA gene sequencing.

The pooling of the same amount of DNA from four biofilms (treated with the same
surfactant) and subsequent sequencing was completed to obtain an overview of the phy-
logenetic taxa and mainly to support the results of the HRMA (dissimilarity of treated
samples and untreated control). This way, we obtained a mean result across the different
biofilms and a trend of what we find in reality in siphons from different sources.

Sequencing was completed by the external service provider Eurofins Genomic (Ebers-
berg, Germany) on Illumina platform, using the V3 and V4 region of the 16S rRNA gene,
for bacterial identification. Reads were assigned to the taxonomic unit kingdom, phylum,
class, order, family, genus, and species. Dissimilarity was calculated across all taxonomic
units using unweighted UniFrac distance. We used the unweighted UniFranc distance in
favor of weighted UniFrac distance because unweighted Unifrac considers only presence
and absence information and counts the fraction of branch length unique to either commu-
nity [27]. All taxonomic units with less than 0.1% of reads were collapsed in the category
“Other”. If the representative sequence of an OTU had no significant database match at
the respective taxonomic unit, the total number of reads of these unclassified OTUs is
stated as category “Unclassified”. Sequencing data were uploaded and can be accessed via
https://opus4.kobv.de/opus4-rhein-waal/frontdoor/index/index/docId/1871, uploaded
on 15 March 2024.

2.10. Statistics

For calculations, data analysis, and preparation of graphs, GraphPad Prism 10.1.0
(GraphPad Software Inc., San Diego, CA, USA) and Microsoft Excel 2016 were used.
Dunnett’s multiple comparison test was used to determine the significance of the variation
between the treated and non-treated samples.
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3. Results

3.1. Influence of Surfactants on intI1 Prevalence in a Developing Biofilm

Figure 1 shows the influence of surfactants on intI1 prevalence in a developing biofilm.
Depending on the intrinsic intI1 prevalence (biofilm in culture medium; without sur-
factants), the ability of the surfactants to increase intI1 prevalence varied strongly be-
tween biofilms. At a low intrinsic intI1 prevalence (0.45), especially alkylbenzene sul-
fonate, cocamidopropyl betaine, and benzalkonium chloride increased intI1 prevalence
between eight- and sixteen-fold. In contrast, non-ionic surfactants (fatty alcohol ethoxylate,
sophorolipid, and rhamnolipid) had little to no effect. At medium intI1 prevalence (2.45),
all surfactants increased intI1 prevalence, except for the fatty alcohol ethoxylate.

Figure 1. Fold increase in intI1 prevalence and standard deviation: (Biofilm 1) Ex situ kitchen
siphon biofilm (low intrinsic intI1 prevalence of 0.45%). (Biofilm2) Ex situ bathroom siphon biofilm
(medium intrinsic intI1 prevalence of 2.45%). (Biofilm 3) Ex situ shower biofilm (high intrinsic
intI1 prevalence of 18.65%). (Biofilm 4) Ex situ shower biofilm (very high intrinsic intI1 prevalence
of 35.63%). All surfactants were added to the biofilm model to a final concentration of 0.1% and
0.01% (w/v), except for benzalkonium chloride, which had to be applied at 0.01% and 0.001% (w/v).
Triplicate determinations were performed for each biofilm. Red bars indicate the mean value of all
four biofilms.

At high (18.85) intrinsic intI1 prevalence, only benzalkonium chloride increased intI1
prevalence slightly by 4.5-fold. At a very high (35.63) intrinsic intI1 prevalence, all surfac-
tants had a rather low influence on intI1 prevalence.

3.2. Correlation of the Fold Increase in intI1 Prevalence and Shift in Bacterial Community

To analyze the influence of the different surfactants on the prevalence of intI1 in general
and to see whether this increase is accompanied by a shift in the bacterial community, we
correlated the mean rel. intI1 prevalence values with the mean Euclidian distance of
bacterial ITS melt curves.

The mean values reveal a clearer trend. However, since the effect of the surfactants
on the biofilms was found to vary strongly between different sources (cp. Figure 2a),
this might only be considered a general trend, which might not be applied to unknown
biofilms. While the nonionic surfactant fatty alcohol ethoxylate had a weak effect on the
bacterial composition and the fold increase in intI1 prevalence, the nonionic bio surfactants
sophorolipid and rhamnolipid had an intermediate effect on the bacterial composition but
did increase intI1 prevalence by 2–3-fold. In contrast, alkylbenzene sulfonate as an anionic
surfactant had a strong effect on the bacterial composition and increased intI1 prevalence up
to 7–8-fold. The zwitterionic surfactant cocamidopropyl betaine increased intI1 prevalence

6



Microorganisms 2024, 12, 712

by 4–5-fold with a strong shift in bacterial community composition. Benzalkonium chloride,
being a cationic surfactant with biocidal activity, increased intI1 prevalence by up to six-fold
and shifted the bacterial community strongly. With respect to the relative prevalence of intI1,
these trends can be seen as well. Here, benzalkonium chloride had the strongest influence
on relative intI1 prevalence but it must be pointed out that the variation between the four
biofilms was very high, as can be abstracted from the high standard deviation (Figure 2b).
Dunnett’s multiple comparison test reveals that differences between samples are not
significant. This indicates that, depending on the taxonomic constitution and intrinsic intI1
prevalence, the biofilms are affected in very different ways by the same surfactant.

Figure 2. Mean fold increase in intI1 and mean relative intI1 prevalence blotted against the respective
mean Euclidian distance of biofilms 1–4: (a) mean correlation of fold increase in intI1 prevalence
and Euclidian distance and (b) mean correlation of relative intI1 prevalence and Euclidian distance.
Biofilms were cultivated in absence and presence of different surfactants. All surfactants were added
to the biofilm model to a final concentration of 0.1% and 0.01% (w/v), except for benzalkonium chlo-
ride, which had to be applied at 0.01% and 0.001% (w/v). Grey bars indicate the standard deviations.

3.3. 16S rRNA Gene Sequencing Results

To verify the usability of HRMA analysis in the determination of bacterial dissimi-
larity of the biofilms and to receive a better understanding of the bacterial communities,
extracted DNA of the four biofilms was pooled for some test conditions and subsequently
sequenced. Figure 3 compiles the distribution of the respective bacterial taxa across the
different treatments. Enterobacteriaceae represented the largest family group and dominated
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the bacterial communities. All surfactants increased their relative prevalence, with cocami-
dopropyl betaine showing the strongest influence. Enterobacterales was highly enriched by
benzalkonium chloride and cocamidopropyl betaine. Furthermore, benzalkonium chloride,
cocamidopropyl betaine, and alkylbenzene sulfonate reduced the genus Azospira, while Al-
istipes sp. was reduced by all surfactants. Across all treatments, Citrobacter freundii was the
most abundant bacterial species, followed by Scandinavium goeteborgense. Interestingly, fatty
alcohol ethoxylate, rhamnolipid, and especially sophorolipid enriched Dysgonomonas mosii.

Figure 3. 16S rRNA gene sequencing data from pooled DNA of four ex situ biofilms, cultured in
the absence and presence of surfactants. The graphic contains the entire spectrum of identified
phylogenetic taxa. However, for better overview, the legend contains only taxa with a rel. preva-
lence ≥ 0.5%. The letter in front of the respective taxonomic unit indicates s = species, g = genus, f =
family, o = order, c = class, and p = phylum.

Alistepes sp. and Citrobacter freundii are colonizers of the gastrointestinal tract and
belong to the family of Enterobacteriaceae. Both species are associated with disease, form
biofilms, and can carry resistance to multiple antibiotics [28,29].

Scandinavium goeteborgense and Dysgonomonas mosii are emerging pathogens. Scandi-
navium goeteborgense is a new member of the Enterobacteriaceae family isolated from a wound
infection. The species can carry a novel quinolone resistance gene variant. Dysgonomonas
mosii was isolated from infected blood, is known to form biofilms, and is also multi-resistant
to a large number of antibiotics [30,31].

However, the generation of species data from 16S rRNA gene sequencing data is
challenging and did deliver a large number of unclassified reads (between 60% and 90%)
at this phylogenetic level.

The shifts in bacterial community composition as observed in HRMA were also veri-
fied by the calculation of UniFrac distance (Table 2). By this means, it could be confirmed
that alkylbenzene sulfonate and benzalkonium chloride shift the population the most, fol-
lowed by cocamidopropyl betaine, sophorolipid, and rhamnolipid. Fatty alcohol ethoxylate
changes the community only slightly. It must be pointed out that the HRMA analysis re-
vealed a more pronounced increase in the Euclidian distance in the case of cocamidopropyl
betaine compared to sophorolipid and rhamnolipid.
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Table 2. Dissimilarity calculated by UniFrac distance (unweighted) of pooled DNA of four ex situ
biofilms cultured in the absence and presence of surfactants in triplicate determination.

UniFrac Distance (Unweighted) Mean

Medium + alkylbenzene sulfonate 0.1% 0.65
Medium + benzalkonium chloride 0.01% 0.51
Medium + cocamidopropyl betaine 0.1% 0.37
Medium + sophorolipid 0.1% 0.34
Medium + rhamnolipid 0.1% 0.33
Medium + fatty alcohol ethoxylate 0.1% 0.26
Medium 0.00

3.4. Correlation of CMC and intI1 Prevalence

A look at the CMC (see Table 1) of the respective surfactants can explain the very
different influence of the surfactants on class I integron prevalence. Surfactants with a
low CMC such as fatty alcohol ethoxylate, rhamnolipid, and sophorolipid have a lower
impact on the prevalence of class I integrons. For surfactants with a higher CMC like
cocamidopropyl betaine, alkylbenzene sulfonate, and benzalkonium chloride, we observed
a strong increase in class I integron prevalence (Figure 4). For the test concentration of
0.1%, this means that surfactants with a CMC close to 0.1% were at least partially present as
individual molecules or small aggregates. In contrast, surfactants with lower CMCs were
mostly in the form of larger micelles.

Figure 4. Correlation of fold increase in the relative prevalence class I integrons (intI1) to the critical
micelle concentration (CMC) of the respective detergents. Error bars depict the standard deviation of
intI1 prevalence. The red arrow indicates the actual test concentration. Surfactants with a CMC close
to this concentration have a stronger influence on class I integron prevalence.

4. Discussion

On average (across four ex situ biofilms), but with the exception of the nonionic surfac-
tant fatty alcohol ethoxylate, all surfactants were found to increase the prevalence of class I
integrons. Alkylbenzene sulfonate showed the strongest fold increase in intI1, followed by
benzalkonium chloride and cocamidopropyl betaine. This increase was accompanied by
a shift in the bacterial community as proven by HRMA and 16S rRNA gene sequencing.
We, therefore, assume that the increase in intI1 prevalence may rather be caused by the
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selection of bacterial strains already harboring resistances than by horizontal gene transfer.
However, the effect of a specific surfactant was found to be diverse depending on the initial
intrinsic prevalence of intI1 as well as (presumably) on the specific taxonomic constitution
of the biofilm.

At a low to medium intrinsic prevalence (0.45–2.45) of intI1, the biofilms were more
prone to an increase in intI1 and a shift in the bacterial community by benzalkonium
chloride, cocamidopropyl betaine, alkylbenzene sulfonate, sophorolipid, and rhamnolipid.
At a higher intrinsic prevalence (18.65) of intI1 the biofilm composition was only shifted
strongly by the anionic surfactant alkylbenzene sulfonate and the zwitterionic surfactant
cocamidopropyl betaine and cationic biocide benzalkonium chloride. Interestingly, for
alkylbenzene sulfonate, this shift was not accompanied by an increase in intI1 prevalence.
At a very high intrinsic intI1 prevalence, all surfactants shifted the bacterial population
weakly with an increase in intI1 by two-fold in the case of benzalkonium chloride. This
points out that with a higher class I integron prevalence the bacterial communities seem to
be more stable against stress factors like surfactants and only the cationic surfactant and
strong biocide benzalkonium chloride has an effect on the already pre-selected community.

In particular, the strong effect of cocamidopropyl betaine on the proliferation of class
I integrons and the enrichment of Enterobacteriaceae is of interest, as it is used in large
quantities in personal care products such as shower gels and hair conditioners. This also
explains the results of a previous study, where a very high prevalence of class I integrons
was found especially in shower siphons [3]. Another finding of our study is the strong
reduction in the nitrogen-fixing genus Azospira by the ionic surfactants and the enrichment
of Dysgonomonas mosii by sub-inhibitory concentrations of fatty alcohol ethoxylate, rham-
nolipid, and especially sophorolipid. This is of interest because Dysgonomonas mosii is
an emerging opportunistic pathogen that can be multidrug resistant to even last-resort
antibiotics [31].

The good correlation of the CMC of the respective surfactants, the increase in intI1,
and the shift in the bacterial community might be explained by the fact that the tested
concentrations of fatty alcohol ethoxylate, rhamnolipid, and sophorolipid are above the
CMC and thus most of the surfactant molecules are bound in micelles. For cocamidopropyl
betaine, alkylbenzene sulfonate, and benzalkonium chloride the tested concentration is
close to the CMC and thus most of the surfactant is rather present as single molecules and
not bound in micelles. This is important because the physicochemical and aggregation
properties of surfactants allow individual surfactant molecules to migrate more efficiently
through the peptidoglycan cell wall, for subsequent permeabilization of the inner mem-
brane of Gram-negative and Gram-positive bacteria. In this respect, the peptidoglycan
layer acts more as a filter through which the micelles are blocked and single molecules can
pass more efficiently [32]. However, at some point, the concentration of single surfactant
molecules or small aggregates is too low to permeabilize the inner membrane, although
they can translocate through the cell wall.

Since only four exemplary biofilms with very different intrinsic intI1 prevalences were
used in this study, no statistical significance of the influence of the tested surfactants on the
spread of bacterial resistance could be determined. Further studies to elucidate the precise
role of surfactants in AMR using a larger but equally diverse set of well-characterized ex
situ biofilms are mandatory. This could lead to the identification of compounds/products,
which are drivers of AMR. In this respect, a non-static biofilm model like the drain biofilm
model used by Ledwoch et al. might be favorable to resemble the life-like situation in
more detail [12]. In such a study, surfactant concentrations above and below the CMC
of a respective surfactant should be analyzed. However, since the CMC of a respective
surfactant depends on the culture medium composition (e.g., salt content and pH value),
the determination of the CMC under the given conditions should be part of such a study. It
would also be favorable to know what surfactant concentrations are actually present in the
environment (e.g., siphons) to have an even more life-like approach.
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However, our study is the first to show that surfactants may be crucial for the develop-
ment and dissemination of intI1-mediated AMR. Metagenomic analyses may be favorable
to determine the degree of horizontal gene transfer vs. the increase in AMR by simple
selection of the already resistant strains. By doing so, it may be possible to reveal surfactants
with a low and high tendency to increase AMR as a recommendation for regulatory bodies
and manufacturers.
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Abstract: Understanding the role of foods in the emergence and spread of antimicrobial resistance
necessitates the initial documentation of antibiotic resistance genes within bacterial species found
in foods. Here, the NCBI Pathogen Detection database was used to query antimicrobial resistance
gene prevalence in foodborne and human clinical bacterial isolates. Of the 1,843,630 sequence entries,
639,087 (34.7%) were assigned to foodborne or human clinical sources with 147,788 (23.14%) from food
and 427,614 (76.88%) from humans. The majority of foodborne isolates were either Salmonella (47.88%),
Campylobacter (23.03%), Escherichia (11.79%), or Listeria (11.3%), and the remaining 6% belonged to
20 other genera. Most foodborne isolates were from meat/poultry (95,251 or 64.45%), followed by
multi-product mixed food sources (29,892 or 20.23%) and fish/seafood (6503 or 4.4%); however,
the most prominent isolation source varied depending on the genus/species. Resistance gene
carriage also varied depending on isolation source and genus/species. Of note, Klebsiella pneumoniae
and Enterobacter spp. carried larger proportions of the quinolone resistance gene qnrS and some
clinically relevant beta-lactam resistance genes in comparison to Salmonella and Escherichia coli. The
prevalence of mec in S. aureus did not significantly differ between meat/poultry and multi-product
sources relative to clinical sources, whereas this resistance was rare in isolates from dairy sources.
The proportion of biocide resistance in Bacillus and Escherichia was significantly higher in clinical
isolates compared to many foodborne sources but significantly lower in clinical Listeria compared
to foodborne Listeria. This work exposes the gaps in current publicly available sequence data
repositories, which are largely composed of clinical isolates and are biased towards specific highly
abundant pathogenic species. We also highlight the importance of requiring and curating metadata
on sequence submission to not only ensure correct information and data interpretation but also
foster efficient analysis, sharing, and collaboration. To effectively monitor resistance carriage in food
production, additional work on sequencing and characterizing AMR carriage in common commensal
foodborne bacteria is critical.

Keywords: antimicrobial resistance (AMR); foodborne bacteria; food production; food pathogen
surveillance; ESKAPEE pathogens; biocide resistance; metal resistance

1. Introduction

Antimicrobials, including antibiotics, biocides, and metals, are arguably one of the
most important discoveries in the history of medicine. The introduction of antibiotics (such
as penicillin) resulted in a shift in the leading causes of death from infectious diseases,
including gastroenteritis, pneumonia, and tuberculosis, to non-communicable diseases,
such as heart disease, cancer, and stroke [1].
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In addition to applications in human medicine, antimicrobials are used to treat disease
in agriculture and food animal production [2–4]. Antimicrobial use in agriculture is neces-
sary for plant, animal, and human health, as large-scale agri-food production practices often
involve high population densities. Metal compounds containing copper, zinc, cadmium,
and arsenic are used in agriculture; meanwhile, clinical applications include mercury,
nickel, copper, aluminium, titanium, and zinc-based metal-containing products [5–10]. In
addition to antibiotics and metals, biocides (disinfectants or sanitizers) are often utilized
during food production. Generally, biocides are defined as substances that are formulated
to be harmful to living organisms [11]. Biocides are used to clean and disinfect equipment
and surfaces in health care, farming, and food production settings; as decontaminants on
carcass surfaces; and as preservatives in cosmetics, pharmaceuticals, and foods in order to
control pathogenic and spoilage microorganisms [11,12].

Unfortunately, bacteria have evolved various strategies, including intrinsic and ac-
quired mechanisms, to avoid antimicrobials. Consequently, antimicrobial resistance (AMR)
is commonly observed in microorganisms. The anthropogenic use of antimicrobials is
believed to be a contributing factor in the evolution and transmission of AMR by creating
selective pressures for persistence [13]. Food crops and animals harbour bacteria that
are pathogenic to humans [14], and the spread of bacteria from these sources to food
products is extensively documented [14–17]. The pathogenic and commensal bacteria
of food microbiota(s) can inhabit and spread between multiple environments, including
agricultural, food processing, aquatic, and clinical settings, where they could potentially
acquire and transmit virulence and AMR genes (ARGs) (Figure 1). Among the AMR bacte-
ria, the ESKAPEE pathogens—an acronym for Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter species,
and Escherichia coli—are of particular concern due to their increasing resistance to antibi-
otics used in human medicine [18–20]. These bacteria not only cause serious healthcare-
associated infections but have also been detected in food-producing animals and related
environments, highlighting the potential for foodborne transmission to humans [21,22].

The term “antibiotic” refers to substances produced by microorganisms but does not
typically encompass synthetic antimicrobials (such as sulphonamides and quinolones) or
medicines used to prevent and treat bacterial infections. As the term “antimicrobial” can
refer to all agents that act against microbial organisms, metals and biocides are technically
also antimicrobials. As such, for this publication, the term antibiotic will refer to all
chemotherapeutic antibiotics used to treat infection, including all antimicrobials that are
not metals or biocides. Biocides will refer to disinfectants and sanitizer products with more
varied applications, such as quaternary ammonium compounds, chlorine-releasing agents,
and peroxygens, which are not selective enough to be used within body tissues, but will not
include antibiotics (many of which are technically harmful to living microorganisms) [23].

Antibiotics are used in food animal production to increase feed efficacy, as growth
promoters, and prophylactically to prevent disease circulation, and evidence suggests
that this use in animals has contributed to the development and spread of AMR in
humans [2–4,13,24]. As with antibiotics, increased metal resistance has been observed
in bacteria isolated from animals whose feed has been supplemented with metal com-
pounds [25]. In addition, many metalloids including mercury, copper, and zinc have been
released into the environment through anthropogenic activities [10,26,27]. Similarly, in-
creases in biocide resistance have been observed [11,28,29]. Genes encoding resistance
to biocides, including quaternary ammonium compounds (QACs), have been found in
Gram-negative and Gram-positive bacteria [30–34]. The spread of resistance to biocides
used in food production has been observed [35]. As biocide and metal resistance may
develop through increased efflux, or the acquisition of mobile genetic elements (MGEs)
encoding resistance genes, there is concern that the development of bacterial biocide or
metal resistance may also result in increased bacterial antibiotic resistance.
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Figure 1. Potential routes of transmission of bacteria and ARGs through the environment and food
production systems. Arrows indicate routes of dissemination among different environments. Humans
represents all human-related activities including clinical, industrial, and household. Intricacies of
food production processes including processing, pasteurization, slaughter, sanitization, packaging,
preparation, etc., are not displayed but are inferred by arrows from agriculture to food products,
from aquaculture to humans, and from animals to both food products and humans. (Figure created
using BioRender.com accessed on 8 December 2023).

In fact, the co-selection of biocide, metal, and antimicrobial resistance has been ob-
served among pathogens and other bacteria [10,11,36]. The use of biocides and preserva-
tives may increase ARG transfer among bacteria as well as co-select for multi-drug-resistant
(MDR) strains [11,35,37–39]. Studies have reported an association between biocide use in
poultry and egg production and the isolation of biocide-tolerant and antimicrobial-resistant
Salmonella spp. [40–42]. Nonetheless, as with antibiotic resistance, some studies suggest
that repeated disinfectant use in food processing and agricultural environments does not
select for biocide or antimicrobial resistance [43,44]; furthermore, a recent study found that
the natural evolution of ARGs led to the maintenance of bacterial resistance, despite the
reduction in antimicrobial use [45].

The National Centre for Biotechnology Information (NCBI) Pathogen Detection database
(NPDD) resource “integrates bacterial and fungal pathogen genomic sequences from numer-
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ous ongoing surveillance and research efforts” and includes data from food, environmental,
and clinical sources of both human and animal origin [46]. Previous studies have utilized
the NPDD whole-genome sequence (WGS) collection and other public sequence reposito-
ries to investigate transmission sources and genotypes associated with food contamination
and foodborne illness in Salmonella and Listeria, the resistome and virulence analysis of
Campylobacter spp., specific resistance genes in bacteria from meat products in six US states,
and the multivariate analysis of ARGs in eight different countries [47–51]. However, to
the best of our knowledge, there are currently no studies that utilize this resource to ex-
plore the prevalence of AMR across different bacterial genera originating from various
food categories.

The objective of this study is to better understand and explore the strengths and
limitations of available bacterial genomic data from food sources. Additionally, we aim
to identify any existing gaps and expand our current knowledge on AMR data pertaining
to foodborne bacteria. Through the analysis of metadata from 639,087 bacterial genomes
from the NPDD, our study seeks to offer a comprehensive examination of the distribution
of ARGs, including metal and biocide resistance, in foodborne bacteria as compared to
clinical isolates. This analysis includes bacterial isolates from diverse countries and food
categories, offering a broad overview of the abundance of various antimicrobial classes and
a detailed examination of some clinically significant ARG families. By comparing ARGs in
food isolates with those found in clinical isolates, this research aims to uncover insights
into the prevalence and distribution of priority AMR in bacteria recovered from foods.

2. Materials and Methods

2.1. Retrieval of Bacterial Sequence Metadata from NCBI/NPDD Analysis Pipeline

Data were obtained from the NPDD on 17 November 2023 [46]. Bacterial genomic
sequence analysis results in the form of AMR metadata files were downloaded from the
NCBI Pathogen Detection FTP for select organisms that have been isolated from food
products (Supplementary Table S1). As information regarding isolate identifiers, isolation
source lot numbers, patient identifiers, etc., was not available for all sequences, it is likely
that some sequences included in this analysis are duplicates or clonal in origin. The final
number of genomes analysed from each source for each genus/species are listed in Table 1.
Metadata table versions, the total number of sequences, and download date information
are available in Supplementary Table S1.
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2.2. Isolation Source Categorization

Isolation sources for the NCBI Pathogen Detection metadata table “epi_type” environ-
mental/other category were manually curated for each organism based on the provided
sequence submission information under “isolation_source”. Information regarding the
assignment and definitions of source categories is summarized in Table 2, and available
at https://github.com/OLC-Bioinformatics/source_and_resistance_categorizer.git, (last
updated November 2023). under the “Source Definitions” section [52]. The National
Institute of Health (NIH) and NCBI currently provide interagency food safety analytics
collaboration (IFSAC) CDC categorization in the metadata files in the pathogen detection
database [53,54]. Where IFSAC categories were not provided, all unique values from the
“isolation_source” column of downloaded metadata tables were extracted and assigned to
source categories (e.g., chicken breast was assigned to meat/poultry, cheese was labelled as
dairy, lettuce was labelled as fruit/vegetables, etc.). These source categories were used to
append simplified, curated, source information to the NCBI Pathogen Detection metadata
tables using custom Python scripts (available at [52]). Where categorization existed for both
IFSAC and the manually curated isolation source data, the IFSAC category was selected by
the script for the final ‘Source’ column. Only a subset of source assignments related to food
products were investigated and included in this study (Table 2). Clinical data were defined
as data entries with the “epi_type” designated as clinical and “host” designated as Homo
sapiens. A more comprehensive list of source category information and a dictionary file
containing all curated sources from metadata are available in the previously mentioned
github repository.

Table 2. Food isolation source definitions.

Isolation Source Assignment * Definition Examples

Dairy
Dairy products including milk, ice cream,
and cheeses. Milk from bovine with mastitis
was excluded.

Milk from healthy cattle, raw milk,
Roquefort papillon cheese, etc.

Egg
Egg products such as chicken eggs and
chicken egg shells but not including reptile or
fish eggs

Chicken egg outside shell, frozen liquid
egg, egg white, yolks, etc.

Fish/Seafood
Fish and seafood products, excluding mixed
salads and mixed products, which were
categorized as multi-product.

Brown mussels, imported shrimp,
salmon, crab, etc.

Fruit/Vegetables
Any fruit or vegetables, including frozen and
ready to eat, and mixed fruit sources. French
fries listed as multi-product.

Tomato, red leaf lettuce, carrot, mango.

Multi-product

Mixed food products or products that cannot
be easily categorized. Chili, if type was not
specified, as it could refer to prepared chili or
the pepper; spreads and cream cheese
mixtures; all salads (including tuna, egg,
potato, and coleslaw) that may contain mixed
ingredients; hummus; guacamole; salsa;
ready-to-eat mixed products; sandwiches;
fruitcake; sushi; pasta; sauces; etc.

Tuna salad, meatball sub, brownie,
coleslaw, pie crust, smoothie blend, etc.

Meat/Poultry

Meat and poultry products including raw
and ready to eat products, sausages, hot
dogs, snails, etc. but excluding reptile meats
and mixed products (like meat sauce, pates,
and spreads)

Packaged whole turkey, thin sliced
chicken breast, venison, raw beef, beef
trim, etc.

* Only food isolation sources investigated and discussed in this publication are described. Definitions for
additional sources, including the dictionary file containing all sources, are available at https://github.com/OLC-
Bioinformatics/source_and_resistance_categorizer.git, last updated November 2023 under “Source Definitions”.
Additional sources may require further curation.
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2.3. Antimicrobial Resistance Categorization

Antimicrobial resistance class/type was simultaneously assigned using the custom
Python script mentioned above. Briefly, the AMRFinderPlus database Reference Gene
Catalog (version 3.11) was downloaded from the NCBI FTP (https://ftp.ncbi.nlm.nih.
gov/pathogen/Antimicrobial_resistance/AMRFinderPlus/database/latest/ accessed on
17 November 2023) and used to separate resistance genes into antibiotic, biocide, and
metal resistance categories [55]. Genes belonging to the antibiotic category were further
divided based on resistance to specific antibiotic classes (e.g., aminoglycoside, ß-lactam,
tetracycline, etc.). These gene class assignment lists were separated and included in the
resistance_genes.csv dictionary file used with the custom Python script mentioned above
to append resistance class information to NPDD metadata tables based on genes listed in
the ‘AMR_genotypes’ and ‘stress_genotypes’ columns.

2.4. Enumeration of Resistance by Isolation Source

Following isolation source and resistance class assignment for each of the genera
and species listed above, the number of isolate sequences for each genus/species from
each source encoding each resistance class were tallied. For select resistance classes, the
numbers of each genus/species encoding specific resistance gene alleles of interest were
also determined. The majority of the gene families or gene alleles counted were for known
transferrable ARGs that confer clinically important resistance, with the exception of the
quinolone class, where some genera in the NCBI Pathogen Detection database included
data for chromosomal point mutations conferring resistance (e.g., gyrA, parC, and parE
mutations conferring quinolone resistance). For vancomycin resistance, sequences were
tallied as positive (vanA, vanB, vanG, vanR-A/vanS-Pt) if they encoded all genes in the
operon required for that cluster [56].

2.5. Statistical Analysis

For each genus/species, the comparison of resistance proportions between different
isolation sources was conducted using the Fisher’s exact test with the Benjamini and
Hochberg (BH) adjustment in R version 4.3.0 [57] and the rstatix package for pairwise
comparisons [58]. The Fisher’s exact test with BH correction was also used to compare
proportions of isolates encoding each antimicrobial class with the proportion encoding
both the antimicrobial class and biocide resistance.

For each genus, the association of resistance class with isolation source was conducted
using a Chi square test. Data were subset by genus and isolation source for all sources
with at least one isolate/sequence. The Chi square test was then performed on contingency
tables of resistance class versus source using the chisq.test function from the core R Stats
package version 4.3.0. To evaluate the association of resistance classes with isolation source,
Pearson standardized residuals from Chi square tests were plotted using the corrplot
package with the “is.corr” flag set to FALSE in R version 4.3.0 [57,59].

3. Results

A total of 639,087 isolate genome sequences from human clinical (n = 491,299, 76.88%)
and food (n = 147,788, 23.12%) sources were selected from the NCBI Pathogens dataset
(total = 1,843,630 genomes) based on the completeness of the isolation source information
provided (Table 1 and Table S1). Of these, the majority of the genomes from all sources
were Salmonella (28.94%), Escherichia (16.94%), Staphylococcus (11.72%), Klebsiella (9.60%),
Campylobacter (7.92%), and Listeria (4.21%) species. The other 19 genera each accounted
for less than 3.5% of the sequences analysed, for a combined total of 20.67% (Table 1).
Most of the genomes from food sources were Salmonella (47.88%), Campylobacter (23.03%),
Escherichia (11.79%), and Listeria (11.3%), with the remaining 20 genera only accounting
for a combined 6% of food isolates. Most of the foodborne isolate sequences were from
meat/poultry (64.45%) and multi-ingredient food (20.23%) sources, although this varied
by genus and species (Table 1). The next highest isolation sources were fish/seafood
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(4.40%), dairy (3.76%), and fruit/vegetables (4.64%) which were not well represented in
comparison to meat and multi-product food sources (Table 1). The distribution of sources
was organism-dependent; for example, the majority of Aeromonas spp. and Vibrio spp.
isolate sequences were from fish/seafood (Table 1). There were relatively few genomes
from ESKAPEE species from food sources. For example, there were only 66 genomes from
Enterobacter spp. and 23 from Acinetobacter spp. (Table 1), whereas there were 9660 and
21,905 genomes from clinical samples, respectively.

3.1. Antimicrobial Resistance by Drug Class

Proportions of predicted resistance by antimicrobial class varied by source depending
on both genus (Figure 2) and species (Supplementary File S1). For example, elevated
proportions of tetracycline resistance were observed in Clostridium perfringens but not
C. botulinum. A large proportion of clinical Enterococcus faecium encoded glycopeptide
resistance (86%), compared to only approximately 37% of Enterococcus faecalis. Similarly,
trimethoprim resistance was predicted for >96% of clinical Shigella sonnei compared to
<80% in other Shigella and Escherichia species. Half (approx. 50%) of clinical Vibrio cholerae
samples encoded aminoglycoside and/or sulphonamide resistance compared to 0.1% of
clinical V. parahaemolyticus (Supplementary File S1).

Significantly different proportions of predicted resistance between sources were
observed for almost all genera, except Shewanella, in at least one antimicrobial class
(Supplementary File S2). In Salmonella and Campylobacter species, aminoglycoside resistance
was significantly higher in isolates from meat/poultry sources in comparison to clinical
and some other food sources (Supplementary File S2). Macrolide resistance in Bacillus spp.
Was significantly higher in clinical isolates compared to dairy, fruit/vegetable, and multi-
product food sources. In Clostridium spp., both macrolide and tetracycline resistance were
significantly higher in clinical compared to most food sources (Supplementary File S2).
Vibrio spp. from fish/seafood and multi-product sources had significantly higher pro-
portions of tetracycline resistance compared to clinical, but trimethoprim resistance was
significantly lower in fish/seafood compared to most other food sources.

In Bacillus, Escherichia, and Klebsiella species, clinical isolates exhibited a signifi-
cantly higher prevalence of genes responsible for biocide resistance compared to those
found in the majority of food sources. Conversely, predicted biocide resistance in Liste-
ria and Vibrio was significantly lower in clinical isolates compared to most food sources
(Supplementary File S2). Similarly, the prevalence of genes encoding metal resistance in
Listeria was significantly lower in fruit/vegetable and clinical sources compared to egg,
dairy, fish/seafood, meat/poultry, and multi-product sources, and metal resistance in Vibrio
was significantly lower in clinical isolates compared to fish/seafood and multi-product
sources (Supplementary File S2).

For each genus and select species, the association of the resistance type/class with iso-
lation source was investigated using Chi square analyses. Pearson standardized residuals
were plotted to measure the strength and direction of the association of a resistance class
with a particular source (Supplementary File S3). Notably, correlations between resistance
and specific isolation sources were observed for some common foodborne bacterial genera
(Table 3, Supplementary File S3).

21



Microorganisms 2024, 12, 709

 

Figure 2. Predicted resistance to antimicrobial classes in 639,087 food and human clinical bacterial
genomes published in the NCBI Pathogen Detection database. Presence of ARGs and source of
bacterial isolates was determined based on metadata files associated with the whole-genome
sequences published in the NCBI Pathogen Detection database. For each organism listed (y-axis),
the percentage (x-axis) of isolates from each source (see colour legend) predicted to be resistant to
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classes of antimicrobials (panel headings) is displayed. Bubble diameters correspond to the total
number of isolates with predicted resistance from each source (no. of isolates). Note that the
quinolone class includes both acquired AMR genes (e.g., qnrS) and chromosomal point mutations
(gyrA, parE, parC) reported for only some of the genera.

Table 3. Associations of antimicrobial resistance with specific food isolation sources.

Genus Resistance Class(es) with Positive Association to Source Source(s)

Bacillus Glycopeptide Fruit/Vegetables
Campylobacter Aminoglycoside Meat/poultry, Egg

Metal, Tetracycline Clinical, Dairy, Meat/Poultry, Multi-product
Citrobacter Biocide, Sulphonamide, Trimethoprim Clinical
Clostridium Macrolide Clinical

Metal, Phenicol Multi-product, Fruit/Vegetables, Fish/Seafood, Dairy

Tetracycline Clinical, Meat/Poultry, Multi-product,
Fruit/Vegetables

C. difficile Glycopeptide Clinical, Meat/Poultry, Multi-product
Enterococcus Glycopeptide, Quinolone, Trimethoprim Clinical
Escherichia Trimethoprim Clinical (weak association)
Shigella Trimethoprim Clinical (very strong association)

Klebsiella Beta-lactam, Metal, Phenicol, Quinolone Clinical, Meat/Poultry, Multi-product,
Fruit/Vegetables, Fish/Seafood, Dairy, Egg

Sulphonamide, Trimethoprim Clinical, Egg
Listeria Biocide Multi-product, Egg
Salmonella Aminoglycoside, Tetracycline Meat/Poultry
Vibrio Tetracycline All sources, but especially strong with Fish/Seafood

Aminoglycoside, Sulphonamide, Trimethoprim Multi-product
Abbreviations: C. difficile: Clostridioides difficile.

3.2. Antibiotic Resistance

The relative proportion of organisms predicted to be resistant to antibiotic classes
varied according to the genera and source of the bacterial isolates (Figure 2). Resistance
to antibiotics was frequently significantly higher in human clinical isolates relative to
isolates from food sources (Supplementary File S2). For example, sulphonamide resis-
tance was significantly higher in clinical isolates of Klebsiella spp. compared to isolates
from other sources. Aminoglycoside resistance was significantly associated with clinical
Escherichia spp. compared to isolates from all other sources. Conversely, resistance to
some classes of antimicrobials was significantly higher in meat/poultry isolates (Figure 2,
Supplementary File S2). For example, Salmonella spp. recovered from meat/poultry were
more frequently resistant to aminoglycosides, fosfomycin, sulphonamides, and tetracycline
relative to clinical isolates. Note that in some cases, results were biased due to the limited
availability of isolates from certain sources. For example, 100% of Enterobacter spp. from
dairy encoded resistance genes for sulphonamides, yet only two isolate sequences were
available in the dataset (Figure 2, Table 1). Additionally, certain species have intrinsic
resistance to some antibiotic classes. For example, many of the Enterobacteriaceae encode
some form of the chromosomal ampC gene, resulting in a higher proportion of resistance
for the β-lactam class (Figure 2).

The distribution of select antibiotic resistance genes was also investigated (Figures 3–5).
The analysis of the β-lactam ARG families individually indicated a reduced overall preva-
lence for this class of antibiotics for many of the gene families (Figure 3). Elevated levels
of β-lactam resistance in Acinetobacter, Aeromonas, Enterobacter, Citrobacter, Pseudomonas,
Staphylococcus, and Vibrio are often due to chromosomally encoded gene families such
as blaACT and blaCARB and not necessarily clinically important gene families (Figure 3).
Clinically relevant gene families such as blaCTX-M, blaKPC, blaIMP, and blaNDM were
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observed at elevated proportions in clinical Citrobacter, Enterobacter, Klebsiella, Pseudomonas,
Escherichia, and Shigella (Supplementary Table S2). Elevated proportions of blaCTX-M were
observed in Klebsiella and Shigella from food; however, there were only six Shigella isolates
included (Supplementary Table S2). The carriage of β-lactam gene families also varied by
species; for example, approximately 50% of K. pneumoniae from clinical, fish/seafood, and
fruit/vegetable sources encoded blaCTX-M compared to lower levels in other Klebsiella spp.
from foods; furthermore, approximately 15% of V. parahaemolyticus from multi-product
food sources encoded blaCTX-M and/or blaCMY gene families compared to other Vibrio
species (Supplementary File S4).

 

Figure 3. ß-lactam resistance genes observed in bacteria commonly found in food products as a
function of isolation source. Presence of ARGs and source of bacterial isolates was determined based
on metadata files associated with the whole-genome sequences published in the NCBI Pathogen
Detection database (n = 639,087). For each genus or species listed (y-axis), the percentage (x-axis) of
isolates from each source (see colour legend) carrying a ß-lactam resistance gene (panel headings) is
displayed. Bubble diameters correspond to the total number of isolates with the resistance gene from
each source (no. of isolates). For each gene, all alleles in the AMRFinderPlus database are included.
Most gene families displayed include alleles conferring priority (or critical) resistance, except for
blaACT and blaCARB, which are often chromosomally encoded by Enterobacter and Vibrio species.
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Figure 4. Quinolone resistance observed in bacteria commonly found in food products as a function of
isolation source. Presence of ARGs and source of bacterial isolates was determined based on metadata
files associated with the whole-genome sequences published in the NCBI Pathogen Detection database
(n = 639,087). For each genus or species listed (y-axis), the percentage (x-axis) of isolates from each
source (see colour legend) with a quinolone-resistance gene (panel headings) is displayed. Bubble
diameters correspond to the total number of isolates with the resistance gene from each source (no.
of isolates). Note that the analyses of point mutations in gyrA, parC, and parE conferring quinolone
resistance are not available for all species (i.e., mutations may be present in some genera but not
reported in this study).
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Figure 5. Polymyxin (e.g., colistin) resistance genes observed in bacteria commonly found in food
products as a function of isolation source. Presence of ARGs and source of bacterial isolates was
determined based on metadata files associated with the whole-genome sequences published in
the NCBI Pathogen Detection database (n = 639,087). For each genus or species listed (y-axis), the
percentage (x-axis) of isolates from each source (see colour legend) with each antibiotic resistance
gene (panel headings) is displayed. Bubble diameters correspond to the total number of isolates
with the resistance gene from each source (no. of isolates). The mcr* panel includes all mcr-alleles
(1 through 10), including those in the mcr-9 panel.

Pathogenic species such as E. coli and S. enterica, targeted by regulatory food-testing
programs, were more likely to have ARGs for β-lactams (Figure 3), quinolone (Figure 4),
and polymyxin (Figure 5) in comparison to other genera. In Enterococcus and Escherichia
species, significantly higher proportions of quinolone resistance in clinical isolates were
due to the carriage of gyrA, parC, or parE mutations (Figure 4, Supplementary File S2).

The mcr genes conferring resistance to polymyxins (colistin) were not frequently
observed in the genomes investigated (Figure 5). They were most frequently identified in
Aeromonas, Enterobacter, and Kluyvera (Figure 5). However, if the mcr-9 genes were excluded
from the analysis, this predicted resistance was much lower for many species.

Vancomycin resistance in Clostridioides difficile was due to the carriage of the vanG
cluster and was higher in clinical isolates than most food sources (Supplementary File S5).
Similarly, in Enterococcus, vancomycin resistance was much more prevalent in clinical
isolates which encoded either the vanA or vanB cluster of genes. However, rates of car-
riage were species specific, with clinical E. faecium exhibiting higher rates of carriage than
E. faecalis. In contrast, vancomycin resistance genes in Bacillus cereus were the vanR-A/vanS-
Pt cluster, which were more prevalent in fruit/vegetable, meat/poultry, fish/seafood, and
multi-product sources compared to clinical sources (Supplementary File S5).

3.3. Biocide Resistance

Similar to antibiotic resistance genes, the presence of biocide resistance genes also
varied based on the genus and the source of the isolate. Significantly elevated proportions
of isolates carrying the bcrABC resistance genes were observed in Listeria from food sources
compared to clinical sources (Figure 6, Supplementary File S2). Similarly, qac resistance
genes were more prevalent in Vibrio spp. isolated from food sources compared to clinical
(Figure 6). In contrast, biocide resistance was significantly higher in clinical Escherichia
compared to all food sources except egg (Figure 6, Supplementary File S2). As with
antibiotic resistance, certain bacteria encode biocide resistance determinants chromosomally.
For example, most Staphylococcus [species] encode lmrS, and a chromosomal emrE is found
in most Klebsiella.
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Figure 6. Biocide resistance genes observed in bacteria commonly found in food products as a
function of isolation source. Presence of biocide resistance genes and source of bacterial isolates
was determined based on metadata files associated with the whole-genome sequences published in
the NCBI Pathogen Detection database (n = 639,087). For each genus or species listed (y-axis), the
percentage (x-axis) of isolates from each source (see colour legend) with each biocide resistance gene
(panel headings) is displayed. Bubble diameters correspond to the total number of isolates with the
resistance gene from each source (no. of isolates). The qac* panel includes data for all qac-alleles,
including those in other panels.

We investigated the potential co-carriage of biocide and antimicrobial resistance;
however, the limited availability of isolates from some sources hindered the determination
of the significance of the associations (Supplementary File S6). Of note, similar proportions
of antibiotic resistance and AMR + Biocide resistance were observed for the following:
sulphonamide and trimethoprim in Klebsiella from meat/poultry and multi-product sources;
beta-lactam, quinolone, sulphonamide, tetracycline, and trimethoprim in Escherichia from
egg and fish/seafood sources. These results suggest potential co-carriage in these genera
from these sources (Supplementary File S6).

3.4. Metal Resistance

The presence of metal resistance genes varied among genera and the source of iso-
lation (Figure 7). Listeria spp. generally carried few genes predicted to confer resistance
to metals, with cad and ars, encoding resistance to cadmium and arsenite, being the most
common (Figure 7). Almost all Salmonella sequences encoded the gol gold resistance gene,
and Salmonella spp. also had higher proportions of arsenite resistance determinants in
food isolates compared to clinical isolates. Additionally, silver resistance was higher in
Salmonella isolates from meat/poultry and multi-product food sources compared to clinical
sources. Approximately 34–50% of Campylobacter isolates from clinical, meat/poultry, and
multi-product sources encoded arsenite ars and/or acr resistance genes, with a higher pro-
portion of meat/poultry isolates encoding arsenite resistance compared to clinical isolates
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(Figure 7). In Klebsiella, high proportions of resistance to metals were due to the carriage
of ars (arsenite), pco (copper), mer (mercury), sil (silver), and ter (tellurium) (Figure 7).
Significantly higher proportions of metal resistance in Escherichia from meat/poultry and
multi-product foods were due to the carriage of pco (copper), sil (silver), and ter (tellurium)
resistance determinants in these sources (Figure 7, Supplementary File S2). Cadmium
(cad) resistance in Staphylococcus spp. was slightly higher in multi-product isolates than
clinical; however, cad was detected in 56%, 59%, and 64% of meat/poultry, clinical, and
multi-product Staphyloccocus sequences, respectively.

 

Figure 7. Metal resistance genes observed in bacteria commonly found in food products as a function
of isolation source. For each genus or species listed on the y-axis, the percentage of isolates from each
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source (see colour legend) with each respective metal resistance gene (panel headings) is displayed
(x-axis). Panel headings indicate the predicted metal that indicated gene (in parentheses) confers
resistance to. Sizing of points corresponds to the total number of isolates of that genus for isolation
source (no. of isolates).

4. Discussion

This study leveraged published bacterial genomes to explore the link between antibi-
otic resistance genes (ARGs) and bacteria from food and human clinical sources, employing
the NPDD as a key tool for this analysis. While this is a valuable resource, the results are
subject to certain limitations. Notably, bacterial isolates from food sources are significantly
outnumbered by those from human-clinical samples and available data may be biased
due to the non-systematic nature of food sampling, including the presence of genomes
from clonal isolates. Moreover, the detection of ARGs is contingent on the quality of the
genome assemblies, with closed genomes typically enabling more reliable detection of
ARGs compared to lower-quality draft genomes [60,61]. As such, caution should be taken
for any statistical inferences being deduced from our results, in particular where a low
number (<10) of isolates were investigated [62]. Despite these constraints, this study offers
an overview of the relationship between ARGs and different food sources and highlights
current gaps in the surveillance of agri-food products to monitor the emergence of AMR.

4.1. The Importance of Metadata

As genomic sequencing technologies advance and the volume of sequence data in-
creases, adopting standardized methods for metadata collection and reporting is crucial
to maximize the impact of large publicly available repositories [63]. Acknowledging this
critical need, the ISO 23418:2022 standard for the whole-genome sequencing of bacteria
provides extensive guidelines for metadata collection [64]. The NPDD has begun incorpo-
rating IFSAC categories [53,54] into its metadata, but updates and manual curation are still
needed. As found in other studies, manual curation was needed to resolve issues wherein
at least one component of the metadata, such as host or isolation source, was either missing,
inconsistent, or misspelled [65–68]. The curation of metadata after the fact is a daunting
task and subject to error, especially in the case of older entries where information may no
longer be easily retrievable. Collaborative efforts are ongoing to standardize the collection
of metadata [69] and include standardized structured vocabulary derived from specific on-
tologies including Environmental Ontology (ENVO) and Foundations of Medical Anatomy
(FMA) [63,70,71]. More recently, a harmonized food ontology (FoodOn) was developed
to address food product terminology gaps [72]. Tools such as METAGENOTE have been
developed that facilitate the annotation of sample data prior to uploading sequence files to
the SRA [63]. As NCBI Pathogen Detection continues to improve data collection methods
and update its current repository with standardized defined ontology, this resource will
become even more valuable for conducting large meta-analyses.

4.2. Filling the Gaps in Agri-Food Testing and Resistance Surveillance

This study analysed NCBI pathogen data for 639,087 bacterial genomes isolated from
clinical (76.88%) and food (23.12%) sources to assess the connection between predicted
AMR and food sources (Table 1). Despite inherent data limitations, we observed several
associations between ARGs of concern and isolation sources. In general, ARGs were
more prevalent in clinical isolates, with a few exceptions. In particular, Salmonella iso-
lates from meat/poultry were more likely to harbour ARGs associated with multiple
resistance classes including β-lactams, quinolones, sulphonamides, and tetracycline. We
found that B. cereus from meat/poultry and fruit/vegetable sources were more likely to en-
code tetracycline resistance and/or the vanR-A/vanS-Pt glycopeptide resistance cassette(s)
(Supplementary File S1). However, previous studies found although vanR-alleles were
detected in 100% of B. cereus isolates studied, all were susceptible to vancomycin [73].
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Clostridium botulinum from multi-product and fruit/vegetable sources also had higher rates
of carriage for fosfomycin, metal, and phenicol resistance.

Agri-food production practices can impact selection for AMR organisms. For example,
recent studies have implicated the use of ceftiofur in poultry production with an increase
in third generation cepholosporin (3GC)-resistant Salmonella Heidelberg in both poultry
and associated with human illness [74–76]. The use of antimicrobials in agri-food pro-
duction has been shown to lead to the co-selection of critically important AMR [77], and
subinhibitory concentrations of antimicrobials can increase the dissemination of MGEs
harbouring ARGs [78,79]. In food crops, the use of fertilizers from animal or human sources
has been associated with an increase in AMR organisms [80]. A recent meta-analysis indi-
cated that between 3.75 and 4.63% of food crops harboured Enterobacteriaceae resistant to
tetracycline or 3GCs, with prevalences varying by country [80]. The correlation between
the antimicrobial resistance of specific classes and certain isolation sources is corroborated
by other studies for some genera. For example, Zaheer et al. also reported high levels of
tetracycline and macrolide resistance in Enterococcus from human clinical and cattle sources
and trimethoprim resistance in up to 83% of clinical Enterococcus faecium isolates [81].

Another notable finding was the high rates of biocide resistance in L. monocytogenes
isolates from egg, multi-product, dairy, and meat/poultry sources contrasting with low
levels of this resistance in clinical isolates (Figures 2 and 3, Supplementary File S1). A
previous analysis of 1279 L. monocytogenes strains from food products found that five of
the most frequently isolated clonal complexes (CCs) of L. monocytogenes were significantly
more likely to encode gene(s) conferring biocide resistance [82]. In almost all resistant
isolates, QAC resistance was plasmid-borne, suggesting that the transfer of plasmid-borne
sanitizer resistance may be associated with pathogen persistence in food production.

Listeria spp. from food sources also encoded arsenite and cadmium resistance determi-
nants at higher rates than clinical isolates (Figure 7). Resistance to cadmium and arsenic is
one of the earliest documented metal resistance phenotypes of L. monocytogenes. Arsenic
has been primarily associated with serotype 4b (over-represented clinical type), and arsenic
resistance is most frequently encountered among clones associated with outbreaks [83].

Not all AMR organisms or ARGs are of equal importance to the current AMR
crisis [84,85]. The WHO and CDC list carbapenem- and ESBL-producing Enterobacteri-
aceae as a critical priority and drug-resistant Salmonella, Campylobacter, E. faecium, S. aureus,
and Helicobacter pylori as high-priority pathogens [86,87]. While foods are currently moni-
tored for the presence of pathogens such as Shiga toxin-producing E. coli (STEC), Vibrio.,
Salmonella, and Campylobacter species, there is limited surveillance on the critical- and
high-priority ESKAPEE pathogens in foods, despite evidence indicating that these species
are commonly found in foods [88,89]. Of these species, S. aureus and E. coli had the highest
representation in the NPDD (Table 1, Supplementary Table S1).

The prevalence of mec encoded β-lactam resistance in S. aureus did not significantly
differ between both meat/poultry and multi-product sources relative to clinical sources,
whereas this resistance was rare in isolates from dairy sources (Figures 2 and 3,
Supplementary File S2). The mec genes are found in methicillin-resistant S. aureus (MRSA)
strains, which are a global concern and were estimated to be responsible for 100,000 deaths
in 2019 [20]. A study by Bouchami et al. [90] on the pork production chain found MRSA
to be present in live pigs, meat, the slaughterhouse environment, and workers, with 55%
encoding the mec cassette and 61% encoding the biocide resistance gene lmrS. Interestingly,
our study carriage of mec was significantly lower in dairy compared to all other foods and
clinical sources (Figure 3, Supplementary File S2). This finding is similar to a meta-analysis
conducted by Khanal et al. [91], who reported the prevalence of MRSA to be 3.81% over-
all and 3.91% in dairy cattle farms and cattle milk specifically. While MRSA isolates are
commonly recovered from foods, the role of food in their transmission remains unclear [92].

Despite the under-representation of certain species in foods (e.g., only 23 Acinetobac-
ter from food and over 20,000 from clinical samples, Table 1), we found carbapenem
and ESBL resistance gene family ESKAPEE pathogens in foods including dairy, egg,
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fish/seafood, fruit/vegetable, meat/poultry, multi-product, spice/herbs, and nuts/seeds
sources (Supplementary Table S2). The CTX-M family is the most prevalent type of ESBL
observed in ESBL-producing Enterobacteriaceae found in vegetables [93]. We found a simi-
lar prevalence of blaCTX-M-encoding K. pneumoniae from both clinical and fruit/vegetable
sources (Supplementary File S4). Other studies also reported high levels of blaCTX-M-
encoding K. pneumoniae isolated from fruit/vegetable sources [93]. P. aeruginosa from
fruit/vegetable sources encoded blaVIM at a higher rate than clinical isolates. To elucidate
the significance of the role of food in the transmission of ESKAPEE pathogens, larger scale,
targeted studies are needed to address current data gaps.

Note that the presence of β-lactam genes does not necessarily correlate with the
production of ESBLs. For example, resistance to penicillin and 1st- and 2nd-generation
cephalosporins is often mediated by chromosomal β-lactamase genes, such as ampC
and ampC-type genes. These genes are often species specific (Acinetobacter, blaOXA; Cit-
robacter, blaCMY; Enterobacter, blaACT, blaADC) and alleles often do not, but in some situa-
tions may, confer resistance to 3rd- and 4th-generation cephalosporins or carbapenems
(Figures 2 and 3). Additionally, resistance to some antimicrobials may be conferred by
single nucleotide variants (SNVs) in the bacterial genome, of which only a few are well
characterized. Given their location on the chromosome, both of these gene types present a
lower risk of transmission [20,92,94].

While the NPDD currently offers limited data on ARG-encoding foodborne bacteria,
this absence does not necessarily imply that these organisms are absent in foods. The
availability of data regarding bacterial abundance in food sources is often constrained to
focused studies targeting specific commodities, genera, or species and is heavily influenced
by factors such as the targeted bacteria, location, and seasonal variations. For instance,
a 2013 survey conducted in Canada on fresh fruits and vegetables reported generally
a very low prevalence of bacterial pathogens such as Salmonella, E. coli O157, Shigella,
Campylobacter, and L. monocytogenes [95]. In contrast, a recent study exploring ready-to-
eat foods, including meat products as well as fruit, in developing countries reported a
prevalence range from 6.1–34.4% for many ESKAPEE pathogens, Salmonella, Bacillus, and
Shigella, depending on the organism [96].

However, there remains relatively few studies investigating or reporting the preva-
lence of typically non-targeted foodborne genera and species such as Citrobacter and non-
pneumoniae Klebsiella species This study highlights that AMR of concern is present in
ESKAPEE pathogens isolated from food sources and that we often observe clinical pri-
ority ARGs in these species. Nonetheless, the available data are highly biased towards
clinical sources. Although some studies have reported the presence of multidrug-resistant
pathogens from foods such as fruit and vegetables, the body of research in this area is still
relatively small. Few studies quantify the risk associated with consumption, and many
focus exclusively on specific bacterial pathogens [97]. Additionally, certain emerging high-
priority resistance genes are rarely found, even in clinical isolates (Supplementary Table S2).
Given the existing gaps in data from food sources, it is difficult to measure transmission
from these to clinical settings. More targeted surveillance is needed to ascertain whether
foods are a risk source and potential transmission route for AMR [98].

Understanding the interplay between resistance and MGEs is critical for understand-
ing the spread and dissemination of ARGs across bacterial populations and environments.
While linking ARGs with MGEs is crucial for assessing the transmissibility of AMR, the
utilization of metadata in our study precluded the precise association of resistance genes
with specific MGEs. Bioinformatic tools, such as mob-suite, permit the reconstruction
of plasmids using isolate genome sequence data [99]. Furthermore, an important AMR
resource, the Comprehensive Antibiotic Resistance Database (CARD), now integrates in-
formation on the presence of ARGs and their corresponding plasmid location(s) derived
from the analysis of NCBI whole-genome sequence data [100,101]. However, unlike our
study the data in CARD are not categorized by isolation source. The surveillance of AMR
in agri-food samples may benefit by shifting focus from the isolation/testing of specific
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organisms to investigating MGEs being transferred throughout food production (e.g., plas-
midome sequencing) [102]. These elements provide a mechanism to distribute genes that
are beneficial for survival and often carry genes encoding virulence factors; antibiotic-,
biocide-, and metal-resistance; and functions involved in host–bacterial interactions [103].
Therefore, MGEs may contain resistance genes of the highest risk and clinical relevance in
agri-food production samples.

5. Conclusions

Food products, facilities, and food-producing animals contain a variety of bacteria,
and antimicrobial use in agriculture is an alleged driver for increasing AMR [98]. Current
monitoring programs target select bacterial pathogens within products (e.g., Salmonella spp.,
STEC, Vibrio spp., and L. monocytogenes, among others). As species that are of concern for
AMR, such as the ESKAPEE pathogens, are not routinely investigated, the AMR burden of
foods remains unclear. This study illustrates how high-quality, publicly available bacterial
genome sequences can provide insights on the distribution of ARGs in agri-food production.
In comparison to foodborne pathogenic species, there was relatively limited coverage of
ESKAPEE species recovered from food sources in the NPDD, despite their importance in
human infection. However, these data still provide an overview of the types of ARGs in
bacteria isolated from food and clinical sources.

As samples found throughout the food production continuum are often composition-
ally complex, methods that will enable the evaluation of the resistance burden in the food
chain are required. These methods should target bacteria that may serve as reservoirs for
ARGs in food production. Additional sequence data generation for AMR in ESKAPEE
pathogens such as Enterobacter and Klebsiella, including bacteria from lesser studied food
sources, is essential for evaluating the resistance burden in food production.
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Abstract: Vancomycin-resistant (VR) Enterococcus spp. can be detected in high concentrations in
wastewaters and pose a risk to public health. During a one-year study (September 2022–August
2023), 24 h composite raw wastewater samples (n = 192) of a municipal wastewater treatment plant
were investigated for cultivable enterococci. After growth on Slanetz–Bartley agar (SBA), a mean
concentration of 29,736 ± 9919 cfu/mL was calculated. Using MALDI-TOF MS to characterize
randomly picked colonies (n = 576), the most common species were found to be Enterococcus faecium
(72.6%), E. hirae (13.7%), and E. faecalis (8.0%). Parallel incubation of wastewater samples on SBA
and VRESelect agar resulted in a mean rate of VR enterococci of 2.0 ± 1.5%. All the tested strains
grown on the VRESelect agar (n = 172) were E. faecium and carried the vanA (54.6%) or vanB gene
(45.4%) with limited sequence differences. In susceptibility experiments, these isolates showed a
high-level resistance to vancomycin (>256 μg/mL). Concentration of vancomycin was determined in
93.7% of 112 wastewater samples (mean: 123.1 ± 64.0 ng/L) and varied between below 100 ng/L
(the detection limit) and 246.6 ng/L. A correlation between the concentration of vancomycin and the
rate of VR strains among the total enterococci could not be found. The combination of incubation of
samples on SBA and a commercial vancomycin-containing agar applied in clinical microbiology with
a multiplex PCR for detection of van genes is an easy-to-use tool to quantify and characterize VR
Enterococcus spp. in water samples.

Keywords: wastewater; monitoring; enterococci; antibiotic resistance; vancomycin-resistant
enterococci; vancomycin concentration

1. Introduction

Investigation of wastewater is a useful way to follow the excretion of fecal bacteria,
viruses, and parasites at the population level. As confirmed in an exemplary manner
during the SARS-CoV-2 pandemic, wastewater monitoring is a helpful tool to evaluate
the epidemiological situation in the catchment of treatment plants and to characterize
the evolution processes of microorganisms [1]. This includes the presence of resistance
determinants among fecal bacteria posing an increasing risk for patients, as well as the
wastewater facilitating the dissemination of resistant species and their antibiotic-resistance
genes in the aqueous environment [2,3].

Enterococci are Gram-positive bacteria with a low level of virulence which colonize
the gastrointestinal tracts of humans and animals. The microorganisms tend to rapidly
acquire a large repertoire of resistance patterns, making these primary commensal species
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increasingly relevant in clinical medicine. Chromosomal-coded markers, as well as ac-
quisition of mobile genetic elements, may contribute to multi-drug resistance strains that
have reduced or missed susceptibility to many antibiotics like penicillins, cephalosprines,
aminoglycosides, and lincosamides. In particular, the occurrence of vancomycin-resistant
strains (VREs) is clinically important. Vancomycin is a tricyclic glycopeptide antibiotic
mainly used to treat severe infections with Gram-positive bacteria, including methicillin-
resistant Staphylococcus aureus [4]. Resistance to vancomycin is caused by the chromosomal
and extra-chromosomal presence of van genes, with the most prevalent phenotypes being
vanA and vanB [5]. Meanwhile, Enterococcus faecium and E. faecalis are frequent agents of
several nosocomial infections, including severe cases of bacteremia, with strongly reduced
therapeutic options. Despite limited data about the incidence of infections by enterococci in
hospitals, a higher mortality of bloodstream infections with VREs (independent of species)
in comparison to susceptible enterococci has been reported recently [6,7].

Outside of clinical settings, based on their common presence in the human gut and
remarkable persistence among environmental conditions, enterococci have been proposed
as targets for the quantitative monitoring of fecal contaminations in water resources [8].
In this context, differentiation of isolates is crucial, as only species associated with human
feces (E. faecium and E. faecalis) are important for evaluation of water quality [9], but they
can be of a different origin [10].

The presence of residues of antibiotics in raw wastewater, and in surface waters receiv-
ing treated wastewater, is common. Depending on the origin of the wastewater (municipal
or hospital), vancomycin concentrations in raw wastewater range between below the detec-
tion limit and more than 10,000 ng/L. In surface waters, up to 2000 ng/L were measured
downstream of a discharge [11–17]. Residues might induce the acquisition of resistance
genes by susceptible strains at an intra- and inter-species level. The establishment of pre-
dicted no-effect concentrations (PNECs) in environmental waters allows an evaluation of
the influence of the measured antibiotics on the development of resistance and selection in
the bacterial community of a water resource [18]. However, studies combining the analysis
of concentrations of vancomycin and of the quantitative presence of VREs in municipal
wastewaters are rare [16].

Using vancomycin resistance as an example, the aim of this study was to determine
the species distribution of enterococci and the rate of resistant enterococci in the wastewater
of an urban area in order to expand our data about the presence of these clinically and
environmentally important bacteria. Isolated strains were characterized in order to evaluate
the molecular mechanisms of vancomycin resistance and their susceptibility, to contribute
to current knowledge of the occurrence of VREs in wastewater. The comparable growth
of the total and vancomycin-resistant Enterococcus spec. on different agars simplifies the
quantification of the rate of VREs. Additionally, the parallel measurement of vancomycin
in wastewater samples will allow conclusions about possible associations between the
presence of VREs and the residues of this antibiotic in raw wastewater. Thus, the results
of the study can help to evaluate the hypothesized importance of residues of vancomycin
for the selection of resistant enterococci and/or the acquisition of resistance in the aquatic
environment. Via a combination of quantitative screening of total Enterococcus spec., VREs,
molecular characterization of strains, susceptibility testing, and detection of vancomycin, a
detailed view of these bacteria in the raw wastewater of a treatment plant is presented.

2. Materials and Methods

2.1. Characterization of Study Site and Sampling

Between September 2022 and August 2023, 24 h composite samples of the influent
to the central wastewater treatment plant of the City of Dresden, Germany, were taken
(mean: 5 samples per week). The main physicochemical properties of raw wastewater
are summarized in Table S1. Using conventional activated sludge technology, the plant
treated the wastewater of approximately 702,000 inhabitants having an average daily flow of
153,000 m3 and a relation between combined/separate sewers of 75/25%. Within the served
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area, several hospitals having a total of 3600 beds are located. Samples were immediately
transported under refrigerated conditions (4 ◦C) to the laboratory and processed within
4 h. Data on daily rainfall were provided by the wastewater treatment plant.

2.2. Enumeration of Total Enterococci and Vancomycin-Resistant Enterococci

After dilution with sterile phosphate-buffered saline to obtain countable numbers
of colonies, the total number of enterococci were recorded by spreading of wastewater
in duplicate on Slanetz and Bartley agar (SBA; Merck Millipore, Burlington, PA, USA)
without further pre-treatment of the wastewater samples. Colony-forming units (cfus) were
enumerated after an incubation time of 48 h at 37 ◦C. For characterization, three randomly
selected colonies per sampling date were picked, dispersed in cryo vials (Microbank, Pro-
lab, Richmond Hill, ON, Canada), and stored at −80 ◦C. To compare the total number
of enterococci with the number of VREs in the same sample, pre-diluted wastewater
was spread on VRESelect agar (Bio-Rad, Hercules, CA, USA) in duplicate and in parallel
to processing of the SBA. After 48 h at 37 ◦C [19], grown blue (E. faecalis) and purple
(E. faecium) colonies were picked and treated as described. To compare the quantitative
growth of the enterococci on both agars, different van gene-carrying isolates were diluted
in sterile-filtered wastewater and spread in duplicate on the SBA and VRESelect agars, and
the colonies were counted.

2.3. Characterization of Isolated Enterococci

Prior to analysis, the isolates were spread on the SBA and incubated at 37 ◦C for 24 h.
Species were identified using MALDI Biotyper® (MBT) smart and flexControl software 3.4
(Bruker Daltonics, Bremen, Germany). Biomass from single colonies was picked and trans-
ferred to an “MBT Biotarget 96 IVD” (Bruker Daltonics). The bacteria were subsequently
coated with 70% formic acid (Merck Life Science, Darmstadt, Germany), and spots were
then layered with 1 μL matrix solution containing α-cyano-4-hydroxycinnamic (Bruker Dal-
tonics). For each isolate, species analysis was carried out in a double determination. Species
identification was carried out according to the manufacturer’s specifications. Results hav-
ing score values above 2.0 were considered “high confident identification”, whereas those
having score values between 1.7 and 2.0 represented “low confidence identification” for
Gram-negative and Gram-positive bacteria at genus and species levels. Results of score
values below 1.7 were considered as having “no reliable identification” [20].

To pre-screen for vancomycin resistance, all enterococci strains isolated from the SBA
were incubated on VRESelect agar. The presence of van A/B genes commonly occurring in
isolated VREs from environmental samples was investigated using a duplex polymerase
chain reaction (PCR). To differentiate the size of the amplification products macroscopically,
the primers for detection of vanA (1030 bp) were as described in Kariyama et al. [21],
whereas the protocol of Farkas et al. [22] was used for amplification of the vanB (667 bp)
fragment (Table S2). To confirm the specificity of amplification and to analyze the sequence
differences of the van genes, products were treated with MSB spin PCRapace columns
(Invitek, Berlin, Germany) and Sanger sequenced. Detection of the occurrence of the
enterococci surface protein (esp) gene in all vancomycin-resistant isolates was carried out
as described [23]. Antimicrobial susceptibility testing of isolates was performed according
to the current recommendations of EUCAST [24], using vancomycin stripes (Liofilchem,
Roseto degli Abruzzi, Italy) and discs (5 μg; Oxoid, Basingstoke, UK) on Mueller–Hinton
Agar (Biomerieux, Marcy-I’Etoile, France). Strains having minimal inhibitory concentration
(MIC) breakpoints of >4 mg/L vancomycin (stripes) and zone diameter breakpoints of
<12 mm (discs) were considered resistant.

2.4. Measurement of Vancomycin in Wastewater

Vancomycin was analyzed via solid-phase extraction (SPE) and LC-MS/MS according
to Rossmann et al. [25] and Gurke et al. [26]. Briefly, 50 mL aliquots of homogeneous
wastewater samples were spiked with Na2EDTA (0.8 mg/mL), shaken, centrifuged, and
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finally filtered through a glass fiber filter (<0.7 mm; WICOM, Heppenheim, Germany).
Prepared influent wastewater samples as replicates (pure and 1 to 4 diluted) were adjusted
to a pH of 3.5 ± 0.2 using formic acid (LC-MS grade; Sigma, St. Louis, MO, USA). An
external standard curve of blank urine (1 to 40 diluted; pH of 3.5 ± 0.2) was spiked
with standard surrogates (100–10,000 ng/L). Samples were extracted using solid-phase
extraction (SPE) onto a 30 mg Oasis HLB cartridge (Waters, Milford, MA, USA) using a
Gilson ASPEC GX-271 automatic sample processor (Middleton, WI, USA). The extracts
were analyzed using an LC-MS/MS system. Chromatographic separation was performed
using a Kinetex® RP 2.6 μm column having a diameter of 150 mm × 3.0 mm and a Security
Guard cartridge for C18 HPLC columns having a 4 mm × 2 mm internal diameter (both
Phenomenex, Aschaffenburg, Germany). An API 4000 tandem mass spectrometer (ABSciex,
Framingham, MA, USA) was equipped with an electrospray interface (ESI) in multiple
reaction monitoring (MRM) mode. The quantification limit, defined as the lowest point
of the standard curve, was 100 ng/L. The acceptance criteria were a signal-to-noise ratio
greater than 10 and an intra- and inter-day precision lower than 20% deviation.

2.5. Statistical Analysis

A paired t-test was used to compare the cfus obtained after growth of different E.
faecium and E. faecalis strains on the SBA and VRESelect agar, considering α < 0.05 as
significant.

3. Results and Discussion

3.1. Concentration of Enterococci

In the present one-year study, 192 wastewater samples were investigated for cultivable
enterococci. A mean concentration of enterococci grown on the SBA of 29,736 ± 9919 cfu/mL
(range: 8100–59,400) was determined (Figure 1A). Despite a low correlation coefficient (0.28),
a trend towards a slight increase in total enterococci during the investigation period can
be observed. The reasons for this finding can only be speculated about. In other reports,
no clear seasonal trends of the presence of enterococci in wastewater were found [27,28].
Furthermore, a comparison of the concentration of enterococci with the daily rainfall in the
area served by the wastewater treatment plant showed no correlation (Figure S1).

3.2. Characterization of Strains

The characterization of isolated strains from the SBA (n = 576) using matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) resulted
in rates of species of 72.6% E. faecium, 13.7% E. hirae, 8.0% E. faecalis, 3.6% streptococci,
and 2.1% other enterococci (Figure 2A). Streptococci included S. infantarius, S. gallolyticus,
S. equinus, and S. saccharolyticus; other enterococci species were E. durans (n = 7), E. thai-
landicus (n = 4), and E. mundtii (n = 1). Overall, the SBA demonstrated a selectivity for
Enterococcus spec. of 97.9%, which is higher than that found in other studies [29,30]. The
high proportion of E. faecium in the present report is in contrast to the summarized data of a
recent review calculating a rate of this species of around 42% in municipal wastewaters [29]
but is in approximate agreement to the results of other investigations [31,32]. The lack
of high amounts of wastewater of agricultural origin and the presence of several large
hospitals in the catchment might be reasons for this finding. After pre-screening of all
enterococci isolates (excluding streptococci) on the VRESelect agar, a low rate (0.2%) of
vancomycin-resistant strains was found, indicating the difficulty in finding enterococci
with this resistance pattern among the collected isolates from municipal wastewater [33].
Thus, between March and August 2023, 121 pre-diluted samples were inoculated on the
SBA and VRESelect agar in parallel. In growth experiments with selected vanA- (n = 12)
and vanB-carrying isolates (n = 10) diluted in pre-filtered wastewater and spread on both
agars (n = 25), a similar mean number of colonies was demonstrated (with no statistically
significant difference), indicating that direct comparison of cfus can be carried out. Using
this approach, a concentration of VREs of 600.4 ± 413.9 cfu/mL and a rate of VREs among
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total enterococci of 2.0 ± 1.5% (range: 0.3–8.8%) can be calculated. In previous investiga-
tions, the proportion of VREs among total enterococci in raw wastewater ranged between
0.5 and 40% [16,30,34,35]. In catchments having a low prevalence of reported cases, the
VRE presence in municipal and even in hospital wastewater remains very low [28,33].
The same is the case for areas having a limited number of hospitals, located at a great
distance from the treatment plant [36], confirming that the quantitative presence of VREs
depends on the local epidemiological situation and the origin of the wastewater. In hospital
wastewaters, the percentage of VREs was found to be higher in comparison with municipal
wastewater in some studies [34,37], but the overall data are inconsistent [28,38]. Using the
parameters of the wastewater treatment plant investigated in the present study and the
measured concentrations of VREs, an average daily VRE load of 9.2 × 1010 (1.3 × 108 cfu
per inhabitant) is estimated. Based on a removal of enterococci between log 1.4 and 3.2 for
conventional activated sludge treatment [39,40], a substantial amount of VREs entering the
aqueous environment must be assumed.

After the MALDI-TOF MS testing of picked colonies from the VRESelect agar (n = 172),
the exclusive occurrence of E. faecium among VREs was confirmed. Related data from other
studies are contradictory. Several reports documented the presence of both vancomycin-
resistant E. faecium and E. faecalis in urban wastewater [22,34]. In contrast, other studies also
demonstrated the striking dominance of E. faecium [16,36,41]. Isolates from the VRESelect
agar were screened using duplex PCR for the presence of van genes, and all strains carried
either the vanA (54.6%, n = 94) or the vanB gene (45.4%, n = 78; Figure 1B). In previous
investigations, the relative proportions of vanA- and vanB-carrying E. faecium in wastewater
fluctuated widely, up to an exclusive dominance of vanA, depending on local circulation
of corresponding strains in the human population [16,22,34,41,42]. However, in all VREs
of the present study, van operon types were confirmed, which are the most common in
clinical isolates [43]. VanA as well as vanB genes are located on specific transposons, and for
vanA-carrying strains, an additional resistance to teicoplanin has been confirmed [29]. With
the PCR protocol used here, amplification products cover 95.3% of vanA and 57.3% of vanB
genes in comparison to sequences deposited in GenBank. Sequencing of the amplification
products resulted in two vanA gene types among the investigated environmental strains,
differing in two nucleotides. Both mutations lead to amino acid changes (A227V and V257F)
of D-alanine-I-lactate ligase vanA in 54.7% of strains. Interestingly, this vanA gene was
found with 100% identity in only one entry in the NCBI data bank (WP_001079844.1). After
sequencing of the products of vanB amplification, a single nucleotide mutation was deter-
mined in three isolates (3.9%) resulting in a N to H transition in the amino acid sequence of
vanB. The results of the sequencing suggest a relative uniformity of van genes in the isolated
E. faecium strains from the sampled wastewater treatment plant. Further molecular charac-
terization of strains, like multilocus sequence typing (MLST), would allow a comparison
of enterococci of clinical, veterinary, and environmental origin [29,41,42]. Unfortunately,
typing data on isolated strains from patients in the catchment are not available.

3.3. Vancomycin Susceptibility of Strains

Selected vanA- and vanB-carrying isolates (n = 33 each) were investigated in suscepti-
bility tests and showed consistent MIC breakpoints of >256 μg/mL vancomycin (endpoint
of stripes) and no measurable diameters of inhibited growth around discs in any case.
According to these results, all tested strains show a high-level resistance to vancomycin.
The result is in agreement with other wastewater studies [41]. Furthermore, to confirm
the data of inoculation of isolated strains from the SBA on the VRESelect agar, some of
the SBA-derived E. faecium (n = 115) and all the E. faecalis isolates (n = 46) were tested
for vancomycin susceptibility, and mean MICs of 0.83 ± 0.43 μg/mL (E. faecium, range:
0.38–4.00) and of 2.03 ± 1.22 μg/mL (E. faecalis, range: 0.50–5.00), as well as mean zone
diameters of 16 ± 7 mm (E. faecium, range: 13–19) and of 13 ± 1 mm (E. faecalis, range:
12–16), were measured. In consequence, screening on VRESelect agar probably covers all
vancomycin-resistant enterococci occurring in the wastewater of the sampled plant. This
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also applies to strains having low-level vancomycin resistance [44], which were detected in
a previous environmental study [45] but could not be found among the tested isolates in
this report.

(A) 

(B) 

Figure 1. (A) Time-dependent occurrence of enterococci in the raw wastewater of WWTP Dresden-
Kaditz. (B) Rate of vancomycin-resistant (vanr) isolates (VRE) among the total enterococci and
corresponding vancomycin concentration in the raw wastewater (n = 112).
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(A) 

(B) 

E. faecium (n=418)

E. faecalis (n=46)

E. hirae (n=79)

Other enterococci (n=12)

Streptococci (n=21)

Figure 2. Detection of enterococci in the raw wastewater of treatment plant Dresden-Kaditz, Germany.
(A) Distribution of species grown on Slanetz–Bartley agar (n = 576). (B) Characterization of isolates
cultivated on VRESelect agar (n = 172). Esp—enterococcal surface protein.

3.4. Presence of Esp Gene

Via PCR, the presence of the esp gene in 94.8% of the VREs was shown (Figure 1B).
Sanger sequencing of 20 randomly selected PCR products (630 bp) confirms the specificity
of all sequences and their identities. Besides other proteins of enterococci, Esp has been
identified as a putative virulence factor contributing to biofilm formation, as well as to the
adherence of bacteria to host cells, and is involved in nosocomial infections [46–48]. In
comparison to other reports, the rate of esp-carrying strains was relatively high [32–34,41].
Regionally circulating E. faecium strains, local infection and excretion patterns, a relatively
high number of hospitals in the catchment, and the lack of large amounts of agricultural
waste entering the wastewater treatment plant might be responsible for the result. Despite
discussions about the suitability of this marker as an indicator of human feces [49–52], the
detection of esp indicates the human origin of most of the resistant strains isolated in the
present study.
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3.5. Concentration of Vancomycin in Wastewater

The concentration of vancomycin was determined in 112 wastewater samples and
ranged from below the detection limit (100 ng/L) to 246.6 ng/L. The concentration could be
quantified in 93.7% of the samples (mean: 123.1 ± 64.0 ng/L). No correlation between the
concentration of vancomycin and the rate of VREs among the total enterococci was found
(Figure 2B). Based on the PNEC of 8000 ng vancomycin/L [9], the measured concentrations
of vancomycin in the wastewater of the investigated plant seem not to be high enough
to influence the proportion of VREs significantly. This is in accordance with the results
of the study of Hricova et al. [16], which demonstrated that the rate of VREs did not
correlate with the vancomycin concentration (mean: 140 ng/L) in Czech wastewaters.
After investigation of two wastewater treatment plants in Poland, Giebultowicz et al. [15]
detected a roughly comparable mean vancomycin concentration in the influent of one plant
(350 ng/L) and postulated a minimal risk for resistance selection. In the raw wastewater
of two urban canals in Hanoi, Vietnam, up to 249 ng vancomycin/L was measured [14],
and a low environmental risk for the development of resistance was calculated even after
including a lower PNEC of 600 ng/L [53]. In general, the origin of wastewater determines
the vancomycin concentration in wastewaters. In comparison to hospital waters, lower
concentrations were found in municipal wastewater [11]. Obviously, the wastes of the
hospitals in the catchment of the wastewater treatment plant tested here were significantly
diluted, to a level which is comparable to the data of other studies investigating municipal
treatment plants. To clarify the concentration range of vancomycin that might influence the
quantitative presence of VREs in water, targeted experiments in future studies are necessary.

3.6. Implications and Limitations of the Study

Via relatively easy-to-use methods, the present study determined the concentration of
enterococci, the species composition, and the rate of vancomycin-resistant strains in the
raw wastewater collected in an urban catchment. The results show the presence of VREs
with a mean rate of 2.0% among all enterococci and an approximately equal distribution
of vanA and vanB genes as determinants of resistance. Despite the presence of susceptible
E. faecalis in the wastewater, only E. faecium strains were characterized as VR Enterococcus
species entering the investigated treatment plant. The quantification, characterization, and
susceptibility testing of enterococci isolates are applicable to further water resources that
might be influenced by the input of fecally contaminated wastewater of different origins,
like rivers. Here, the vancomycin concentrations in wastewater ranged significantly below
the proposed PNEC, suggesting a not easily measurable influence of vancomycin residues
on the rate of resistant Enterococcus spec.

This study has notable limitations. We investigated enterococci in the influent of
only one wastewater treatment plant, which could have include local peculiarities, and
the results cannot be extrapolated to other catchments. Furthermore, a longer monitoring
and characterization of enterococci might be helpful to recognize yearly concentration
differences in the wastewater of a given treatment plant and might explain the supposed
increase in cfus. Third, despite investigation of a relatively large number of isolates, a
putative bias in the selection of colonies cannot be excluded. Thus, other (rare) species
and alternative patterns of resistance could have been overlooked. Finally, MLST analyses
of isolates would give further insights into intra-specific differences among the locally
circulating E. faecium strains.
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Abstract: Clostridioides difficile is the most important pathogen causing antimicrobial-associated
diarrhea and has recently been recognized as a cause of community-associated C. difficile infection
(CA-CDI). This study aimed to characterize virulence factors, antimicrobial resistance (AMR), ribotype
(RT) distribution and genetic relationship of C. difficile isolates from diverse fecally contaminated
environmental sources. C. difficile isolates were recovered from different environmental samples in
Northern Germany. Antimicrobial susceptibility testing was determined by E-test or disk diffusion
method. Toxin genes (tcdA and tcdB), genes coding for binary toxins (cdtAB) and ribotyping were
determined by PCR. Furthermore, 166 isolates were subjected to whole genome sequencing (WGS) for
core genome multi-locus sequence typing (cgMLST) and extraction of AMR and virulence-encoding
genes. Eighty-nine percent (148/166) of isolates were toxigenic, and 51% (76/148) were positive
for cdtAB. Eighteen isolates (11%) were non-toxigenic. Thirty distinct RTs were identified. The
most common RTs were RT127, RT126, RT001, RT078, and RT014. MLST identified 32 different
sequence types (ST). The dominant STs were ST11, followed by ST2, ST3, and ST109. All isolates
were susceptible to vancomycin and metronidazole and displayed a variable rate of resistance to
moxifloxacin (14%), clarithromycin (26%) and rifampicin (2%). AMR genes, such as gyrA/B, blaCDD-
1/2, aph(3′)-llla-sat-4-ant(6)-la cassette, ermB, tet(M), tet(40), and tetA/B(P), conferring resistance toward
fluoroquinolone, beta-lactam, aminoglycoside, macrolide and tetracycline antimicrobials, were found
in 166, 137, 29, 32, 21, 72, 17, and 9 isolates, respectively. Eleven “hypervirulent” RT078 strains
were detected, and several isolates belonged to RTs (i.e., RT127, RT126, RT023, RT017, RT001, RT014,
RT020, and RT106) associated with CA-CDI, indicating possible transmission between humans and
environmental sources pointing out to a zoonotic potential.

Keywords: Clostridioides difficile; antimicrobial resistance; whole genome sequencing; ribotypes;
multi-locus sequence typing; toxin-encoding genes; feces

1. Introduction

Clostridioides difficile (formerly Clostridium difficile) is a Gram-positive, anaerobic, spore-
forming, toxin-producing, rod-shaped bacterium, which can cause diarrhea but also more
severe disease, such as pseudomembranous colitis and even toxic megacolon [1,2]. CDI
usually occurs after antibiotic exposure when the normal gut microbiota is disrupted, giv-
ing vegetative and spores of C. difficile the ability to thrive. Treatment with antimicrobials,
including penicillins, cephalosporins, fluoroquinolones and the macrolide–lincosamide–
streptogramin B (MLSB) antimicrobials, is considered a high risk factor for CDI develop-
ment [3–5].
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The pathogenicity of C. difficile strains is predominately dependent on the release of
two toxins; toxin A (tcdA) and toxin B (tcdB), which contribute to CDI and the respective
genes, are encoded on a 19.6 kb pathogenicity locus (PaLoc) together with the regulatory
components, TcdR, TcdC and TcdE [6]. Additionally, binary toxin (CDT) encoded by cdtAB
is associated with so called “hypervirulent” strains [7]. Besides CDT, these “hypervirulent”
strains might harbor mutations in the toxin repressor gene tcdC, leading to a higher toxin
production [8].

C. difficile can be characterized by PCR ribotyping on a molecular level, and several
ribotypes (RTs) are of epidemiologic importance. For instance, nosocomial CDI is often
associated with “hypervirulent” RT027, which has been frequently found in hospital
settings and outbreaks, especially in Europe, North America and to some extent in Asian
countries [9–11]. Furthermore, other “hypervirulent” RTs, such as RT023, RT078, RT126,
RT127, and RT176, are known [12–15]. Of note, RT078 is more commonly associated with
community associated (CA)-CDI. In previous years, the zoonotic potential of C. difficile has
been under scientific investigation. Several studies have reported that the environment,
including animals and food, can be considered as a potential source of CA-CDI [7,16–18].
However, up to this date, these reservoirs and C. difficile transmission outside the hospital
environment are not fully understood.

In recent years, diverse toxigenic C. difficile strains were recovered from a broad variety
of environmental sources (e.g., food, soil, water, wastewater treatment plants (WWTPs),
and animal manure) and from different animal species (e.g., cattle, pig and poultry).
This includes common RTs, which are frequently encountered in human disease, such as
RT001, RT005, RT014/RT020, RT078, and RT126, [19–23]. The prevalence of RT078, being
commonly encountered in pigs, has been one of the frequent RTs in 34 European countries
in the year 2008, with 8% [12] with decreasing tendency.

Animal manure and sewage sludge often contains C. difficile spores after being treated
by digestion or composting in digesters or biogas plants [22,24,25]. Subsequently, the
disposal of animal manure and feces, manure-, biogas plant- and thermophilic digester-
derived materials or digested sewage sludge as agricultural fertilizers might contribute to
environmental contamination with C. difficile.

Exemplified for RT078, strains from both humans and animals are genetically related
based on subtyping techniques, such as whole genome sequencing (WGS) following by
subsequent phylogenetic analysis [13,26–28], which demonstrates evidence for zoonotic
transmission of C. difficile between humans and animals. In particular, WGS provides
more-in-depth information about genetic diversity and relatedness resulting in a better
understanding of the source and the evolution of C. difficile contributing to the current
molecular CDI epidemiology [29].

Furthermore, the rapid resistance formation in C. difficile strains poses a significant
threat to global health, driven by the increased use of antimicrobials as a treatment against
other intestinal pathogens [3], and is known to promote CDI. Several recent studies have
reported the emergence of virulent-resistant bacterial pathogens from a variety of sources,
increasing the need for the appropriate use of antimicrobial agents. In C. difficile, acces-
sory antimicrobial resistance (AMR) genes are often located on mobile genetic elements
(MGEs) (i.e., conjugative and mobilizable transposons, plasmids, and prophages). They
can be transferred via horizontal gene transfer (HGT), within toxigenic and non-toxigenic
C. difficile strains [30] as well as other bacterial species (i.e., Bacillus subtilis and Enterococ-
cus faecalis) [31,32]. In this study, the strain composition and corresponding phenotypic
and genotypic antimicrobial resistance and virulence-associated factors were evaluated
giving insight into the molecular epidemiology of C. difficile of environmental origin from
Northern Germany. In a second step, the genetic relationship between C. difficile isolates
was determined by using core genome multi-locus sequence typing (cgMLST) based on
WGS to show possible epidemiologic intersections.
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2. Materials and Methods

2.1. Isolation and Identification of C. difficile

C. difficile isolates used in the present study were recovered from various environ-
mental samples, such as WWTP samples (raw sewage, sewage sludge, activated sewage
sludge, and digested sewage sludge), calf feces, cattle feces-contaminated soil, thermophilic
digesters for treating biowaste and sewage sludge and digested sewage sludge-amended
soils as previously described [22]. Briefly, environmental samples were inoculated in C. diffi-
cile selective (CD) broth, consisting of proteose peptone 40 g/L, fructose 6.0 g/L, Na2HPO4
5.0 g/L, KH2PO4 1.0 g/L, MgSO4·7H2O 0.1 g/L and NaCl 2.0 g/L. Inoculated CD broths
were supplemented with (12 mg/L) norfloxacin (Sigma-Aldrich Chemie GmbH, Munich,
Germany) and (32 mg/L) moxalactam (Biomol GmbH, Hamburg, Germany) and 0.1%
sodium taurocholate (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) for spore germi-
nation. All inoculated CD broths were prepared anaerobically in an anaerobic chamber
(Coy Laboratory Products, Inc. Los Angeles, CA, USA) and flushed with a gas mixture
(80% N2 and 20% CO2). All inoculated CD broths were incubated at 37 ◦C for 7–10 days.
Each incubated CD broth was then mixed with an equal volume of absolute alcohol (1:1)
and incubated at room temperature for 50–60 min. The mixtures were then centrifuged
at 4000 rpm for 10 min and the supernatant discarded. The pellet was resuspended in 1×
phosphate-buffered saline (PBS) and plated on Clostridium difficile agar (CDA, Fisher Scien-
tific GmbH, Schwerte, Germany) supplemented with 7% defibrinated horse blood (Fisher
Scientific GmbH, Schwerte, Germany), (12 mg/mL) norfloxacin, (32 mg/mL) moxalactam
and 0.1% sodium taurocholate. All plates were incubated anaerobically in anaerobic jars
(Schuett-Biotec GmbH, Göttingen, Germany) (80% N2, 10% H2 and 10% CO2) at 37 ◦C for
2–5 days. Selected colonies were evaluated by morphology and confirmed by the Oxoid
C. difficile latex agglutination test (Fisher Scientific GmbH, Schwerte, Germany). The final
confirmation was made by analyzing the specific housekeeping gene, triose phosphate
isomerase (tpi), as previously described by Leeme et al. [33].

2.2. PCR-Ribotyping and Toxin Genotyping

PCR ribotyping was conducted as described previously [34]. In short, a standardized
ESCMID (European Society of Clinical Microbiology and Infectious Diseases) protocol
was utilized together with capillary gel electrophoresis. The obtained C. difficile isolates
were characterized for toxin A (tcdA), toxin B (tcdB) and binary toxins (CDT, cdtA B) by
conventional PCR [35], and results were confirmed by analyzing the genome of C. difficile
strains (see below in Section 2.4).

2.3. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was performed by epsilometry (E-test) and agar
disk diffusion as described previously with a McFarland value of 4.0 on Columbia agar
(Becton Dickinson, Heidelberg, Germany) [34]. For metronidazole (nitroimidazole), van-
comycin (glycopeptide) and moxifloxacin (fluoroquinolone), epsilometry tests were derived
from Liofilchem (Roseto degli Abruzzi, Italy) while, for clarithromycin (macrolide) and
rifampicin (rifamycin), antibiotic disks originated from Becton Dickinson (Heidelberg, Ger-
many).

2.4. Whole Genome Sequencing and Data Analysis

To determine the genetic relationship of the C. difficile isolates, 166 isolates were
subjected to WGS using the Pacific Biosciences long-read platform Sequel IIe (Pacific
Biosciences Inc., Menlo Park, CA, USA) and were subsequently de novo-assembled us-
ing the SMRT Link software versions 10 and 11 (Pacific Biosciences Inc.) as described
recently [36]. For molecular subtyping and to determine the genetic relationship of the
different isolates, the cgMLST approach as described elsewhere was applied [37]. Using
the Ridom SeqSphere+ software version 9 (Ridom GmbH, Münster, Germany), the cgMLST
genes were extracted, and a minimum-spanning tree was constructed to display the geno-
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typic clustering. For backwards compatibility, the “classical” MLST Sequence Types (STs)
were extracted in accordance to the C. difficile MLST database of the PubMLST website
(https://pubmlst.org/organisms/clostridioides-difficile/. Accessed 15 November 2022).
In addition to the minimum-spanning tree analysis, all single nucleotide polymorphisms
(SNPs) were extracted from the cgMLST target genes that were present in all strains investi-
gated, and a phylogenetic tree (neighbor-joining tree) was constructed using the SeqSphere+

software. Subsequent graphical representation was done using the iTOL tool version 5 [38].
For further in-depth analysis, the WGS datasets were annotated using the RAST server
(the rapid annotation using subsystem technology) version 2.0 (https://rast.nmpdr.org/.
Accessed 15 November 2022) [39]. AMR genes were identified by screening contigs with
the CARD version 2 (the comprehensive antibiotic resistance databases) using resistance
gene identifier (RGI) (https://card.mcmaster.ca/. Accessed 11 April 2023), BacAnt [40],
ResFinder 4.1 (https://cge.food.dtu.dk/services/ResFinder/. Accessed 11 April 2023) [41],
ARG-ANNOT [42] and Vrprofile2 [43]. The genomes were further analyzed for the presence
of known point mutations associated with resistance to fluoroquinolones (e.g., substitution
in GyrA and GyrB subunit of the gyrase enzyme) and rifampicin (substitution in RpoB en-
zyme) using CARD and Snippy v.4.6.0 (https://github.com/tseemann/snippy. Accessed
25 November 2022), respectively.

The toxin genes were identified by using the virulence factors database from Ba-
cAnt [40] as well as by annotation provided by the RAST server (https://rast.nmpdr.org/.
Accessed 15 November 2022).

All contig sequences generated were submitted to NCBI GenBank under BioProject
number (PRJNA1011814).

3. Results

The collection of environmental C. difficile isolates, which were characterized pheno-
typically and genotypically in the current study, was obtained from different environmental
sources in the Northern region of Germany as described previously [22]. The isolates were
characterized for antimicrobial susceptibility patterns, and the genomic characterization
was assessed for the RT diversity and the prevalence of virulence-encoding genes and AMR
genes. In addition, the genetic relatedness among C. difficile isolates was performed using
cgMLST based on WGS.

3.1. Toxin-Encoding Genes and PCR Ribotypes of C. difficile Strains

In total, 166 C. difficile isolates were obtained, 148 (89%) isolates were toxigenic, com-
prised of tcdA+/tcdB+ [72, (49%)], tcdA+/tcdB+/cdtAB+ [76, (51%)] and [18, (11%)] as non-
toxigenic isolates (tcdA−/tcdB−/cdtAB−) (Tables S1, S3 and S5). Toxigenic strains could be
isolated from almost all environmental samples, (33% in municipal WWTP samples or in
feces of calves with 24%).

A total of 30 different RT profiles were identified with remaining 14 isolates that
could not be classified (UC). Most predominant RTs were RT127 [29, (17%)], RT126 [27,
(16%)], RT001 [13, (8%)], RT078 [11, (7%)], and RT014 [8, (5%)], followed by RT120 and
RT073 [7, (4%), each] (Figure 1A, Table S2). Among these RTs, municipal WWTP samples,
including raw sewage (RS), raw sewage sludge (RSS), digested sewage sludge (DSS), and
activated sewage sludge (ASS), showed the greatest diversity (24 different RTs), followed
by anaerobic lab scale bioreactors treating sewage sludge supplemented with or without
canola lecithin (control/experiment) (ARC/E) (9 RTs), thermophilic digester for treating
sewage sludge or biowaste (TDS/TDB) (6 RTs), digested sewage sludge-amended soils
(DSS-S) (4 RTs) and calf feces (CF) (2 RTs) (Figure 1B, Table S2). “Hypervirulent” RT027
was absent, however, RT078 was identified only in C. difficile isolates recovered from DSS-S
[11/20, (55%)] (Figure 1B).
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Figure 1. Ribotype (RT) profiling (A) and C. difficile RTs in environmental samples (B). UC: unclassi-
fied, CF: calf feces, BP: biogas plant digestate, TDS/TDB: thermophilic digester for treating sewage
sludge or biowaste, ARC/E: anaerobic lab-scale bioreactors treating sewage sludge (control and
experiment), DSS-S: digested sewage sludge-amended soils. Others indicate RTs with fewer than
three assigned strains or samples.

RT126 was found more frequently in isolates from CF [20/40, (50%)], whereas RT127
was predominant in isolates from CF, RSS and biogas plant digestate (BP) [15/40, (38%),
8/23, (35%) and 5/5, (100%), respectively]. RT014 and RT020 were only detected in
municipal WWTP samples, TDS/TDB, ARC and cattle feces-contaminated soil, and the
prevalence indicates the ubiquitous distribution of this RT (Table S2). Some RTs were rarely
identified. This included strains from RS (RT073), DSS (RT258, RT106, and RT103), from
TDS (RT076), RS/DSS (RT018), RS/RSS/TDB (RT023), and DSS-S/ARE (RT120) (Figure 1B,
Table S2).

The toxin-encoding gene profiles of each RT are shown in Figure 2. The most common
non-toxigenic strains were RT073 and RT140 [7/18, (39%) and 3/18 (17%), respectively]. The
tcdA+/tcdB+ was frequently found in C. difficile RTs RT001, RT014, RT120, and RT020 [13/72,
(18%), 8/72, 11%), 7/72, (10%), and 4/72, (6%), respectively] while the tcdA+/tcdB+/cdtAB+

was identified in C. difficile RTs RT126, RT127, RT078, and RT023 [27/76, (36%), 29/76,
(38%), 11/76, (14%), and 4/76, (5%), respectively] (Figure 2, Table S3).

3.2. Molecular Subtyping, Molecular Epidemiology and Association with RTs and Toxin Genes

Using MLST, 166 C. difficile isolates were classified into 32 different sequence types
(STs) (Figure 3A, Table S4). Strains belonging to ST11 were the most common, accounting
for [72/ (43%)], followed by those belonging to ST2, ST3, ST109, ST4, and ST8 [14, (8%),
13, (8%), 8, (5%), 7, (4%), and 6, (4%), respectively] (Figure 3A, Table S4). The ST11 was
most prevalent in C. difficile strains from CF, DSS-S and municipal WWTP samples [40/72,
(56%), 14/72 (19%) and 12/72, (17%), respectively] (Figure 3B, Table S4). The ST109 was
found only in non-toxigenic C. difficile isolates from RS and ARE [7/8, (88%) and 1/8, (13%),
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respectively] while the ST3 was found in isolates from TDS/TDB, RS, and DSS-S [5/13,
(38%), 4/13, (31%), and 3/13, (23%), respectively]. ST4 was identified in strains from ARE
[6/7, (86%)], whereas ST2 in strains from municipal WWTP samples (RSS, DSS, and ASS),
TDS, ARC, and cattle feces-contaminated soil [5/14, (36%), 5/14, (36%), 3/14, (21%), and
1/14, (7%), respectively]. The ST17 was identified only in municipal WWTP samples (RS
and DSS) (Figure 3B, Table S4). The remaining STs were represented by one or two isolates.

 
Figure 2. Toxin-encoding genes of C. difficile RT strains (n = 166) from various environmental samples.
UC: unclassified, others indicate RTs with fewer than three assigned strains as follows: 005, 090, 011,
159, 010, 031, 017, 002, 095, 077, 085, 106, 328, and 103.

The results of cgMLST typing and subsequent clustering of the 166 isolates from
environmental samples are shown in Figure 4. A minimum-spanning tree was constructed
based on the allelic profiles of up to 2147 target genes to display the genotype clustering.
Differences detected among the isolates ranged from 0–1944 alleles. In total, cgMLST
resulted in discrimination of 98 different genotypes. Of these, 19 genotypes were shared
among ≥2 isolates; the remaining 79 genotypes were singletons. Using the cluster threshold
of ≤6 cgMLST alleles distance, according to Bletz et al. [37], all isolates formed 20 geno-
typing clusters consisting of 2 to 32 isolates. The largest cluster consisting of 32 isolates
was dominated by isolates of RT127, the second largest cluster (n = 25) comprised isolates
of RT078 and RT126 (Figure 4, Table S1). Interestingly, genotypes of these two clusters
isolates belonged to the same ST11 but differed in cgMLST target genes and their RTs. For
instance, RT126 and RT127 isolates differed in 153 cgMLST alleles. Conversely, clustering
results indicate that RT126 (10 and 4 isolates from CF and ASS, respectively) is closely
related to 11 isolates (RT078) from DSS-S. In addition, among the 32 isolates of the largest
cluster, the samples originate from CF, BP, RSS, and TDS. Here, the isolates were distributed
based on environmental sources. Also, 14 isolates belonged to the ST2, including different
RTs, but the isolate S45 (RT014) showed only one allelic difference from the isolate RSS5
(RT020) whereas the other two isolates (ASS21 and ASS22) remained at 15 allele differences
(Figure 4, Table S1).
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Figure 3. Distribution of C. difficile STs (A) and in diverse environmental samples (B). CF: calf feces,
BP: biogas plant digestate, TDS/TDB: thermophilic digester for treating sewage sludge or biowaste, S:
soil, ARC/E: anaerobic lab-scale bioreactors treating sewage sludge (control and experiment), DSS-S:
digested sewage sludge-amended soils. Others indicate STs with fewer than three assigned strains
or samples.

The SNPs were extracted within the cgMLST dataset to achieve a more in-depth
phylogenetic analysis of the 166 C. difficile isolates. In total, 26,636 SNPs were extracted
and used to construct a phylogenetic neighbor-joining tree (Figure 5). Here, C. difficile
isolates were grouped by their STs, and four related clusters were displayed. The MLST
relationship of the C. difficile isolates formed four clades (1, 3, 4, and 5). Clade 1 consists of
21 different STs and clade 4 of four different STs whereas clades 3 and 5 represent one ST
each. Clade 1 frequency was higher in municipal WWTP samples. In contrast, clade 5 was
more frequent in strains isolated from feces of calves than in municipal WWTP samples
(Figure 5, Table S1). Furthermore, some genomes with indistinguishable cgMLST alleles
were assigned to multiple RTs, including RT078/RT126 (ST11, clade 5), RT002/RT159 (ST8,
clade1), RT077/RT014 (ST13, clade 1), and RT014/RT020/RT076/RT095 (ST2, clade 1). In
these cases, several RTs were assigned to different STs and closely related clades (Figure 5,
Table 1).

The assignment of C. difficile RTs with the STs and MLST clades are also shown in
Table 1. The majority of STs correspond to one RT while some correspond to multiple RTs.
Four distinct STs were identified in the RT014 collection (STs, 2, 13, 14, and 49; clade 1)
while two STs were identified in the RT011 (STs, 36 and 325; clade 1) and in the RT140 (STs,
26 and 515; clade 1). The ST2 has been associated with different RTs, RT020, RT014, ST076,
and ST095 in clade 1 (Table 1).
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Figure 4. Minimum-spanning tree based on allelic profiles of 166 C. difficile isolates. Each circle
represents a separate genotype, and distances between two genotypes are based on the allelic profiles
of up to 2147 target genes, pairwise ignoring missing targets. The values on the connecting lines
indicate the number of allelic differences between the connected isolates. Circle sizes are proportional
to the numbers of isolates per genotype (i.e., the allelic profile). Related genotypes (≤6 alleles
distance) are shaded in gray, and the isolates are colored according to their RT. RSS: raw sewage
sludge, RS: raw sewage, ASS: activated sewage sludge, DSS: digested sewage sludge, CF: calf feces,
BP: biogas plant digestate, ARC/E: anaerobic lab-scale bioreactors treating sewage sludge (control
and experiment), DS: digested sewage sludge-amended soils, TDS: thermophilic digester for treating
sewage sludge, TDB: thermophilic digester for treating biowaste, S: soil.
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Figure 5. Phylogenetic neighbor-joining tree based on 26,636 SNPs detected in cgMLST genes present
in all isolates. In addition, the presence (complete boxes) of toxin genes (tcdA [blue], tcdB [green],
cdtAB [red]) and absence (empty boxes), RTs, STs and clades are given. RSS: raw sewage sludge,
RS: raw sewage, ASS: activated sewage sludge, DSS: digested sewage sludge, CF: calf feces, BP:
biogas plant digestate, ARC/E: anaerobic lab-scale bioreactors treating sewage sludge (control and
experiment), DS: digested sewage sludge-amended soils, TDS: thermophilic digester for treating
sewage sludge, TDB: thermophilic digester for treating biowaste, S: soil, UC: unclassified.

Interestingly, non-toxigenic strains were found more frequently in clades 4 and 1 while
toxigenic strains tcdA+/tcdB+ and tcdA+/tcdB+/cdtAB+ were associated with clade 1 and
clades 3 and 5, respectively (Figure 5 and Table S1). The toxin-encoding gene profiles of
each ST are included in Figure 6. The tcdA+/tcdB+/cdtAB+ and the tcdA+/tcdB+ isolates
were the dominant profiles [76, (46%) and 72, (43%), respectively]. Of 72 toxigenic strains
(tcdA+/tcdB+), 14 (19%), 13 (18%), 7 (10%), and 6 (8%) could be associated with four different
STs, ST2, ST3, ST4, and ST8, respectively, all corresponding to clade 1. Whereas 72 out of
76 tcdA+/tcdB+/cdtAB+ strains could be assigned with two different STs, ST11 (clade 5,
95%) and ST5 (clade 3, 5%), respectively (Figure 6, Table S5). Several isolates belonged to
STs previously associated with human CA-CDI. The non-toxigenic strains were frequently
associated with ST109 [8/18, (44%)] (Figure 6).
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Table 1. The ribotypes (RTs) of C. difficile linked to STs and MLST clades.

Clade RT ST Clade RT ST

Clade 1

RT005 * ST6

Clade 1

RT031 ST29
RT090 ST1073 RT001 * ST3

RT011 * ST36, ST325 RT015 * ST44
RT020 * ST2 RT014 * ST14, ST13, ST2, ST49
RT070 * ST55 RT018 * ST17
RT159 ST8 RT002 * ST8

RT012 * ST54 RT258 * ST58
RT010 ST15 RT103 * ST53

RT140 ST26, ST515
Clade 4

RT085 * ST39
RT077 * ST13 RT017 * ST37
RT328 * ST35 RT073 ST109

RT106 * ST42
Clade 5

RT126 *
ST11RT076 * ST2 RT127 *

RT095 ST2 RT078 *

RT120 ST4 Clade 3 RT023 * ST5
(*) Human CA-CDI. STs correspond to more than two RTs marked with bold.

 

Figure 6. Toxin-encoding genes of C. difficile ST strains (n = 166) from various environmental samples.
Others indicate STs with fewer than three assigned strains as follows: ST1073, ST36, ST15, ST26, ST29,
ST37, ST254, ST14, ST325, ST917, ST13, ST35, ST53, ST42, ST515, ST39, ST1074, and ST821.

3.3. Antimicrobial Susceptibility

The antimicrobial susceptibility of 166 C. difficile isolates to five tested antibiotics and
their corresponding RTs and STs is shown in Table 2 and Table S1. All C. difficile strains were
susceptible to metronidazole and vancomycin. Overall resistance towards clarithromycin,
moxifloxacin and rifampicin was encountered in these strains as follows: 26% (43), 14%
(23), and 2% (3), respectively. The most clarithromycin (CLR)-resistant strains were found
in CF [18/43, (42%)], municipal WWTP samples [13/43, (30%)], and DSS-S [9/43, (21%)]. In
addition, moxifloxacin (MXF)-resistant strains were found in DSS-S and CF [10/23, (43%)
and 9/23, (39%), respectively]. The highest number of CLR- and MXF-resistance were
observed in C. difficile ST11 strains [29/72, (40%) and 17/72, (24%), respectively] (Table 2).
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Table 2. Antimicrobial resistance profiles of environmental C. difficile RT/ST strains (n = 166).

RT/ST
No. of Isolates (%)

CLR MXF RIF

RT126/ST11 24 (89%) 11 (41%) 1 (4%)
RT078/ST11 4 (36%) 5 (45%) 0
RT001/ST3 2 (15%) 2 (15%) 0
RT012/ST54 3 (100%) 0 0

RT140/ST26/ST515 2 (67%) 2 (67%) 0
RT328/ST35 2 (100%) 0 0
RT010/ST15 1 (100% 0 0
RT031/ST29 1 (100%) 0 0
RT017/ST37 0 1 (100%) 1 (100%)
RT106/ST42 1 (50%) 0 0
RT015/ST44 0 1 (33%) 0
RT014/ST2 1 (13%) 0 0
RT085/ST39 1 (100%) 0 1 (100%)

UC/ST11 1 (20%) 1 (20%) 0

Total 43 (26%) 23 (14%) 3 (2%)
MXF: moxifloxacin, CLR: clarithromycin, RIF: rifampicin, UC: unclassified.

3.4. Antimicrobial Resistance (AMR) Genes

All 166 C. difficile strains harbored at least four accessory AMR genes (Table S1). The
most common accessory AMR genes were gyrA and gyrB, conferring fluoroquinolone
resistance and found in all strains, caused via mutations in the quinolone resistance deter-
mining regions (QRDRs) of DNA gyrase subunits A (gyrA) and/or B (gyrB) (not separately
shown in Figure 7). The blaCDD-1 encoding beta-lactamase could be detected in 137 strains
(83%) whereas the blaCDD-2 gene was found only in 29 strains (17%). The second most
abundant resistance gene is tet(M) detected in 72 strains (43%) and conferring tetracycline
resistance by protecting the ribosomal protection protein. The aph(3′)-IIIa gene encoding
aminoglycoside resistance was found in 64 strains (39%) whereas ant(6)-la gene conferring
also aminoglycoside resistance was found in 36 strains (22%). The sat-4 gene encoding
streptothricin resistance was found in 32 strains (19%), and ermB encoding a methylase
enzyme that protects the 23S rRNA from the binding of the MLSB group antimicrobials
was found in 21 strains (13%) (Figure 7A).

Six different tetracycline (tet) resistance genes were identified in 85 (51%) out of 166
isolates. Among those tet resistance genes, tet(M), tet(40), tet(M)+tet(40), tetA(P)+tetB(P),
tet(O), and tet(L) were found in 72, (85%), 17, (20%), 15, (18%), 9, (11%), 2, (2%), and 1,
(1%) isolates, respectively (Figure 7A). The tet(M) gene was the most common in isolates
recovered from CF and municipal WWTP samples, accounting for [37/72, (51%) and 21/72,
(29%), respectively], followed by DSS-S and BP [6/72, (8%) and 5/72, (7%), respectively].
Whereas tet(M)+tet(40) was more dominant in RT126 isolates from CF and municipal
WWTP samples [9/15, (60%), and 4/15, (27%), respectively]. In addition, tet(M) was mostly
identified in toxigenic C. difficile RT126/127 and non-toxigenic C. difficile RT140 strains,
belonging to ST11 and ST26/515, respectively (Figure 7B). The tet(40) gene was found only
in RT126 and RT078 (ST11) strains [15/17, (88%) and 2/17, (12%), respectively] isolated
from CF, ASS, and DSS-S. Interestingly, tetA(P)+tetB(P) was identified only in isolates from
RS and DSS-S [7/9, (78%) and 2/9, (22%), respectively], and those strains belonged to ST109
(RT073, non-toxigenic strains) and ST3 (RT001, toxigenic strains), respectively (Figure 7B).
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Figure 7. Accessory AMR genes (A) and their association with STs (B) in environmental C. difficile
strains (n = 166).

Beside isolates carrying more than one tetracycline resistances gene, it was also ob-
served that C. difficile isolates harbor one or more genes belonging to an aminoglycoside-
streptothricin resistance cassette (aph(3′)-IIIa-sat-4-ant(6)-la). Thirty-two strains carried the
complete cassette, belonging to ST11 (RT126 and RT078), suggesting that this cluster associ-
ated with ST11 while 32 and 4 strains carried only aph(3′)-IIIa and ant(6)-la, respectively
(Figure 7B, Table S1). For aminoglycoside resistance, aac(6′)-aph(2′’) gene was identified in
[18/166, (11%)] strains, 15 of them were found in isolates from municipal WWTP samples.
This gene is frequently associated with two different STs, ST109 and ST54 (Figure 7B).
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In addition, another series of genes related to vancomycin resistance, vanZ1, vanS, vanG
and vanT cluster [53/166, (32%)], vanS, vanG, and vanT cluster [22/166, (13%)] or only vanZ1
gene [84/166, (51%)] were found in C. difficile strains. However, all these isolates, which
carried vancomycin resistance clusters, displayed high sensitivity towards vancomycin.

4. Discussion

The impact of environmental sources for CDI development is still poorly understood.
The presence of toxigenic or non-toxigenic C. difficile has been documented in different
environmental sources outside healthcare institutions, such as animal feces, manure, soil,
food, and municipal WWTPs [17,21,22,24,44], which could be served as potential sources
of CA-CDI.

In the present study, a large strain diversity was evident with several strains being
of higher epidemiologic importance. In particular, RT014 and RT020 as one of the most
often encountered RTs in human disease could be detected together with RT001 which
is considered to be a nosocomially associated strain [12]. Furthermore, RT001 and RT014
were one of the most frequently detected in isolates from poultry meat in Germany [19].
RT014 was also detected in soil samples being located next to a dairy farm [45]. RT014
and RT020 were the predominant RT among soil isolates obtained from home gardens in
Western Australia [46] and poultry feces [20].

On the other hand, strains that harbor the binary toxin, such as RT126, RT127 and
RT078, were present as well. Of note, RT127 was a major clinical strain in Northwestern
Taiwan for the years 2009–2015 [14] and was the most numerous RT detected in this study.
Moreover, this RT was most frequently found in toxigenic isolates (50.2%) with CDT among
obtained RTs from a calf farm in Australia [47].

A similar situation is given for RT126. RT126 was predominately detected in the feces
of calves. RT126 has already been described in cattle [21,44] and pigs [44,48]. Furthermore,
RT126 has been observed as one of the predominant RTs in a veal calf farm in Belgium [49].
In Spain, RT126 is one of the most common RTs among clinical isolates [48], and RT126
was also identified in clinical isolates in Southern Taiwan [50]. In a study carried out by
Primavilla et al. [51] in hospital food in central Italy, RT126 was also the second most
frequently detected RT in CDI cases.

Interestingly, RT027 could not be detected in contrast to RT078, being identified with a
high prevalence in DSS-S (7%). Of note, RT078, which is commonly associated with CA-CDI,
was isolated from 19%, 8%, 35%, and 60% of primary sludge, digested sludge, biosolids,
and river sediments, respectively [25], suggesting that RT078 strains might have resistance
mechanisms that could enhance its survival during sewage sludge treatment. Furthermore,
the RT078 is frequently reported in farm animals, such as cattle [21,44,52,53], poultry [54],
and pigs [26,44,55]. Its epidemiologic importance concerning humans might be illustrated
in that RT078 was among the five most frequently encountered RTs in Europe [56]. Further-
more, subtyping data conclude a potential for ongoing zoonotic transmission [18,27,44].

RT023 was identified in 2% of isolates being obtained from RS, RSS, and TDB samples.
RT023 prevalence, isolated from humans in Europe, was ~3% [12]. Interestingly, RT018
was found in three isolates recovered from municipal WWTP samples (RS and DSS). In the
past, RT018 has been associated with a C. difficile outbreak in Southern Germany [57]. More
importantly, RT018 is considered to be the most predominant RT in Northern Italy with
prevalence rates exceeding 40% [58].

Non-toxigenic C. difficile strains were identified in particular RT073 (ST109) and RT140
(ST26 and ST515), with prevalence of 4% and 2%, being obtained from RS and (RSS and
TDS), respectively. Beside these RTs, one strain each could be assigned to RT010 (ST15) and
RT031 (ST29). The presence of non-toxigenic strains is a common finding. Janezic et al. [59]
observed that non-toxigenic isolates were commonly found in the environment (30.8%) in
comparison to humans (6.5%) and animals (7.7%). Heise et al. [19] observed that several
different RTs belonged to non-toxigenic strains, such as RT010, RT205, RT578, RT629, and
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RT701 obtained from poultry meat in Germany. Interestingly, non-toxigenic ST109 (RT073)
was frequently isolated from humans in Japan [60].

In summary, concerning molecular epidemiology: RTs being frequently encountered
in humans, such as RT001, RT014, and RT020 were present in the collected environmental
samples. This might indicate that digested sewage sludge, untreated sewage, raw sewage
sludge, biogas plant derived materials and thermophilic digesters treating biowaste or
sewage sludge could pose a reservoir of toxigenic C. difficile RTs.

In addition to the classical differentiation of C. difficile isolates by ribotyping, the
genome sequences were determined as well. This enabled us to further subgroup the
isolates. Initially, the grouping was performed based on the cgMLST allelic profiles. This
analysis revealed 20 clusters and 47 singletons. Many clusters corroborated with ribotyping
results. However, in some instances, cgMLST was unable to group the isolates in accordance
with their RTs, e.g., isolates sharing RT078 and RT126 or RT014 and RT020, where the allelic
profiles only differed in up to five alleles. This is, however, in agreement with recent studies,
which observed clustering of several RTs (e.g., RT078/RT126, RT014/RT020) [61,62]. Here,
the current study could demonstrate that the distribution of virulence genes, coding for
i.e., the toxins A and B and the binary toxins, is concordant with the phylogenetic branching.
This indicates that the different branches, which also represent to some extent the different
clades, are stable lineages, and acquisition of the mentioned toxins was an early process
during the evolution of these lineages, which goes in line with the clonal population
structure [63].

For backwards compatibility, “classical” MLST STs (with seven loci) were also ex-
tracted from the genomic data set. Here, 32 distinct STs were determined that showed a
good correlation to cgMLST typing results. In contrast, the comparison to ribotyping was
not always concordant. For example, isolates of ST11 exhibited different RTs (RT127, RT126
and RT078), which were also separated in most instances using cgMLST. In summary, these
results go in line with previous results, where RTs could be correlated with STs only to
some extent [63].

C. difficile has been known to be resistant to multiple antimicrobials, such as tetra-
cyclines, fluoroquinolones, lincomycin, erythromycin, aminoglycosides, macrolides, and
beta-lactam antimicrobials, that are commonly used against bacterial infections in clinical
settings [3,5] and continue to be associated with the highest risk for CDI [3]. In the present
study, resistance to MXF was frequently detected in ST11 (RT126 and RT078) isolates from
the feces of calves and digested sewage sludge-amended soils. Many of RT126 isolates
were additionally resistant to CLR, which belongs to the macrolide antibiotic class. These
findings are in accordance with what have been reported in calf farms in Italy [21]. Rates of
antimicrobial resistance in C. difficile differ in diverse geographic regions [4]. In particular,
resistance to fluoroquinolones, macrolides, lincosamides, and tetracyclines has been associ-
ated with the spread of ST11 sublineages [64]. In addition, C. difficile has evolved multiple
AMR mechanisms that contribute to the development of AMR in C. difficile: (a) harboring
of resistance-associated genes in the bacterial chromosome that could be transferred via
HGT, including conjugation, transduction or transformation, (b) selection pressure leading
to gene mutations, (c) alterations in the antibiotic targets and/or in metabolic pathways in
C. difficile and (d) biofilm formation [3,65].

In the current study, six different tetracycline resistance genes in 51% of isolates were
identified, including tet(M), tet(40), tetA(P), tetB(P), tet(O), and tet(L). The tet(M) was the
predominant gene of the tet class in C. difficile strains (43%) and the majority of C. difficile
RT126 and RT127 isolates were positive for tet(M), confirming that tetracycline resistance is
widespread among ST11 isolates from a cattle farm. This finding supports the hypothesis of
a zoonotic origin of these infections caused by large amounts of tetracyclines used in animal
husbandries resulting in a high load released into the agro-ecosystem via organic fertiliz-
ers [21,66]. Also, tet(M) gene was identified in non-toxigenic C. difficile RT140 and RT031
strains. It has been reported that all non-toxigenic tet(M)-positive strains from Indonesia
and Thailand carried Tn916 or Tn5397 transposons [65]. In C. difficile, acquired accessory
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AMR genes are often located on MGEs, and the most common element associated with
tet(M) mediated tetracycline resistance is Tn5397 and Tn916-like transposons [3,5]. These
elements play a crucial role in HGT between distinct toxigenic and non-toxigenic C. difficile
strains and between C. difficile strains and other intestinal pathogens. For instance, Tn5397
carrying tet(M) gene was shown to be transferred from C. difficile to Bacillus subtilis [31] and
Enterococcus faecalis [32]. The tet(40) gene, which encodes tetracycline efflux, was identified
only in RT126 and RT078 isolates which represent 10% from 166 isolates. In a recent study,
in 2.1% of 10,330 publicly available C. difficile genomes, tet(40) gene could be identified [65].
Intriguingly, other tet resistance genes, such as tetA(P) and tetB(P) were found in non-
toxigenic RT073 and toxigenic RT001 strains. The tetA(P) gene, which mediates active
efflux of tetracycline, and tetB(P) gene related to ribosomal protection protein family and
were first described in anaerobic bacteria, such as Clostridium perfringens [67]. Therefore,
it is proposed that tetA(P) and tetB(P) genes are acquired by the conjugative transfer into
C. difficile from some other pathogenic bacteria. Non-toxigenic strains can act as a reservoir
for many AMR genes that could be transferred horizontally to toxigenic strains, as well as
to other zoonotic pathogenic bacteria.

Resistance to fluoroquinolones was mediated by the presence of chromosomal mu-
tations in the QRDRs of the gyrA and gyrB genes. The presence of the mutations in gyrA
and gyrB genes was highly associated with high-risk clones, such as ST11 and ST3, be-
ing the most prevalent in the current study. Interestingly, most of obtained amino acid
substations patterns in QRDRs of gyrA and gyrB genes have been previously identified
among fluoroquinolone-resistant C. difficile strains, belonging to different genotypes, such
as RT001, RT018, RT176, and RT046 [68].

Obtained environmental isolates harbored an aminoglycoside-streptothricin resistance
cassette (aph(3′)-IIIa-sat-4-ant(6)-la) and were assigned to ST11 (RT126 and RT078), which
is similar to the cassette found in Erysipelothrix rhusiopathiae, a species commonly found
in pig gut [65] and was also detected in Enterococcus faecium [69]. The sat-4 gene was
previously detected in Campylobacter coli and Enterococcus faecium [69,70] and the cassette of
resistance genes is found in many bacterial species, indicating the possibility of interspecies
transmission. In general, ST11 strains (RT126, RT127, and RT078) show a high proportion
of antimicrobial resistance determinates.

For MLSB resistance, the ermB gene was identified in 13% of total isolates, which has
been associated with CDI outbreaks in Europe [71]. The ermB gene is mostly found in the
conjugative and mobilizable transposons, Tn5398, Tn6194, Tn6218, and Tn6215 [3,4].

For vancomycin resistance, multiple van gene clusters were identified in obtained
C. difficile isolates, which were analyzed in this study. However, a complete van resistance
operon was not detected in these isolates. Several van gene clusters, including vanA,
vanB, vanG, vanW, and vanZ1, have been identified in C. difficile and associated with
high vancomycin minimum inhibitory concentrations (MICs) [72]. The expression of these
clusters is controlled by two-component regulatory systems, vanS (membrane sensor kinase)
and vanR (cytoplasmic response regulator) [72,73], suggesting that these clusters were
described to be phenotypically silent. Therefore, the presence of van resistance clusters in
environmental C. difficile strains does not always result in their expression in vitro resistance
to vancomycin. These strains could be considered susceptible to vancomycin.

For beta-lactam resistance, blaCDD-1 or blaCDD-2 genes were detected in all isolates
analyzed, which confer resistance against various beta-lactam antibiotics. These enzymes
previously identified in C. difficile strains allowing to have intrinsic resistance to antimicro-
bials, such as penicillins and cephalosporins [74], which is highly conserved among those
C. difficile genomes.

5. Conclusions

This study demonstrated a large genetic overlap between RTs being isolated from
environmental samples and humans that may represent a reservoir for CA-CDI. Although
RT027 was absent, “hypervirulent” RT078 was found in digested sludge-amended soils,
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which could possess the ability for zoonotic transmission between humans and environ-
mental sources. Furthermore, a broad variety of AMR genes were predominantly present
in the ST11 sublineages. Although resistance to antimicrobials used to treat CDI is rare,
this study provides evidence to support the role of AMR in the spread of C. difficile. Future
studies need to address the question to which extent HGT, e.g., via MGEs (i.e., transposons,
prophages, or plasmids), is present—and further triggered by antimicrobial selection
pressure—e.g., for the development and emergence of new epidemic strains.
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Abstract: Multidrug-resistant Pseudomonas aeruginosa is an increasing clinical problem worldwide.
The aim of this study was to describe the first outbreak of a Verona integron-borne metallo-ß-
lactamase (VIM)-2-producing P. aeruginosa strain in Sweden and its expansion in the region. A cluster
of multidrug-resistant P. aeruginosa appeared at two neighbouring hospitals in 2006. The isolates
were characterized by PCR, pulsed-field gel electrophoresis (PFGE), and whole-genome sequencing.
Patient charts, laboratory records, and hygiene routines were reviewed, and patients, staff, and the
environment were screened. The investigation revealed a clonal outbreak of a VIM-2-producing
P. aeruginosa strain belonging to the high-risk clonal complex 111, susceptible only to gentamicin and
colistin. No direct contact between patients could be established, but most of them had stayed in
certain rooms/wards weeks to months apart. Cultures from two sinks yielded growth of the same
strain. The outbreak ended when control measures against the sinks were taken, but new cases
occurred in a tertiary care hospital in the region. In conclusion, when facing prolonged outbreaks
with this bacterium, sinks and other water sources in the hospital environment should be considered.
By implementing proactive control measures to limit the bacterial load in sinks, the waterborne
transmission of P. aeruginosa may be reduced.

Keywords: Pseudomonas aeruginosa; sink; nosocomial outbreak; MBL; VIM-2

1. Introduction

Pseudomonas aeruginosa is a non-fermenting, Gram-negative rod commonly found in
soil and aquatic environments. This opportunist has a high ability to form biofilms and
develop antibiotic resistance, and it is one of the leading agents of nosocomial infections
and outbreaks. The outbreaks are often localized to units with vulnerable patients and
a high consumption of broad-spectrum antibiotics, e.g., intensive care units (ICUs) [1–3].
Staff, co-patients, visitors, medical equipment, water supplies, sinks, hygiene products, etc.,
can all take part in the transmission [1,4–8].

β-lactams with or without β-lactamase inhibitors are often the first-line therapy for
severe infections caused by P. aeruginosa, but this bacterium may render β-lactams useless
through a range of complex resistance mechanisms [9–13]. Several β-lactamases can
be carried by P. aeruginosa, but the metallo-β-lactamases (MBLs) have, in recent years,
become more frequent. MBLs can hydrolyse all β-lactams used for treating P. aeruginosa-
induced infections except aztreonam, and these enzymes have rapidly become a major
concern [14,15]. MBL-encoding genes are typically embedded in integrons and they are
transferable by plasmids. On the plasmids, the MBL genes are often combined with
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resistance genes covering other classes of antibiotics. The result is often multidrug-resistant
isolates, leaving physicians with few, if any, therapeutic options [14–16].

The most prevalent transferable MBL gene in clinical samples is Verona integron-borne
metallo-ß-lactamase (VIM)-2 [11]. It was identified in 1996 in a P. aeruginosa isolate from a
patient in France [17]. Ever since, the VIM-2 gene has, in the vast majority of cases, been
recognized in P. aeruginosa isolates, and, as a consequence, it is involved in most outbreaks
of MBL-producing P. aeruginosa [2,3,18–20]. The first VIM-2-producing P. aeruginosa in
Sweden was isolated in 1999 at Malmö University Hospital in the south of Sweden [21].
The patient died several months later and no new cases were reported until 2004, when two
new multidrug-resistant P. aeruginosa isolates appeared a few months apart. Both patients
had been discharged from an ICU at Lund University Hospital to two different hospitals
within the catchment area of Malmö University Hospital. The investigation showed that
both isolates carried VIM-2, and they exhibited the same DNA pattern as the isolate from
1999 with an arbitrarily primed polymerase chain reaction (PCR) [21]. The Department of
Infectious Control in Lund was contacted. No control measures were taken.

In 2006, a cluster of cases of multidrug-resistant P. aeruginosa appeared in the neigh-
bouring Blekinge County. The aim of the study was to describe the first outbreak of
VIM-2-producing P. aeruginosa in Sweden, as well as the characteristics of the outbreak
strain and the patients involved. Furthermore, the most likely source of the outbreak, the
infection control measures taken, and the continued clonal expansion in the southern part
of Sweden are reported.

2. Materials and Methods

2.1. Settings and Ethics

Blekinge County is in the south-eastern part of Sweden and has a population of
approximately 150.000 inhabitants. It has two hospitals, the secondary-level Karlskrona
Hospital (KaH) with 330 beds and the primary-level Karlshamn Hospital (KnH) with
120 beds. At the tertiary health care level, the patients are transferred to the university
hospitals in Lund or Malmö. These latter two hospitals are only 25 km apart, and pa-
tients are often transported between them. During the first three months of 2006, four
patients with multidrug-resistant P. aeruginosa were observed at KnH (n = 3) and KaH
(n = 1). An epidemiological investigation was initiated after the third patient. As this
study was performed according to the Swedish Infection Protection Act and as a part of
an outbreak investigation with a direct impact on public health, no ethical approval was
needed. Personal identifiers have been removed in order to ensure confidentiality.

2.2. Cases

All patients admitted to KaH and KnH between February 2006 and June 2007 with
an infection or carriage of a P. aeruginosa isolate resistant to imipenem, ceftazidime and a
positive Etest for MBLs were defined as cases.

The first MBL-producing P. aeruginosa was isolated from a urine sample obtained from
patient 1 on 1 February 2006. The patient had contracted a catheter-associated urinary
tract infection (CAUTI) during a stay in the ICU at KnH. From 2 February to 6 March 2006,
patients 2, 3, and 4 were reported. Patient 2 had ventilator-associated pneumonia and
died within a week in the ICU at KnH. Patient 3 was treated for a CAUTI in a medical
ward at KnH. Patient 4 was discovered in a surgical ward at KaH after screening. Only
carriage was observed, and the patient died within the follow-up period due to underlying
conditions. Five months followed without any new patients, and the outbreak seemed to
be at an end. However, from 7 August 2006 to 20 May 2007, four additional patients were
registered. Patient 5 was admitted to the ICU at KnH with a pneumothorax. After transfer
to a medical ward, an MBL-producing P. aeruginosa isolate grew in a sputum sample. The
patient was transported to the Department of Infectious Diseases at KaH but died within
two weeks. Patient 6 shared the room with patient 5 at the medical ward at KnH, and the
MBL-producing P. aeruginosa was isolated from a bronchial aspirate and a leg ulcer. The
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patient exhibited no signs of infection. Patient 7 had a urinary catheter and was discovered
through screening prior to surgery. Patient 8 received a urinary catheter after surgery and
MBL-producing P. aeruginosa isolates were found at multiple locations after screening. The
patient was transferred to the Department of Infectious Diseases at KaH for isolation, but
died within 11 days. A summary of the patient data is shown in Table 1.

Table 1. Summary of the patient data.

Patient
MBL

Culture +
Sample

MBL Screening
Prior to

Admittance
MBL-Induced

Infection

Antibiotic
Treatment 1 Risk Factors Outcome Follow-Up

Possible
Transmission of

MBL+
P. aeruginosa 2

1
2 February

2006
Urine

Not performed
Yes GEN + CXM Urinary

catheter
Discharged
on day 117

MBL−
on days 15,

21, 33,
and 221

KnH: Med A,
Med B, and ICU

2
15 February,

2006
BAL 3

Not performed
Yes GEN + PTZ Invasive

ventilation
Dead on day

7 - KnH: Med B
and ICU

3
28 February

2006
Urine

Negative
Yes PTZ Urinary

catheter
Discharged

on day 9

MBL−
on days 9,

111, and 154
KnH: Med B

4 6 March 2006
Urine

Not performed
No - Urinary

catheter

Discharged
on day 4,

dead of other
reasons

- KaH: Surg A

5
7 August

2006
Sputum

Negative
Probable

AZI, ERT,
RIM - Dead on day

33 - KnH: Med A

6

12 August
2006

Sputum,
wound

Negative
No CTX Leg ulcer Discharged

on day 26

MBL−
on days 46,
89, and 300

KnH: Med A
and ICU

7
13 December

2006
Urine

Negative
No - Urinary

catheter
Discharged

on day 2
MBL+

on day 320 KnH: Med A

8 20 May 2007
Urine

Negative
No AMX Urinary

catheter
Dead on day

11 - KnH: Med A
KnH: Surg B

1 Amoxicillin—AMX, azithromycin—AZI, ciprofloxacin—CIP, clindamycin—CLI, cefoxitin—CTX, cefuroxime—
CXM, doxycycline—DOX, ertapenem—ERT, erythromycin—ERY, imipenem—IMI, metronidazole—MTZ,
norfloxacin—NOR, piperacillin-tazobactam—PTZ, rifampicin—RIM, sulfamethoxazole-trimetroprim—TSU.
2 Ward and hospital in which a possible transmission of the MBL-producing outbreak strain could have oc-
curred between patients. Med ward—ward in the Department of Medicine, Surg ward—ward in the Department
of Surgery, ICU—intensive care unit, Inf—the Department of Infectious Diseases, Ort—the Department of
Orthopaedic Surgery, Rehab—the Department of Rehabilitation, Thx—the Department of Thoracic Surgery,
KnH—Karlshamn Hospital, KaH—Karlskrona Hospital. 3 Bronchoalveolar lavage.

2.3. Epidemiological Investigation

The patient charts were reviewed, and infections, underlying conditions, antibiotic
treatments, and international travels were registered. In addition, the dates for admissions,
transfers, and discharges in the last 3 months prior to culture positivity were extracted,
and the room numbers in different wards were noted when possible. The laboratory
records were used to find culture data concerning P. aeruginosa with and without MBL,
and to follow how long the outbreak patients stayed culture-positive. Policies and pro-
cedures were thoroughly controlled, especially concerning hand hygiene, cleaning, and
medical equipment.
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Patients with wounds and urinary catheters were screened for the presence of MBL-
producing P. aeruginosa at medical ward B, KnH, when the bacterium was first isolated
from patient 3. Screening was also performed on patients at medical ward A, KnH, and on
the staff of the ICU in the same hospital when patients 5 and 6 were diagnosed. Finally,
screening of patients alone was performed at the surgery wards at KaH and KnH when
patients 7 and 8 were found to be positive. For these patients, rectal samples were added.

From August 2006 to June 2007, 124 environmental samples were collected from
contact surfaces and sinks in rooms in the ICU, medical ward A, and the surgery ward at
KnH, and in surgery ward A at KaH.

2.4. Cultures and Susceptibility Testing

P. aeruginosa was identified with conventional laboratory methods and/or an API
20 NE® instrument (BioMerieux, Lyon, France). Antimicrobial susceptibility was tested
with disk diffusion on Iso-Sensitest Agar® (Oxoid Ltd., London, UK). Breakpoints estab-
lished by the Swedish Reference Group for Antibiotics was used (nowadays, exchanged for
the European Committee on Antimicrobial Susceptibility Testing).

The MBL phenotype was detected with the Etest for MBLs (AB Biodisk, Solna, Sweden).
A reduction in imipenem minimum inhibitory concentrations (MICs) by ≥3 twofold dilu-
tions in the presence of ethylenediaminetetraacetic acid (EDTA) was interpreted as being
positive for MBL production. An additional double-disk test with imipenem ± EDTA and
ceftazidime ± 2-mercaptopropionic acid (MPA) was performed as earlier described [22,23].
The MICs of MBL-positive strains were further determined for imipenem, meropenem,
piperacillin/tazobactam, ceftazidime, aztreonam, gentamicin, amikacin, tobramycin,
ciprofloxacin, fosfomycin, and colistin.

2.5. Identification of MBL with PCR

Deoxyribonucleic acid (DNA) was prepared by heating a bacterial suspension to 95 ◦C
for 10 min. The template was added to the HotStarTaq master mix (Qiagen AB ®, Solna,
Sweden) with earlier described primers [24] (Eurogentech S.A., Seraing, Belgium) in a final
volume of 25 μL. The PCR reactions were processed in a GeneAmp PCR System 9700 cycler
(PE Applied Biosystems, Foster City, CA, USA), where the program was carried out at
94 ◦C for 5 min, and was followed by 30 cycles of 1 min at 94 ◦C, 1 min primer annealing at
55 ◦C, 1.5 min at 72 ◦C, and a final extension step at 72 ◦C for 5 min. The PCR products
were separated by electrophoresis on 1.5% agarose gels (GeneChoice Inc., Frederick, MD,
USA). The patient isolate from 1999 was used as the positive control.

2.6. Pulsed-Field Gel Electrophoresis (PFGE)

PFGE was performed as previously described [25]. Banding patterns were compared
visually with BioNumericsSoftware, version 4.0 (Applied Maths Bvba, St.-Martens-Latem,
Belgium). Using clustering of a similarity matrix based on band-matching Dice coefficients
(tolerance 1% and optimization 1%), dendrograms were created. Isolates showing indis-
tinguishable pulsed-field patterns or closely related band patterns (>90% similarity) were
regarded as clonally related.

2.7. Whole-Genome Sequencing (WGS) and Computational Analysis

One of the VIM-2-positive isolates (from patient 3) was randomly chosen for WGS. One
colony was incubated overnight in Luria–Bertani broth (Becton Dickinson, Stockholm, Swe-
den) at 35 ◦C. DNA was prepared using the BioRobot M48 system (Qiagen GmbH, Hilden,
Germany) and the MagAttract® DNA Mini M48 Kit according to the manufacturer’s rec-
ommendations. The DNA preparations were transported to SciLifeLab, Uppsala, Sweden.
After controlling the DNA quality, sequencing was carried out on an IonTorrent™ PGM in-
strument (Life Technologies, Carlsbad, CA, USA) with a read length of 400 bp. Read quality
was assessed using FastQC software (v0.11.4, http://www.bioinformatics.babraham.ac.uk,
accessed on 1 November 2016), according to the developers’ recommendations.
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The obtained read was de novo assembled with the methylated-CpG island recov-
ery assay (MIRA) 4.9.5_2 [26]. The assembly statistics were assessed with the Quality
Assessment Tool for Genome Assemblies (QUAST) v4.4 [27], and species confirmation
was performed with the ribosomal multilocus sequence typing (rMLST) speciation tool at
pubmlst.org/rmlst. Seven-gene MLST was carried out [28] using the database hosted on
www.pubmlst.org. The IntegronFinder tool [29] was used for the detection of integron loci
in the draft genome, and the predicted integrons were illustrated with the statistical soft-
ware R (v3.3.3, R Foundation for Statistical Computing, Vienna, Austria, www.R-project.org,
package genoPlotR). In addition, the isolate was analysed concerning acquired genetic
resistance determinants with the Antibiotic Resistance Gene-ANNOTation (ARG-ANNOT)
database [30]. For virulence factors, the Virulence Factors of Pathogenic Bacteria database
(VFDB, 2016) [31] was applied together with Basic Local Alignment Search Tool (BLAST)
searches on the draft genome [32]. Read sequence data are available from the European
Nucleotide Archive, Sequence Read Archive, and DNA DataBank of Japan databases under
the project reference PRJEB25448.

3. Results

3.1. Bacterial Findings

From February 2006 to June 2007, there were a total of 816 clinical P. aeruginosa isolates
from 507 patients. Of these isolates, 69 (8.5%) were resistant to imipenem and 9 (1.1%) were
resistant to both imipenem and ceftazidime. The MBL phenotype was confirmed in all but
one of these nine isolates. It was excluded since it did not fulfil the case definition. The
remaining eight isolates were all PCR-positive for VIM-2 and had band patterns that were
identical or exhibited >90% similarity in the PFGE (Figure 1). They were all susceptible
to gentamicin (MIC 2 mg/mL) and colistin (MIC 1 mg/mL). The MICs for the remaining
tested antibiotic drugs were the following: carbapenems and ciprofloxacin > 32 mg/mL;
fosfomycin, 64 mg/mL; piperacillin-tazobactam, 32 mg/mL; and ceftazidime, aztreonam,
tobramycin, and amikacin, 16 mg/mL.

Figure 1. Pulsed-field gel electrophoresis of the patient isolates. Lanes 1 and 12: DNA size markers;
lanes 2 and 11: a control strain; and lanes 3–10: patient isolates from the outbreak in the same order
as they were isolated.
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3.2. Genetic Data of the Outbreak Strain

A total of 1.2 million sequences with read lengths varying from 8 to 546 bases were
obtained. The reads were de novo assembled into a draft genome, resulting in a total
assembly length of 7.2 million bp; it was 121 contigs larger than 100,000 bp with an average
coverage per contig ranging from 26 to 51, and an N50 of 69,517. The guanine–cytosine
(GC) content of the draft genome was 65.73%, and 96.6% of the draft genome could be
mapped to the complete genome of P. aeruginosa PA01 (NC_002516.2).

Sequence typing revealed that the isolate belonged to the clonal complex 111. The
assembly failed to produce the acs locus, which is why the exact sequence type could not
be determined. The remaining alleles were: gua—allele 5; mut—allele 5; nuo—allele 4;
pps—allele 4; and trp—allele 3.

IntegronFinder predicted one complete integron class I with the blaVIM-2 and an
uncharacterized protein (Figure 2). The integron consisted of the integrase gene (intI), two
promotors Pc and Pint, and the attI recombination site, followed by the gene cassette with
an open reading frame (ORF) of 218 bp, the attC recombination site, and the beta-lactamase
blaVIM-2. Additionally, two clusters of attC sites lacking integron integrases (CALIN) were
detected on separated contigs, both with two ORFs with uncharacterized proteins.

Figure 2. Illustration of the class I integron (2518 bp) of the outbreak strain. Abbreviations: intl—class
integrase gene; Pc and Pint—gene cassette promotors; attI—integron-associated recombination site;
ORF—open reading frame; attC—recombination site of the gene cassette; VIM-2—Verona integron-
borne metallo-ß-lactamase-2.

The BLAST search in the ARG-ANNOT database on the draft genome yielded the
following resistance determinants: two beta-lactamase genes blaVIM-2 and blaOXA-50, two
aminoglycoside resistance genes aph3-IIb (O-phosphotransferase) and aacA29b (N-
acetyltransferase), the chloramphenicol acetyltransferase catB7 (a chromosome-encoded
variant of the cat gene found in P. aeruginosa), and the fluoroquinolone resistance gene oqxB.
The oprD gene included frameshifts.

The BLAST search for virulence factors confirmed the existence of all chromosomal
loci related to the pathogenicity of P. aeruginosa PA01 in the VFDB, including the HIS-I
Hcp1 secretion island I and TTSS type III secretion system.

3.3. Epidemiological Investigation

All wards visited by the case patients during the 3-month period prior to culture
positivity are listed in Table 1. Wards and rooms shared by patients in relation to time are
shown in Figure 3. None of the patients had travelled outside Scandinavia prior to their
culture positivity, but two patients (patient 2 and patient 4) had received treatment at Lund
University Hospital during 2003.
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Figure 3. Wards visited by the patients involved in the outbreak. Med A and B—wards in the
Department of Medicine, Surg A and B—ward in the Department of Surgery, ICU—intensive care
unit, KnH—Karlshamn hospital, KaH—Karlskrona Hospital.

All patients but one (patient 4) were first admitted to KnH. Patients 1–3 had all stayed
in the medical ward B at KnH, but not at the same time (see Figure 3 for the time interval
between the patients). Data are missing concerning which room they stayed in after
admission to this ward, but it is unlikely that the outbreak strain was transmitted to patient
3 in this ward since the patient was already culture-positive on the day of admittance.
Patients 1, 5, 6, and 8 had a period of care in medical ward A at KnH. Patients 5 and
6 had stayed in the same room, whereas patient 1 had been admitted to the ward about
2 months earlier and patient 8 about 9 months later. Patients 1, 2, 5, and 7 had, in addition,
stayed in the same room in the ICU at KnH, but not at the same time (Figure 3). At KaH,
patients 4 and 7 had been admitted to ward A in the Department of Surgery, but their
admission was separated by 9 months.

Of the 124 environmental samples, MBL-producing P. aeruginosa was found in 2.
According to PFGE, both isolates belonged to the outbreak strain (not shown). One of
the positive environmental isolates was collected on 15 August 2006 from a sink drain in
room 2 at the ICU, KnH, where patients 1, 2, and 5 had stayed 34, 26, and 2 weeks earlier,
respectively. The second environmental sample was obtained on 24 May 2007 from the sink
drain in a room at the surgical ward, KnH, when patient 8 was still there. In no instance
was the outbreak strain found among the screened staff.

3.4. Infection Control Measures

Once infection/colonization was established, all case patients were isolated in single
rooms with separate toilets and showers. Healthcare workers were instructed to use gowns
and gloves when in contact with the patients. Alcohol-based hand rub was used before
and after glove use and patient contact. From July 2006, case patients were transferred to
and isolated at the Department of Infectious Diseases, KaH. The ICU at KnH was closed
for admission for one week in August 2006 when the outbreak strain was discovered in
one of the sink drains. This sink was replaced, the other sinks were treated overnight with
acetic acid (24%), and the ward was disinfected with Virkon® (Viroderm, Solna, Sweden).
No MBL-producing bacteria could thereafter be isolated from any of the sink drains at the
ICU. The sink in the surgical ward at KnH was treated with boiling water and 24% acetic
acid. Cultures obtained from the sink one week later were negative for MBL-producing
P. aeruginosa. During the following 15 years, no more cases were reported.

4. Discussion

In the present study, the first Swedish outbreak involving MBL-producing P. aeruginosa
was described. The outbreak was prolonged, and the causal strain was multidrug-resistant,
VIM-2-producing, and belonged to the high-risk clonal complex 111. During a period of
about 1.5 years, eight patients were colonized and/or infected with the outbreak strain in
Blekinge County. Fifty percent of them developed a clinical infection and three died.

Due to the separation in time, patient-to-patient transmission was unlikely in all cases
but one. However, several patients had been admitted to the same rooms or wards for
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shorter or longer time intervals, which is why a source in the environment was most likely.
The environmental samples yielded growth of the outbreak strain in two sinks located in
rooms where the colonized patients had stayed, providing a likely reservoir. As the sinks
were replaced or decontaminated, no more cases occurred. It has remained so during the
last 15 years in Blekinge County.

The isolation frequency of VIM-producing P. aeruginosa has been very low in Sweden
and other Scandinavian countries. Most isolates have been derived from patients recently
hospitalized abroad, suggesting that the import of international clones has been the major
route for acquiring this type of bacterium [21]. The only exception is the southern part
of Sweden, where the local expansion of ST111 has caused several infections and deaths.
Although the intervention was successful in Blekinge County, this clone continued to cause
infections. In 2007, four new patients appeared at Lund University Hospital [21]. They
were followed by twelve more cases during the years between 2008 and 2013 [33]. Due to
the low prevalence, these infections are difficult to recognize and easy to ignore. However,
the mortality is high, and in Lund it was 50% [33]. To stop the transmission of VIM-2-
producing P. aeruginosa, 24% acetic acid was used and a proactive routine was introduced
to reduce the bacterial load; since 2013, the sinks in high-risk wards have been treated with
acetic acid. At the beginning it was once weekly, but in later years the interval has been
prolonged to once every month or every three months. No more clusters or outbreaks have
been recorded.

It is obviously easier to stop an outbreak of P. aeruginosa than to eradicate this bacterium
from a plumbing system. The fact that the outbreak strain has resisted ten years of acetic
acid treatment emphasizes the importance of acting promptly to avoid the establishment
of biofilm further down the drain system. This finding also has future implications, as
multidrug-resistant bacteria are expected to become more common. Outbreaks may be on
a large scale and cost a lot, but they do not cost as much as constantly present healthcare-
associated infections (HAIs). These everyday infections are also more difficult to discover
unless the bacteria carry some marker in the form of resistance genes. Recently, a British
research group showed that environmental, Gram-negative bacterial populations are largely
structured by ward and sink, with a few lineages being widely distributed [34]. They also
compared the environmental isolates with contemporaneous patient isolates and reported
that sinks may contribute to up to 10% of the infections caused by E. coli [34]. In a small
country such as Sweden, HAIs affect approximately 65.000 patients every year at a cost
of EUR 150–220 million. About 40% of these infections are urinary tract infections, and a
majority of them are caused by E. coli. Several million EUR would probably be saved yearly,
not to mention all the unnecessary suffering and deaths that could be avoided, if routines
regarding sink practices were improved.

Despite extensive investigation, it was never clarified when or where patient 1 acquired
the VIM-2-producing P. aeruginosa or if this patient was the true index patient in Blekinge
County. Patients 2 and 4 had been treated at Lund University Hospital three years earlier,
but no other connections with the university hospitals in Lund or Malmö were established.
It is possible that ST111 could have been introduced repeatedly into this region, but it
seems more likely that the clone was present in different sinks for all these years, and that
Lund University Hospital played a central role in delivering new patients.

It was also not easy to follow the transmission routes for the patients at KnH. Some of
the patients had been admitted to the same rooms or wards, but they were separated in
time by weeks or months. Direct contact was unlikely, except for the two patients who had
stayed in the same room at the same time. None of the staff were a carrier; thus, it was most
likely that patients were colonized from a reservoir in the environment. In support of this
hypothesis were the findings in the two sinks, of which one was in room 2 at the ICU where
half of the patients had stayed. P. aeruginosa survives for only shorter time periods on dry
surfaces, but anything wet or moist in an environment may act as a reservoir [35,36]. The
bacterium has been associated with water taps, sinks, plumbing systems, shower drains,
and faucets in hospitals. To make the outbreaks cease, replacements of the water fittings,
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sinks, etc., are often necessary [1,8,37–39]. In some hospitals the solution has been more
drastic, and waterless patient care has been implemented [40].

The outbreak strain belonged to the high-risk multi-drug resistant CC111, which
has been one of the most successful clonal complexes globally [3,39,41,42]. It is known
for its virulence and ability to produce biofilms. Apart from blaVIM-2, which was linked
to, but not within, the class 1 integron, it had frameshifts in the oprD gene and carried
blaOXA-50. This relatively weak β-lactamase is constitutively expressed in P. aeruginosa
and confers decreased susceptibility to piperacillin, and, interestingly, to meropenem in
P. aeruginosa, but not in E. coli [43]. In addition, it was resistant to the most common
treatment alternatives, thereby affecting the outcomes for two patients.

In conclusion, the first outbreak of VIM-2-producing P. aeruginosa in Sweden had low
prevalence and was caused by the high-risk CC111. It lasted 1.5 years and involved eight
patients, of whom half developed an infection. Sinks in the rooms were the most likely
source, and sinks continued to play a major role as a source during the following years in
this part of Sweden. When facing prolonged outbreaks with this bacterium, sinks and their
drain systems should be considered. By implementing proactive control measures to limit
the bacterial load in sinks and water fittings, the transmission of P. aeruginosa to vulnerable
patients could probably be reduced, if not eliminated.
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Abstract: Several retrospective studies have identified hospital sinks as reservoirs of Gram-negative
bacteria. The aim of this study was to prospectively investigate the bacterial transmission from sinks
to patients and if self-disinfecting sinks could reduce this risk. Samples were collected weekly from
sinks (self-disinfecting, treated with boiling water, not treated) and patients in the Burn Centre at
Linköping University Hospital, Sweden. The antibiotic susceptibility of Gram-negative isolates was
tested, and eight randomly chosen patient isolates and their connected sink isolates were subjected
to whole genome sequencing (WGS). Of 489 sink samples, 232 (47%) showed growth. The most
frequent findings were Stenotrophomonas maltophilia (n = 130), Pseudomonas aeruginosa (n = 128), and
Acinetobacter spp. (n = 55). Bacterial growth was observed in 20% of the samplings from the self-
disinfecting sinks and in 57% from the sinks treated with boiling water (p = 0.0029). WGS recognized
one transmission of Escherichia coli sampled from an untreated sink to a patient admitted to the same
room. In conclusion, the results showed that sinks can serve as reservoirs of Gram-negative bacteria
and that self-disinfecting sinks can reduce the transmission risk. Installing self-disinfecting sinks
in intensive care units is an important measure in preventing nosocomial infection among critically
ill patients.

Keywords: sink; water trap; bacterial transmission; self-disinfecting sink; infection control;
Pseudomonas aeruginosa; Stenotrophomonas maltophilia; Acinetobacter

1. Introduction

Healthcare-related infections caused by multidrug-resistant Gram-negative bacteria
are medically challenging. Few treatment options are usually available due to the wide and
complex range of resistance mechanisms these bacteria carry [1,2], and, as a consequence,
they are associated with an increased financial burden, prolonged hospital stays, and
increased mortality [3,4].

In intensive care units (ICUs), the clinical impact of opportunistic Gram-negative bac-
teria with multidrug resistance, such as Acinetobacter baumanii, Enterobacter cloacae, Klebsiella
pneumoniae, Pseudomonas aeruginosa, and Stenotrophomonas maltophilia, is increasing. Medical
conditions associated with these bacteria range from the colonization of the respiratory and
urinary tract to deep and disseminated infections [5–7].

In this context, burn patients represent an especially difficult cohort. A loss of a func-
tioning skin barrier in the form of a third-degree burn, often combined with an inhalation
injury and endotracheal intubation, entails a dysfunctional immune system and a high
vulnerability to the colonization of Gram-negative bacteria. Infections are frequent and can
lead to everything from melting skin grafts to septic shock and death [8]. The more severe
or larger the burn injury is, the more likely it is that an infection will ensue. To prevent
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serious complications, it is essential to have a proactive approach and treat the infection
as early and efficiently as possible. Cultures are therefore often regularly performed and
repeated courses of antibiotics are prescribed. The high selective pressure favours mul-
tidrug resistance, and common bacterial findings are Acinetobacter spp., K. pneumoniae, and
P. aeruginosa [9–11].

With a few exceptions, Gram-negative bacteria are sensitive to dehydration. They
are therefore typically found in moist environments, e.g., sinks and their drain systems.
The water traps of sinks constitute a relatively protected environment, which favours the
growth of bacteria and production of biofilms [12–14]. Once biofilms have been established,
disinfectants cannot fully eradicate them [15,16]. Through splash water and aerosols,
bacteria can be mobilized and transmitted from the sinks to patients. Sinks have been
identified as potential sources of infections and outbreaks in ICUs in several reports, but
their clinical importance has, to some extent, been questioned due to the lack of prospective
studies available [17].

A burn centre is a complex and stressful care environment [18]. Operations are usually
performed in the patient room to avoid moving the patient, and the patient may stay
for several months. Thus, the sinks located in the patient rooms are frequently used for
purposes other than hand washing. Gram-negative bacteria therefore tend to accumulate
in the sinks and their drain systems. To explore the extent of sink contamination, samples
from water traps in sinks at the Burn Centre at Linköping University Hospital, Sweden,
were cultured during the summer of 2018. The growth of clinically relevant Gram-negative
bacteria was recorded in all sinks placed in patient rooms and the associated bathrooms.
Furthermore, several of the identified species were also observed in blood and wound
samples from admitted patients.

The aim of this study was to investigate if it would be possible to reduce the load
of Gram-negative bacteria in sinks, and thereby also indirectly the risk of nosocomial
infections in a burn centre, by installing newly developed self-disinfecting sinks. The
design of the study also made it possible to prospectively explore the transmission of
Gram-negative bacteria from sinks to patients.

2. Materials and Methods

2.1. Settings

The Burn Centre at Linköping University Hospital, Östergötland County, Sweden, is
one of two units for national highly specialised care of severely burned patients in Sweden.
Approximately 100 patients are admitted each year. The catch area is nationwide, but the
majority of patients are referred from the south of Sweden. The unit offers a total of seven
single-bed rooms, of which four (rooms 1–4) are equipped for intensive care with a high
level of medical monitoring and access to respiratory care. There are two sinks per room:
one located in the patient room and the other in the bathroom. The sinks are used for hand
washing, for the cleaning of various medical devices, and in direct patient care.

Since the study material only comprised bacterial isolates and no changes were made
in well-established clinical routines, no ethical approval was sought.

2.2. Self-Disinfecting Sinks

The self-disinfecting stainless-steel sink (Dissinkfect®, Micropharmics AB and Tuner-
lux AB, Uppsala, Sweden) used in this study has a built-in heating supply, which heats the
wash bowl to 75 ◦C and the water trap to 100 ◦C (Figure 1). It tolerates quick temperature
changes and is commonly used for cleansing or disinfecting agents. By pressing a button
placed on the side of the sink for four seconds, the disinfection process starts and a green
LED indicator shines during the whole 15 min process. It can be stopped at any time and
its length and temperatures can be adjusted according to the requirements. During the
study period, self-disinfection was initiated once per each work shift, i.e., three times every
24 h.
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Figure 1. The self-disinfecting sink installed in room 1 is shown to the left, whereas the regular sink
used in all of the other rooms in the Burn Centre is shown to the right.

Two self-disinfecting sinks, one located in the patient room and one in the bathroom,
were installed in room 1. This was the intensive care room most frequently occupied
by patients prior to the study. Another intensive care room (room 4) was selected as a
comparator, and the sinks in this room were treated with boiling water (3 L each) once a
week during the entire study period. The remaining sinks at the centre acted as controls
and their water traps were not disinfected at any time. The external surfaces of all sinks,
including faucets and bowls, were cleaned daily with alcohol wipes or cloths dampened
with isopropanol.

2.3. Environmental Cultures

To explore the growth of different bacteria in the water traps of sinks over time,
environmental samples were collected with ESwabs (Copan Diagnostics Inc., Murrieta, CA,
USA) from all 14 patient-associated sinks in the Burn Centre. The sampling took place at
8 a.m. every time, i.e., approximately 4 h after the last disinfection cycle. The swabs were
inserted through the strainer and turned around. The collection of samples started directly
after the installation of the self-disinfecting sinks in September 2019 and continued on a
weekly basis until April 2020, for a total of 35 weeks. Records were kept concerning patient
occupancy of each room upon sampling.

The samples were sent to the Department of Clinical Microbiology, Linköping Univer-
sity Hospital, and streaked onto three different types of media using the swabs: blood agar,
hematin agar, and chromogenic urinary tract infection (UTI) agar (Thermo Fisher Scientific,
Waltham, MA, USA). Discs (Thermo Fisher Scientific, Waltham, MA, USA) with imipenem
(10 μg), trimethoprim–sulfamethoxazole (1.25–23.75 μg), and linezolid (10 μg) were placed
on the plates, respectively. The plates were incubated at 35 ◦C for approximately 48 h.
Bacteria were identified to the species level with a MALDI Biotyper 3.0 (Bruker Corporation,
Karlsruhe, Germany).

2.4. Patients

All patients admitted to the Burn Centre during the study period were cultured once a
week and upon any clinical sign of infection, according to the routines of the unit. ESwabs
(Copan Diagnostics Inc., Murrieta, CA, USA) were used when sampling from burn wounds.
The samples were streaked onto four different types of media using the swabs: hematin
agar, chromogenic UTI agar, streptococcus agar, and chromogenic Staphylococcus aureus
(CSA) agar (Thermo Fisher Scientific, Waltham, MA, USA), and incubated at 35 ◦C for
approximately 48 h. All Gram-negative isolates were frozen at −70 °C to allow for future
genetic analyses. Gram-positive isolates were only frozen if the quality manual of the
laboratory indicated to do so. During the patient’s stay, it was recorded in which room the
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patient was placed. The relocation of patients was avoided, unless a patient was moved
from a room equipped for intensive care to a regular room as a result of treatment progress.

2.5. Antibiotic Susceptibility Testing

The antibiotic susceptibility was tested with the disc diffusion method according to
the recommendations of EUCAST (www.eucast.org, accessed on 11 October 2022). For
environmental Gram-negative bacteria, testing was conducted with cefotaxime, ceftazidime,
cefepime, piperacillin–tazobactam, imipenem, meropenem, nalidixic acid, ciprofloxacin,
tobramycin, and trimethoprim–sulfamethoxazole. For P. aeruginosa, the susceptibility
testing was limited to ceftazidime, imipenem, and meropenem, and for S. maltophilia, to
trimethoprim–sulfamethoxazole.

Patient isolates were tested when judged clinically relevant and against antibiotics
recommended for each species. To comply with the Swedish Infection Protection Act,
cefoxitin-resistant S. aureus isolates were further analysed with a polymerase chain reaction
(PCR) to determine the carriage of the nuc gene and the mecA gene. All methicillin-resistant
S. aureus (MRSA) isolates were subjects for whole-genome sequencing (WGS).

An isolate was considered multidrug-resistant if it was resistant to at least three classes
of antibiotics, although P. aeruginosa and S. maltophilia were exempted. Enterobacterales with
reduced susceptibility to cefotaxime/ceftazidime/cefepime were further phenotypically
evaluated with gradient diffusion tests containing cefotaxime/ceftazidime/cefepime, with
and without clavulanic acid (Thermo Fisher Scientific, Waltham, MA, USA). Escherichia coli
isolates that were resistant to cefoxitin and exhibited no effect of clavulanic acid were tested
with gradient diffusion tests containing cefotetan, with and without cloxacillin (Thermo
Fisher Scientific, Waltham, MA, USA). Unclear outcomes were explored with WGS to clarify
the resistance mechanism(s).

2.6. WGS

Eight isolates were randomly chosen from the same number of patients, and isolates
from water traps of sinks that belonged to the same species and were connected in space
and time to each patient were subjected to WGS. Furthermore, there were rooms in which
a patient was colonized by the same species as the former patient, but there was no growth
of this species in the sinks. Five of these patients’ isolates were randomly selected for
sequencing, together with five isolates from former patients. The patients had stayed in
rooms 1, 2, 4, 5, and 6.

DNA was prepared from 1 μL from a single colony of each isolate, using the EZ1 DNA
Tissue Kit (Qiagen, Germantown, MD, USA), with an included pre-heating step at 95 ◦C
and shaking at 350 rpm. Twenty nanograms of DNA was used for library preparation,
using the QIAseq FX DNA Library Kit (Qiagen, Germantown, MD, USA) with an 8 min
fragmentation time. DNA libraries were sequenced on the MiSeq platform (Illumina, San
Diego, CA, USA) with 2 × 300 bp paired-end reads.

Data analysis was performed in CLC Genomics Workbench v. 10.1.1 with the Microbial
Genomics Module v. 2.5.1 (Qiagen, Germantown, MD, USA). Multilocus sequence typing
(MLST) analysis was performed using the PubMLST (pubmlst.org, accessed on 19 October
2022) scheme for each randomly chosen bacterial species. Read mapping and variant calling
were performed against the different reference genomes with NCBI accession numbers
NC_008253 (E. coli), NC_018405 (E. cloacae), NC_017548 (P. aeruginosa), and NC_010943
(S. maltophilia), with the following thresholds to call a variant: depth of coverage ≥20×,
frequency ≥90%, and Phred score ≥20. A quality filter was then applied that retained
variants with a sequencing depth of ≥20× in all samples and a distance ≥10 bp to the next
variant. The resulting variants were used to create single-nucleotide polymorphism (SNP)
trees and calculate the genetic distances between samples. Previous studies suggest that
isolates of E. coli and P. aeruginosa with distances of ≤10 SNPs and ≤37 SNPs, respectively,
are likely to belong to the same clone [19]. So far, no studies have suggested SNP thresholds
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for E. cloacae or S. maltophilia, but an SNP distance of <21 has been considered to support
the notion that two bacterial isolates in general have arisen from the same source [20].

2.7. Statistical Analysis

Fischer’s exact test was used when comparing the culture results from the three groups
of sinks (self-disinfecting, treated with boiling water, not treated). A p-value of ≤0.05 was
considered statistically significant.

3. Results

3.1. Environmental Samples

A total of 489 samples were collected from the water traps of the sinks during the study
period. Of these, 232 samples (47%) showed the growth of one or more bacterial species.
The three most frequent Gram-negative bacteria were S. maltophilia (n = 130), P. aeruginosa
(n = 128), and Acinetobacter spp. (n = 55). For more details, see Figure 2. The growth of
Gram-positive bacteria consisted mostly of skin flora: coagulase-negative staphylococci
(n = 24), S. aureus (n = 1), and Enterococcus faecalis (n = 6).

Figure 2. The number of bacterial isolates and types of bacteria are shown per room. The percentages
of sampling weeks with bacterial growth are shown above the bar for each room. All rooms had
two sinks. The self-disinfecting sinks were installed in room 1, the sinks in room 4 were treated
weekly with boiling water, and the sinks in the remaining five rooms were untreated.

Bacterial growth in one or both of the self-disinfecting sinks located in room 1 was
observed on seven (20%) different sampling occasions. The bacterial load in these sinks
was significantly lower than in those treated with boiling water once a week (p = 0.0029)
and those that were not treated at all (p = < 0.00001). The total number of Gram-negative
isolates was eleven and consisted of Acinetobacter spp. (n = 5), S. maltophilia (n = 4), and
P. aeruginosa (n = 2).

In the sinks treated with boiling water in room 4, 57 Gram-negative bacterial isolates
belonging to 7 bacterial genera were collected on 20 (57%) different sampling occasions.
The sinks located in the remaining rooms (no disinfection treatment) showed the broadest
range of bacterial species and an even higher proportion of bacterial growth (Figure 2).

The distribution of bacteria in the water traps of the sinks in the patient rooms and
the bathrooms varied. In room 1, the majority (91%) of the bacteria were sampled from the
bathroom. The corresponding figures for rooms 2–7 were 46%, 39%, 42%, 51%, 54%, and
70%, respectively.
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The occupancy of the rooms in the Burn Centre differed. The room with the highest
level of occupancy was room 2. It was occupied by four patients during 29 of the study
weeks (83%). In contrast, room 7 was only occupied during two weeks (6%) and by two
patients. This was the lowest level of occupancy. The remaining rooms were occupied as
follows: room 1 by four patients during 23 weeks (66%), room 3 by seven patients during
18 weeks (51%), room 4 by five patients during 22 weeks (63%), room 5 by eight patients
during 17 weeks (49%), and room 6 by six patients during 25 weeks (71%). In all rooms but
room 1, an increased accumulation of bacteria was observed when a patient was admitted
to the room.

The antibiotic susceptibility testing revealed a multidrug-resistant E. coli strain sam-
pled from sinks in room 4. It was ESBL-producing; was resistant to cefotaxime, cef-
tazidime, cefepime, piperacillin–tazobactam, nalidixic acid, ciprofloxacin, tobramycin, and
trimethoprim–sulfamethoxazole; and had been brought into the unit by the patient staying
in the room. It was detected in the sinks for four weeks. After the patient was discharged,
the two sinks were treated with boiling water and no new patient was admitted until the
cultures were negative. P. aeruginosa isolates with resistance to ceftazidime, imipenem, and
meropenem were observed on different sampling occasions from sinks in rooms 1, 2, and 4.
The remaining isolates showed no deviant resistance patterns.

3.2. Patient Samples

A total of 36 patients were admitted to the Burn Centre during the study period. The
duration of the stay varied depending on the severity of the burn injuries, e.g., room 2
was occupied by the same patient for 20 weeks before relocation, whereas another patient
stayed for less than one week in room 5.

Culture samples collected from the patients showed the following growth of Gram-
negatives: P. aeruginosa (n = 31), E. cloacae (n = 28), E. coli (n = 11), Klebsiella spp. (n = 7),
Proteus spp. (n = 6), S. maltophilia (n = 6), Acinetobacter spp. (n = 3), Serratia marcescens
(n = 2), Citrobacter freundii (n = 2), Morganella morganii (n = 1), Enterobacter amnigenus (n = 1),
and Moraxella catarrhalis (n = 1). The growth of Gram-positive bacteria consisted of S. aureus
(n = 274), coagulase-negative staphylococci (n = 88), Enterococcus spp. (n = 89), Streptococcus
spp. (n = 37), and Bacillus spp. (n = 13).

Multidrug-resistant bacteria isolated from patients included seven samples of MRSA
isolated from two patients admitted to room 6 on different occasions (unrelated strains
which were never found in any sink) and the multidrug-resistant E. coli found in the sinks in
room 4. It was isolated from the patient at admittance. A P. aeruginosa strain with resistance
to ceftazidime, ciprofloxacin, imipenem, meropenem, and piperacillin–tazobactam was
isolated at several different sampling occasions from a patient admitted to room 2. This
patient was also colonized by an E. cloacae strain resistant to cefotaxime, ceftazidime, and
piperacillin–tazobactam.

3.3. WGS Results

A total of 24 isolates were subjected to WGS: E. cloacae complex (n = 8), P. aeruginosa (n = 8),
E. coli (n = 4), and S. maltophilia (n = 4). Two of the P. aeruginosa genomes were used twice, i.e.,
they were not only included when comparing sink–patient genomes but also when comparing
patient–patient genomes when there was no growth in the bacterium in the sinks.

The samples obtained an average sequencing depth of 64×. One cluster was recog-
nized with MLST and whole-genome-wide phylogenetic analysis. The cluster contained
two isolates of E. coli: one sampled from a patient placed in room 6 and the other was an
environmental sample collected from one of the sinks in the same room one week earlier.
The isolates had a difference of a single SNP and were identified as sequence type (ST) 625.
The remaining isolates all belonged to unique clones.

Isolates identified with MALDI-TOF mass spectrometry as E. cloacae complex consti-
tuted a special problem. In half of the cases, the genomes that were compared did not
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belong to the same species. Species within the complex identified with WGS included
Enterobacter roggenkampii, Enterobacter hormaechei, and Enterobacter ludwigii.

The E. cloacae complex is known for its ability to harbour the plasmid-mediated sil
operon, a gene cluster encoding efflux pumps, a silver-binding protein, and regulatory
genes that confer resistance to silver [21]. Silver products are often used in burn centres and
could therefore select for this bacterial complex, which was a relatively frequent finding in
both sink and patient samples. The genomes of isolates belonging to the E. cloacae complex
were therefore screened for the sil operon [21]. Six out of eight isolates (75%) carried the
full operon.

4. Discussion

There has been a clear increase in sink-associated outbreaks caused by Gram-negative
bacteria in recent years [22–27]. In the present study, it was investigated if stainless steel
sinks, in which both the bowl and the water trap were self-disinfected three times per
24 h, could reduce the bacterial load and thereby the risk of transmission. Furthermore,
two conventional sinks were treated weekly with boiling water as an easy and cheaper
alternative. The results showed that both alternatives reduced the bacterial load of the
sinks compared to no disinfection at all, but the self-disinfecting sinks were significantly
more efficient. This is in accord with other studies in which self-disinfecting sink drains
have been used [28,29].

The self-disinfecting sinks in room 1 had the overall lowest frequency of bacterial
growth and the lowest number of species isolated during the entire study period. In contrast
to all the other rooms, there was no correlation between patient occupancy and the bacterial
growth in the sinks; the bacterial load remained low or was zero despite a suboptimal
use of sinks during patient care. Although the routine to initiate a self-disinfecting cycle
every 8 h did not eliminate all bacterial growth, it showed that bacterial growth could
be radically decreased. It is quite possible that the bacterial growth would have been
further reduced if the self-disinfecting cycle had been started every time the sink was
contaminated. The health care personnel at the centre found, however, that this instruction
was too complicated and time-consuming, which is why it was changed to every 8 h.

Treatment with boiling water was a simple and functioning alternative that kept the
bacterial load at a relatively low level in the sinks located in room 4. As shown in a study
from 2021, the initial concentration of bacteria in the drain is back within approximately
a week [30]. Thus, this alternative needs to be carried out at least once weekly and
continuously to avoid the re-occurrence of growth. In addition, the procedure involves
extra workload for the personnel and there is always a risk of contracting burn injuries
while handling the boiling water. It was, however, chosen over chlorine, the traditional
disinfectant for hospital sinks, since it has been shown to be 100 to 1000 times more
effective in reducing pathogens, does not smell, is environmentally friendly, and is fairly
inexpensive [30]. The replacement of contaminated sinks has been shown to reduce the
infection rates in ICUs [31,32], but bacteria may not only reside in the water trap. They can
also be found further down in the drain system. As a result, bacteria can reappear despite
a complete change of sinks [25]. Self-disinfecting sinks are therefore a better and the most
long-term solution to the problem.

The whole-genome-wide phylogenetic analysis identified one cluster among the
24 patient and environmental samples that were randomly chosen. The cluster consisted of
two E. coli isolates belonging to ST625, a clone associated with extra-intestinal infections [33].
The sink isolate was collected one week earlier than the patient isolate, indicating that the
sink was the likely source of the bacterium that colonized the patient’s burn wounds. This
is, to our knowledge, the first time this type of event has been observed prospectively in
a clinical setting. The exact route for the transmission is, however, not clear. Few studies
deal with the exact mechanism of transmission from a sink to a patient. In a recent study,
the mobilization of bacteria from biofilms in the water traps of sinks to the surrounding
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environment was demonstrated by using green-fluorescent-expressing E. coli [12]. This is a
possible transmission route for the E. coli in room 6.

Additional transmissions may also have occurred in this and other rooms, but the
low number of isolates investigated and the fact that only a single colony was used when
preparing the DNA limited the chances of detecting them. Interestingly, in the five cases in
which a patient was colonized by the same Gram-negative species as the former patient,
and as the sinks lacked growth in the species of interest, no transmission was observed.
However, the number of colonies/isolates investigated may once again have been too low.

There were few multidrug-resistant isolates in the present study, but resistance does
not always come in the form of antibiotic resistance. The isolation frequency of E. cloacae
complex was relatively high among the Gram-negatives. Only one isolate was resistant to
more broad-spectrum beta-lactams, whereas the carriage rate of the sil operon was quite
high, at 75%. In an earlier study [21], 48% of invasive E. cloacae isolates harboured sil genes.
These findings suggest that the use of silver products rather than antibiotics could have
selected for this complex, but whether or not the genes were expressed was never tested.

Although the main focus of this study was on Gram-negative bacteria, it was strik-
ing how few Gram-positive bacteria were isolated from the sinks compared to from the
patients. For instance, only a single S. aureus isolate was recorded from the sinks. The
corresponding figure from patients was 274, indicating that water traps mainly offer an
environment that promotes the growth of Gram-negative bacteria, and of S. maltophilia
and P. aeruginosa in particular. However, even if S. aureus did not thrive in the water traps,
it may survive, together with other Gram-positive bacteria and Acinetobacter spp., in the
wash bowl. To reduce the risk of dissemination from this part of the sink, the wash bowl
was also decontaminated during the disinfection process.

In conclusion, the results prospectively showed that sinks can serve as a reservoir for
Gram-negative bacteria, and that self-disinfecting sinks can reduce the bacterial load in
the sinks and thereby also the risk of bacterial transmission. Installing self-disinfecting
sinks in ICUs is therefore an important measure in preventing nosocomial infection among
critically ill and vulnerable patients. A less expensive but less efficient solution can be to
disinfect sinks with boiling water once weekly.
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Abstract: Oligocene waters are widely recognized as excellent sources of drinking water. Due to the
belief in their good quality, the water from Oligocene intakes in Warsaw, Poland, is made available to
users without prior treatment or disinfection. The present study aimed at assessing possible microbi-
ological risks associated with the use of this water. The occurrence of microbiological contaminants
in selected intakes was evaluated, in addition to an assessment of possible changes in the microbio-
logical quality of the water under typical storage conditions. The possibility of antibiotic resistance
in bacteria isolated from Oligocene water samples was also investigated, as was their sensitivity to
selected disinfectants. A small number of bacteria—27.0 ± 60.8 CFU/cm3 and 3.0 ± 3.0 CFU/cm3—
were found in Oligocene water intakes for psychrophilic and mesophilic bacteria, respectively. Fecal
bacteria were not detected. Bacteria present in Oligocene waters showed the ability to multiply
intensively during standard water storage; this was especially true for mesophilic bacteria in water
stored at room temperature. In some samples, bacterial counts reached 103–104 CFU/cm3 after 48 h.
Almost all bacterial isolates were resistant to the commonly used antibiotics: ampicillin, vancomycin
and rifampicin. The bacteria were also insensitive to some disinfectants.

Keywords: Oligocene waters; microorganisms; microbiological hazard; antibiotic resistance

1. Introduction

Groundwater has always been considered a valuable and safe source of drinking
water [1,2]. Thanks to an effective separation from the Earth’s surface and the presence of
geological layers with low permeability and increased isolation parameters, these waters
are relatively well protected from the penetration of various types of contaminants of both
a chemical and microbiological nature. Groundwater naturally contains a certain small
number of microorganisms. These are mostly microorganisms responsible for the processes
of decomposition of organic matter and the processes of oxidation and reduction of the
mineral substances contained in water (ferrous and manganese bacteria and nitrifying,
denitrifying and sulfate-reducing bacteria, among others). The number of bacteria decreases
significantly with increasing depth, although they can be detected sporadically even at
depths of up to 2500 m [3].

The natural microflora of groundwater consists mainly of microorganisms that are well
adapted to oligotrophic, nutrient-poor conditions. Microbial communities in groundwater
are usually characterized by a limited biodiversity and relatively stable species composition.
As shown, representatives of diverse heterotrophic Proteobacteria, Actinobacteria, Firmicutes
and Bacteroidetes dominate. Bacteria belonging to Acidobacteria, Chloroflexi, Verrucomicrobia
and Nitrospirae were also detected in groundwater [4].

The microflora of groundwater can include both autochthonous microorganisms,
which can reach an abundance as high as 103/cm3, and allochthonous microflora, which
enter water along with contaminants, mainly due to the discontinuity of the layer isolat-
ing the aquifer from the ground surface or the horizontal migration of contaminants in
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the ground. The allochthonous microflora show a limited survival time in deep waters,
although a periodic increase in the abundance of this type of microorganism is possible
within the first 1–7 days after the occurrence of contamination [5]. It has been observed
that some bacteria characteristic of surface water can also occur in groundwater and even
constitute the dominant microflora in it [6].

In recent years, studies have indicated that as a result of anthropogenic impact, ground-
water resources around the world are increasingly vulnerable to contamination; therefore,
their quality should be meticulously monitored [7]. Despite the general belief in the relative
sanitary safety of groundwater, especially deep water, numerous examples of waterborne
disease outbreaks linked to contaminated groundwater reservoirs and intakes have been
reported worldwide [8,9]. Studies in Scandinavian countries have suggested that up to
more than 70% of outbreaks may be considered, while studies in the US have shown that
52% of waterborne disease outbreaks are linked precisely to poor groundwater quality [8].

The basic range of microbiological tests used for drinking water, including routine
analyses of the presence of fecal indicator bacteria in drinking water, may not provide a
complete picture of the risks associated with the presence of potentially hazardous mi-
croorganisms in water and their possible proliferation under conditions of typical intake
operation [8]. While in the case of large-scale water supply systems meticulous monitoring
is a matter of course, estimating the possible level of danger on the basis of the available
amount of data is often very difficult in the case of small, individual water intakes.A
problem that has attracted the attention of many researchers in recent years is the possi-
bility of the presence of antibiotic-resistant bacteria in groundwater, including potentially
pathogenic microorganisms. There are also reports that drinking water distribution systems
may be one of the sites for the spread of drug-resistant traits in microbial communities [10].

The groundwater occurring in Oligocene formations in Warsaw and the surrounding
area is one of the most valuable groundwater reservoirs in Poland. The artesian or subarte-
sian aquifer is associated with glauconitic fine- and medium-grained sands of the Lower
Oligocene, occurring at a depth of 200–260 m. It covers a region called the Warsaw Basin,
with an area of 14,928 km2 and disposable resources estimated at 372,146 m3/d [11]. A
characteristic feature of the Oligocene deposits is their variable thickness, which ranges
from a few to approximately 80 m (mostly 60–80 m), 75% of which are aquifers [12]. Paleo-
hydrogeological studies have shown that the Oligocene formations in the area of Warsaw
are 2000–70,000 years old [11].

Warsaw Oligocene water is moderately hard or soft, with a slightly alkaline pH (the
pH of the water is 6.9–7.52). It exhibits a stable hydrochemical composition of the four-ion
type, HCO3-Cl-Na-Ca, and mineralization at the level of 542.5–640 mg/dm3 [13]. The
waters are completely odorless and have a good taste. They contain 50–120 mg/dm3 NaCl
and 60 to 80 mg/dm3 Ca (HCO3)2 [14].

Currently, there are 107 publicly accessible Oligocene wells in Warsaw. They are
located in different districts of the city and on both sides of the Vistula River. The typical
depth of Oligocene wells is 220–270 m, while their capacity is at the level of 30–50 m3/h [12].
The maximum possible intake of Oligocene water from wells in Warsaw, estimated at
20,000 m3/d, does not make a quantitatively significant contribution to the city’s overall
water supply. Nevertheless, it can be treated as a valuable strategic reserve in emergency
situations [15].

The water from Oligocene intakes in the Warsaw area is considered free of both
chemical and biological contaminants; hence, it is permitted for consumption without
prior treatment and disinfection. Routine water monitoring tests are carried out by the
district sanitary–epidemiological station at a frequency of once every two months (if the
results do not comply with sanitary requirements, the frequency of tests is increased). The
sanitary–epidemiological station does not perform review monitoring in Oligocene water
intakes. Conducting such tests is at the discretion of the owner of the intake, and their
frequency is determined individually for each intake.
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Oligocene waters in Warsaw are widely recognized as an excellent source of drinking
water. There is a belief among its users that it is of better quality than water from the
municipal water supply [16]. It is often consumed directly from the tap, especially in the
summer months, by children and adolescents and people who participate in sports. Many
people also take Oligocene water for domestic use, usually using reusable plastic containers
and storing the water at home for up to several days.

Despite their widespread use, Oligocene waters, including those from Warsaw intakes,
have never been the subject of more extensive studies to assess whether they are indeed fully
microbiologically safe and whether the way they are used somehow implies sanitary safety.
The present study assesses the occurrence of potential contaminants of a microbiological
nature in Oligocene water taken from randomly selected intakes from the Warsaw area. It
also as attempts to estimate possible changes in the microbiological quality of the water
under conditions of typical storage. In addition, attention was paid to the possibility of
antibiotic-resistant bacteria in Oligocene water and their resistance to selected disinfectants.

2. Materials and Methods

Warsaw Oligocene water intakes are mostly located in brick buildings, which provide
external intakes in the form of faucets on the outer wall of the building, and are not
operated for most of the year.Internal intakes—used in the winter—are located inside the
building to protect the water from the harmful effects of frost.Some of the Oligocene water
intakes are fenced and open only during designated hours. Some of them are equipped
with monitoring systems. Most of the intakes are located in residential areas. A total of
11 Oligocene water intakes, located in different parts of the city on both sides of the Vistula
River, were selected for this study (Figure 1). The depth of the wells included in the study
ranged from 210 to 262 m.

Before each sample was taken, the water was discharged in a calm stream for 3 min,
and the end of the spout was then disinfected in a flame. Water samples were taken into
sterile glass bottles with a lapped stopper and a capacity of 300 cm3 and into 0.5 dm3 plastic
bottles of bottled mineral water.Two water samples were taken from each intake in parallel.
The samples were transported to the laboratory within 2–3 h, depending on the location
of the intakes, in cooling conditions. After the samples were delivered to the laboratory,
microbiological quantitative testing of the samples was carried out the same day over the
next few hours [17].

The microbiological study of Oligocene waters carried out in this research to assess
the potential microbiological risks associated with their use was carried out in two stages.
During the first step, the focus was on quantitative studies of the water samples taken from
randomly selected intakes, taking into account both the total number of psychrophilic and
mesophilic bacteria and indicators of fecal pollution (Escherichia coli and enterococci). An
attempt was then made to estimate the potential for microbial multiplication in water under
different storage conditions. The second stage of the study focused on the phenomena
associated with the occurrence of bacteria in Oligocene waters that are resistant to selected
antibiotics and demonstrate resistance to selected disinfectants.

In the first stage of the study, water samples were taken from six randomly selected
Oligocene intakes located in different parts of Warsaw (three on each side of the Vis-
tula River).

Determinations of E. coli and fecal enterococci in water were carried out using the
filtration method. E. coli was cultivated on an agar medium with triphenyl-tetrazolium
chloride (TTC) and tergitol (Biomaxima S.A., Lublin, Poland). The cultivation medium,
according to Slanetz and Bartley (BTL Ltd., Łódź, Poland), was applied for fecal enterococci.
A volume of 100 cm3 of tested water was passed through a membrane filter with a pore
diameter of 0.45 μm. The filter was then placed on the surface of the corresponding medium
and incubated for 48 h at 37 ◦C.
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Figure 1. Oligocene water intakes included in the study.

In order to confirm the presence of E. coli in the water, the material taken from the
yellow-colored colonies obtained on the surface of the filter was transferred to lactose bril-
liant green bile broth (Merck Polska, Warsaw Poland) and peptone broth with tryptophan
(Merck) (medium for detecting the indole-producing bacteria). The cultures were then
incubated for 24 h at 44 ◦C. The presence of gas, indicating the occurrence of a lactose
fermentation reaction on the brilliant green bile broth and the presence of indole formed
from tryptophan with the participation of bacteria, wastaken as a positive result. The
results for coliforms and fecal enterococci were reported as the number of CFU/100 cm3

of water.
A determination of the number of mesophilic and psychrophilic bacteria was per-

formed with Koch’s growth method [18], using the pour plate technique on a nutrient agar
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medium (Biocorp Poland Ltd., Warsaw, Poland). Analyses of both the undiluted samples
and samples after their serial dilution in the range of 10−1–10−3 were performed. The
cultures were prepared in two parallel replicates. Mesophilic bacteria were incubated at
37 ◦C for 48 h, while psychrophilic bacteria were incubated at 20 ◦C for 72 h. The results of
the bacterial counts were reported as the number of colony-forming units (CFU) in 1 cm3

of water.
The study of the process of multiplication of the microorganisms present in the water

within 48 h after collection from the intake was carried out by storing water samples
from each intake at 4–7 ◦C and 20–22 ◦C, respectively, for 48 h. After this time, all the
microbiological tests were repeated.

In the second stage of the research, water sampling was carried out from five randomly
selected Oligocene water intakes. Due to the low number of bacteria found in the Oligocene
water during the first stage of the study, the filtration method, using membrane filters as
in stage I, was used to obtain the number of bacterial colonies sufficient for further study.
Water samples of 10 cm3, 50 cm3 and 100 cm3 were filtered for each tested intake. The filters
were then placed on Tripticasein Soy Lab Agar (Biomaxima S.A.) medium and incubated at
37 ◦C for 24 h. After this time, the number of colony-forming units per 100 cm3 of water
was determined based on the number of colonies that appeared on the filters. On the basis
of culture and morphological characteristics (Gram-staining method), different bacterial
strains were selected from all the tested samples. Pure strains for further studies were
obtained by the successive reduction of cultures on TSA medium, using the streak plate
method. The cultures were incubated for 24 h at 37 ◦C each time. The choice of incubation
temperature was dictated by the focus of further research on bacterial microflora capable
of growing at human body temperature and are thus able to pose a potential health risk. A
total of 25 different bacterial isolates were obtained from all water intakes. These were then
tested for resistance to selected antibiotics and disinfectants.

To determine the sensitivity of bacteria to antibiotics, antibiograms were performed
using the disk-diffusion method (Kirby–Bauer method). A surface culture of a dense
suspension on Mueller–Hinton medium was used to obtain uniform bacterial growth.
Discs with the antibiotics: vancomycin, ampicillin, rifampicin and gentamicin (Emapol
Ltd., Gdańsk, Poland) were placed on the surface of the culture thus prepared. The samples
were then incubated at 37 ◦C for 24 h. To estimate the sensitivity of bacteria to a given
antibiotic, the diameter of the zone of bacterial inhibition was measured. The results were
interpreted according to the European Committee on Antimicrobial Susceptibility Testing
Breakpoint tables for interpretation of MICs and zone diameters [19].

In order to estimate the susceptibility of the bacteria to the selected disinfectants, a sur-
face culture of a dense suspension of each strain was performed on TSA agar medium.Sterile
disks, which were previously soaked in the following agents, were placed on the surface of
the culture: 1% aqueous solution of Cl2 (“chlorine water”); 80% ethyl alcohol; 1% aqueous
solution of silver nitrate. The samples prepared in this way were incubated at 37 ◦C for
24 h. After this time, observations were made of the zones of inhibition of bacterial growth
around the disc with the given disinfectant.

3. Results

The quantitative testing of water samples carried out showed that all the analyzed
Oligocene water samples were free of microorganisms indicative of fecal contamination. At
both the time of collection and after a storage (regardless of conditions), no fecal enterococci
were detected in the water from the studied Oligocene intakes. The confirmatory test,
which was carried out for “doubtful” colonies obtained on E. coli culture medium, also
provided a negative result. This allows us to conclude that the tested Oligocene water
in all cases met the basic sanitary requirements stipulated by law for water intended for
drinking purposes.

In the quantitative analysis of psychrophilic and mesophilic bacteria present in samples
of the tested Oligocene water, only few bacteria were found. The number of bacteria
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growing at 20 ◦C (psychrophilic) was 27.0 ± 60.8 CFU/cm3, while the number of bacteria
growing at 37 ◦C (mesophilic) was 3.0 ± 3.0 CFU/cm3. In samples taken from one of the
intakes, the content of psychrophilic bacteria was found to be higher than in the others—76
and 226 CFU/cm3 (respectively, in the samples taken in parallel).The research to trace the
process of bacterial proliferation in Oligocene water under different storage conditions
showed that in the case of water samples from some of the intakes, there was an unusually
intensive proliferation of psychrophilic bacteria. In comparison with the baseline value, the
number of these bacteria increased in one case by more than 200 times, while the number
increased by more than 2500 times in another case. Even more disturbing results were
obtained for samples of Oligocene water stored at room temperature (about 20–22 ◦C),
conditions very similar to the way in which users usually keep Oligocene water in their
homes. It was found that after 48 h of storage, the number of psychrophilic bacteria
increased for five of the six samples tested, with the number reaching several thousand
colony-forming units in 1 cm3 of water for intakes 1, 2 and 5 (for sample 1, it even exceeded
10,000 CFU/cm3) (Figure 2).

 

Figure 2. The numbers of psychrophilic bacteria in Oligocene water samples.

The determination of the number of mesophilic bacteria in water samples stored under
different conditions showed that in most cases, storing water for 48 h under refrigeration
(4–7 ◦C) did not cause a significant increase in the number of these bacteria. Moreover,
in some samples, mesophilic bacteria were not detected after 48 h, despite their previous
presence in the water at the time of intake. The situation was completely different for
samples stored at room temperature. An unusually intense proliferation of bacteria capable
of growing at 37 ◦C was observed in water from all six intakes studied, despite the fact
that the temperature at which they were stored was lower than the optimum temperature
for them. Bacterial numbers increased from several hundred to more than 10,000 times,
depending on the sample (Figure 3).
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Figure 3. The numbers of mesophilic bacteria in Oligocene water samples.

Tests conducted in the second stage of the work again showed that the number of
bacteria present in samples of Oligocene water from the selected sources directly at the time
of collection was not very high: at the level of 2.3 ± 2.2 CFU/cm3. By using the filtration
method, it was possible to obtain an adequate number of colonies for further studies. The
analysis of the morphology of the isolated bacteria showed that Gram-positive bacteria
predominated in the Oligocene waters (22 out of 25 isolates). More than half of the isolates
were Gram-positive, spore-forming bacilli; 28% were spherical forms (mainly staphylo-
cocci); and 12% were Gram-negative bacteria. One Corynebacterium-like microorganism
was also isolated.

Resistance tests on isolates obtained from the Oligocene water samples yielded a
surprising yet highly important result. It was demonstrated that all isolated bacterial strains
were characterized by resistance to ampicillin and vancomycin. Rifampicin inhibited the
growth of only one of the strains tested; therefore, it can be concluded that the microflora
from the intakes included in the study showed far-reaching resistance to this antibiotic as
well. Resistance to the aforementioned antibiotics occurred equally in both Gram-positive
and Gram-negative bacteria. The only antibiotic that demonstrated activity against at least
some isolates was gentamicin (Figure 4). One of the isolates was found to be sensitive to
gentamicin, while a further 11 strains were intermediately susceptible. Antibiotic resistance
tests showed that bacterial resistance to ampicilin and vancomycin was not directly related
to cell morphology. A Gram-positive staphylococcus was the only isolate to demonstrate a
moderate sensitivity to rifampicin; the remaining isolates, both Gram-positive and Gram-
negative, were resistant to this antibiotic. In the case of gentamicin, it was found that
the moderately sensitive strains included mainly Gram-positive bacteria—bacilli and
staphylococci. The only strain classified as susceptible was also Gram-positive bacillus.

A parallel study of the effectiveness of selected disinfectants on bacteria isolated from
the Oligocene water intakes showed that all 25 strains were resistant to both chlorine (in
the form of 1% chlorinated water) and 80% ethanol. Weak growth inhibition was noted
only when a 1% silver nitrate solution was used as a disinfectant.
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Figure 4. Antibiotic resistance of bacteria isolated from the samples of Oligocene waters.

4. Discussion

The sanitary safety of drinking water, including groundwater, is a fundamental issue
from the perspective of protecting the health of its potential users. Although groundwater is
usually well protected from external contamination due to its continuous and impermeable
soil layer, the possibility of the microbiological contamination of groundwater reservoirs
located in areas of surface water influence must be taken into account, in addition to the
ingress of contaminants found in the ground into groundwater.

As confirmed by numerous scientific research results, the microbiological contamina-
tion of groundwater is an increasingly critical problem from the perspective of ensuring
sanitary safety [1,20]. Numerous studies confirmed the presence of pathogenic or po-
tentially pathogenic microorganisms in groundwater [1,21,22] (among others, bacteria
such as: Arcobacter butzleri, Campylobacter spp., E. coli, Helicobacter pylori, Legionella spp.,
Salmonella spp., Shigella spp., Vibrio cholerae and Yersinia spp. and protozoa such as Cryp-
tosporidium spp., Encephalitozoon intestinalis, Giardia lamblia and Naegleria fowleri) [2,23].
Powell et al. [1] reported the presence of enteric viruses in deep groundwater in urban
consolidated sandstone aquifers in the UK. Protozoa are usually detected in aquifers closer
to the surface, but it should not be ignored that protozoa of the genus Cryptosporidium have
also been detected in intakes whose design prevented the direct penetration of contam-
inants from the surface [24]. Bacteria and viruses typical of municipal wastewater were
detected up to a depth of 90 m below ground level [25]. Microorganisms indicative of
groundwater contamination by wastewater were detected, among others, in sandstone
aquifers underlying the cities of Birmingham and Nottingham, England [25]. The vulnera-
bility of groundwater to contamination depends, among other factors, on parameters such
as the depth of the groundwater table, the degree of isolation of groundwater from the
land surface, the sorption properties of adjacent soils and the proximity to the source of
contamination [26].

Microorganisms have been detected in water from various depths. Haveman and
Pedersen [27] isolated abundant bacteria in groundwater from Fennoscandian Shield
sites in Finland and Sweden from depths ranging from 65 to nearly 1400 m, while their
abundance reached as high as 3.7 × 105 cells/cm3.

In their study on groundwater from Olkiluoto, Finland, Pedersen et al. [28] found
that bacterial abundance in water samples taken from deep boreholes from depths of
35–742 m reached 5.7 × 104 cells/cm3. Bacterial abundance remained at a similar level
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until a depth of approximately 250 m, while even a slight increase was recorded at a depth
of approximately 300 m. Against the background of the above data, it can be concluded that
the total number of bacteria in the samples of Warsaw Oligocene water is comparatively
low, as even in samples with the highest content it did not exceed the level of 300 CFU/cm3.
This is probably facilitated by the relatively good separation of the Oligocene aquifer as
well as the depth of the wells supplying water to the studied intakes.

The susceptibility of groundwater to contamination depends on many different factors.
One of the most important factors is the depth of the groundwater table, which affects the
speed of contaminant movement [29]. In porous formations, groundwater can move at
speeds ranging from fractions of a millimeter per day to tens of meters.In heavily sealed
and karstic rocks, the movement of groundwater is rapid; its speed can reach up to several
hundred meters per day. This results in poor filtration of the water and thus the penetration
of more contaminants into its depths. Natural filtration processes occurring in the soil can
be an effective factor in eliminating microbial contaminants coming from the surface. They
can also contribute to the inactivation of potentially pathogenic microorganisms and thus
reduce the risk of infection [8,24]. Limiting factors for the presence of microorganisms at
great depths are the limited availability of oxygen, the lack of water-filled fractures that
can provide a habitat for microorganisms, the lack of nutrient substrates and, in the case of
very deep deposits, elevated temperatures [28,30].

Oligocene waters from the Warsaw Basin area are relatively well-isolated from their
surroundings.Thus, their susceptibility to microbiological contamination is not very high.
Thanks to this good natural isolation, which is formed by the more than 100 m thick layer
of Pliocene clay pack above, the Oligocene aquifer in the Warsaw area has a very low risk
of surface pollution [11,12]. The isolation layer below the Oligocene formations consists
of very poorly fractured marls of the Upper Cretaceous [31]. A possible threat in terms of
water quality may be geogenic pollution, which manifests itself as increased water color
associated with the infiltration of water from the Miocene horizon and chloride content
in the western part of the Warsaw Basin. Elevated concentrations of manganese, iron
and ammonia are recorded in places. These compounds can be easily removed by water
treatment processes [11,32].

In the present study, bacteria associated with fecal pollution were found to be absent
from the water. Similarly, Yahaya et al. [33] showed that borehole groundwater samples
did not contain coliform bacteria, although the total bacterial count was in the range of
140 to 12,000 CFU/cm3. Coliform bacteria are considered a good indicator of the fecal
contamination of groundwater, among other things, due to their stated ability to move in
the ground environment [21]. However, it should be taken into account that the failure
to find typical fecal bacteria in water is not a conclusive criterion for sanitary safety, as it
has been observed that sometimes the presence of potentially pathogenic viruses can be
indicative of fecal contamination of groundwater while typical bacterial indicators of fecal
contamination such as E. coli and fecal enterococci are not detected [25].

The Oligocene waters investigated in this study are not subjected to treatment or
disinfection processes; therefore, a number of recommendations of a sanitary nature have
been made regarding their use. According to the guidelines for the use of water from
Oligocene intakes, the water should be stored at 2–8 ◦C and preferably consumed within
24 h and within a maximum of 4 days. Containers into which Oligocene water is taken
should be properly cleaned before each subsequent intake and should not come into contact
with sunlight while there is water stored in them.

Despite the recommendations of the State Sanitary Inspectorate that Oligocene water
should be used within 24 h of extraction from the intake, it is sometimes stored even
for several days in practice. The results of a survey on the use of deep-sea water in the
households of Warsaw residents conducted by Parzuchowska and Ostalska [16] showed
that only less than 11% of users of Oligocene intakes declared that they consumed water
within a few hours of taking it. Of these users, 52.50% admitted that they stored the water
for 1–2 days, while approximately 31% stored it for 3–7 days. Nearly 6% of users stored
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water for more than a week. Water is most often kept in plastic containers (93.5% of users),
and more than 43% of them are open containers. Only just over 25% of respondents said
they used detergents to periodically wash their containers. The water is most often left at
room temperature (87%). A refrigerator (13%), garage/basement (15%) or balcony (27%)
were cited as other storage locations. The cited data demonstrate that the actual behavior
of residents deviates from the recommendations of the State Sanitary Inspectorate.

As this study has shown, the storage of water at room temperature can result in
notable microbiological hazards, with the most significant phenomenon appearing to be the
proliferation of mesophilic bacteria in the water. This is an extremely important observation
in light of the fact that it is among mesophilic bacteria that potentially pathogenic species
or strains can be found.The safe consumption of such water requires heat treatment, with
the understanding that brief boiling may not eliminate all microorganisms present in the
water. Alarmingly, some of the microorganisms present in the water can also multiply
under refrigerating conditions. It is also important to emphasize the fact that despite the
similar microbiological parameters of Oligocene water from different intakes at the time of
sampling, its properties after a period of storage can differ greatly from each other, affecting
the safety of its consumption. The results obtained suggest the possibility of an increase in
microbial contamination of Oligocene water even if it is stored in the manner recommended
in the sanitary guidelines.

Studies conducted in recent years confirmed that the phenomenon of bacterial resis-
tance to antibiotics and the process of genes that determine drug resistance spreading in
the environment increasingly affect groundwater [34]. Numerous studies show that a hori-
zontal gene transfer is possible in groundwater, allowing microorganisms to acquire new
properties, including a resistance to changing environmental conditions and the presence
of a specific type of contaminant [4]. Li et al. [21] showed that E. coli and Enterococcus sp.
bacteria detected in groundwater were characterized by resistance to at least one antibiotic,
with 63.6% of E. coli isolates and 86.1% of Enterococcus sp. showing multi-resistance towards
three or more antibiotics. The tested isolates of both species were most often resistant to
antibiotics such as tetracycline and chloramphenicol. In addition, E. coli isolates showed a
resistance to trimethoprim/sulfamethoxazole and azithromycin, while enterococci were re-
sistant to tigecycline, quinupristin/dalfopristin, linezolid, erythromycin and ciprofloxacin.
A study of groundwater conducted in Kenya by Wahome et al. [35] showed that pathogenic
and potentially pathogenic bacteria isolated from water samples (including those of the
genera Salmonella, Shigella, Vibrio, Escherichia and Pseudomonas) demonstrated a high resis-
tance to sulphamethaxazole, kanamycin and ampicillin. All Salmonella sp. isolates were
resistant to ampicillin and kanamycin, while some were also resistant to gentamicin and
cotrimoxazole. A total of 50% of Shigella sp. isolates were resistant to streptomycin. In
the case of E. coli, all isolates were characterized by resistance to ampicillin, tetracycline,
cotrimoxazole, streptomycin and sulphamethaxazole, while half of them were also resistant
to gentamicin and chloramphenicol. Additionally, all Pseudomonas sp. strains isolated
from groundwater showed multiresistance to antibiotics such as ampicillin, cotrimoxazole,
streptomycin, kanamycin and gentamycin.

Szekeres et al. [7] confirmed the prevalence of drug resistance genes in the groundwater
environment. They detected a correlation between groundwater contamination and the
presence of antibiotic resistance genes in groundwater, mainly those such as tetC, tetO
and tetW. Gowrisankar et al. [36] isolated pathogenic antibiotic-resistant bacteria from
groundwater that came into contact with surface water in post-flood areas in India. They
showed resistance to antibiotics such as ceftriaxone, doxycycline and nalidixicacid, but
were sensitive to chloramphenicol, tetracycline, ciprofloxacin and norfloxacin.Tan et al. [37]
provided numerous examples of work in which antibiotic-resistant bacteria and drug
resistance determinant genes were isolated from drinking water intakes. Su et al. [10]
cited some studies confirming that resistance genes to antibiotics such as sulfonamide,
tetracycline, cephalosporin, chloramphenicol, and penicillin were detected in drinking
water sources.
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The research carried out within the present study provided very disturbing data. It
turns out that despite their low abundance, bacteria isolated from samples of the Oligocene
water from intakes in Warsaw could pose some kind of hazard. All isolates showed
resistance to commonly used antibiotics, including those considered broad-spectrum an-
tibiotics.Only gentamicin showed activity against some of the isolates. It should be noted
that only the results obtained for gentamicin corresponded with the activity profile of the
antibiotic (against Gram-positive bacteria). The widespread resistance of bacteria isolated
from Oligocene water samples to the broad-spectrum antibiotics ampicillin and rifampicin
was surprising, as was the fact that vancomycin, dedicated against Gram-positive bacteria,
had no effect on Gram-positive bacilli and staphylococci.

The fact that the drug-resistant strains came from intakes located at great distances
from each other is noteworthy. This may indicate the very wide range of the observed
phenomenon. The common resistance of all the bacteria isolated from Oligocene intakes
can be related to the horizontal transfer of respective genes. The transfer of Van-group
genes determining the resistance to glycopeptide antibiotics, including vancomycin, was
previously described in terms of a gene transfer from enterococci to staphylococci [38].
Non-inherited bacterial resistance related to natural insensivity, temporary inhibition
of replication or biofilm formation should be also considered as a potential mechanism
of microbial resistance [39]. In view of the above, it should not be ignored that drug-
resistant microorganisms entering the human gastrointestinal tract with ingested water
can transmit antibiotic resistance determinants to intestinal bacteria and consequently
contribute to the further spread of drug-resistant traits in the environment [7]. Moreover,
the phenomenon of drug resistance was accompanied by resistance of the isolated bacteria
to common disinfectants, including chlorine. There are littoral data confirming the co-
occurrence of these phenomena. Hu et al. [34] found that one of the bacteria isolated from a
drinking water source belonging to the Pseudomonas aeruginosa species showed resistance to
antibiotics at concentrations of several hundred milligrams per liter and low concentrations
of chlorine. Jia et al. [40] found up to 151 antibiotic resistance genes, belonging to 15
different types, in drinking water. They also noted that the chlorination process increased
the frequency of these genes, though it caused a decrease in their diversity. The systems of
genes determining multi-drug resistance were detected primarily with chlorine-resistant
strains of bacteria from the genera Pseudomonas and Acidovorax.

5. Conclusions

The results obtained in the present study provided important information on the key
risks associated with the use of water from Oligocene intakes located in Warsaw for food
purposes. It was shown that at the time of intake, the water does not contain too many mi-
croorganisms; however, a worrying feature found in all dominant strains is their resistance
to commonly used antibiotics, including broad-spectrum pharmaceuticals. Moreover, the
drug-resistant bacteria are also insensitive to some disinfectants. Among the microorgan-
isms in the water are both bacteria from the environment and mesophilic bacteria capable
of growing at human body temperature. These bacteria show the ability to multiply inten-
sively under the typical conditions of storage by users of water from Oligocene intakes,
which can pose a real threat from the perspective of spreading drug resistance.
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15. Nowicki, Z. Wody podziemne—Szansa dla Warszawy. Przegląd Geol. 2008, 56, 277–279.
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Naukowy. Inżynieria I Kształtowanie Środowiska XVII; Wydawnictwo SGGW: Warsaw, Poland, 2008; Volume 4, pp. 65–75.

101



Microorganisms 2023, 11, 826

33. Yahaya, T.O.; Oladele, E.O.; Fatodu, I.A.; Abdulazeez, A.; Yeldu, Y.I. The concentration and health risk assessment of heavy
metals and microorganisms in the groundwater of Lagos, Southwest Nigeria. J. Adv. Environ. Health Res. 2020, 8, 234–242.

34. Hu, Y.; Jiang, L.; Sun, X.; Wu, J.; Ma, L.; Zhou, Y.; Lin, K.; Luo, Y.; Cui, C. Risk assessment of antibiotic resistance genes in the
drinking water system. Sci. Total Environ. 2021, 800, 149650. [CrossRef]

35. Wahome, C.N.; Okemo, P.O.; Nyamache, A.K. Microbial quality and antibiotic resistant bacterial pathogens isolated from
groundwater used by residents of Ongata Rongai, Kajiado North County, Kenya. Int. J. Biol. Chem. Sci. 2014, 8, 134–143.
[CrossRef]

36. Gowrisankar, G.; Chelliah, R.; Ramakrishnan, S.R.; Elumalai, V.; Dhanamadhavan, S.; Brindha, K.; Antony, U.; Elango, L.
Chemical, microbial and antibiotic susceptibility analyses of groundwater after a major flood event in Chennai. Sci. Data 2017, 4,
1–13. [CrossRef]

37. Tan, Q.; Li, W.; Zhang, J.; Zhou, W.; Chen, J.; Li, Y.; Ma, J. Presence, dissemination and removal of antibiotic resistant bacteria and
antibiotic resistance genes in urban drinking water system: A review. Front. Environ. Sci. Eng. 2019, 13, 1–15. [CrossRef]

38. Szymanek-Majchrzak, K.; Młynarczyk, A.; Młynarczyk, G. Oporność Staphylococcus aureus na glikopeptydy. Post. Mikrobiol.
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Abstract: Enterococci are Gram-positive bacteria that can be isolated from a variety of environments
including soil, water, plants, and the intestinal tract of humans and animals. Although they are
considered commensals in humans, Enterococcus spp. are important opportunistic pathogens. Due
to their presence and persistence in diverse environments, Enterococcus spp. are ideal for studying
antimicrobial resistance (AMR) from the One Health perspective. We undertook a comparative
genomic analysis of the virulome, resistome, mobilome, and the association between the resistome
and mobilome of 246 E. faecium and 376 E. faecalis recovered from livestock (swine, beef cattle, poultry,
dairy cattle), human clinical samples, municipal wastewater, and environmental sources. Compara-
tive genomics of E. faecium and E. faecalis identified 31 and 34 different antimicrobial resistance genes
(ARGs), with 62% and 68% of the isolates having plasmid-associated ARGs, respectively. Across the
One Health continuum, tetracycline (tetL and tetM) and macrolide resistance (ermB) were commonly
identified in E. faecium and E. faecalis. These ARGs were frequently associated with mobile genetic
elements along with other ARGs conferring resistance against aminoglycosides [ant(6)-la, aph(3′)-IIIa],
lincosamides [lnuG, lsaE], and streptogramins (sat4). Study of the core E. faecium genome identified
two main clades, clade ‘A’ and ‘B’, with clade A isolates primarily originating from humans and mu-
nicipal wastewater and carrying more virulence genes and ARGs related to category I antimicrobials.
Overall, despite differences in antimicrobial usage across the continuum, tetracycline and macrolide
resistance genes persisted in all sectors.

Keywords: comparative genomics; antimicrobial resistance; enterococci; livestock; One Health

1. Introduction

Antimicrobial resistance (AMR) is defined as the ability of the bacterial cell to avoid cell
damage by antimicrobials [1]. Some bacteria are naturally resistant to certain antimicrobials
through intrinsic or inherent traits. Antimicrobial resistance genes (ARGs) conferring intrin-
sic resistance are mostly passed through clonal inheritance and are rarely transferred within
or among bacterial populations. However, some ARGs can be acquired and associated
with mobile genetic elements (MGEs) including plasmids, transposons, and integrative and
conjugative elements. These ARGs can be transferred to other bacteria through horizontal
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gene transfer [2] and thus contribute to the spread of AMR in different ecosystems [3].
Exposure of bacteria to antimicrobials can facilitate ARG acquisition and the proliferation
of resistant populations within ecosystems [4]. In animal production, sub-therapeutic ad-
ministration of antimicrobials through feed and water to treat or prevent infectious diseases
is one example of a practice that can increase AMR. Indeed, the imposed selective pressure
can exacerbate AMR in gut microbiomes as large numbers of bacterial members that carry
ARGs on MGEs [5] may facilitate their dissemination, including transfer to pathogenic
bacteria. Therefore, multiple organizations, including the Canadian Integrated Program for
Antimicrobial Resistance Surveillance (CIPARS), European Antimicrobial Susceptibility
Surveillance in Animals (EASSA), Japanese veterinary antimicrobial resistance monitor-
ing systems (JVARM), and the National Antimicrobial Resistance Monitoring System for
Enteric Bacteria (NARMS) in the United States are monitoring antimicrobial resistance in
food animals and assessing their role in the dissemination of AMR to bacteria associated
with humans.

Enterococci are commensal bacteria within the gastrointestinal tract of humans and
animals [6]. They can also be recovered from broader natural environments, including soil,
water, and plants. Some enterococcal species, particularly Enterococcus faecalis and Ente-
rococcus faecium, are considered human pathogens as they are frequently associated with
bacteremia, septicemia, meningitis, endocarditis, and urinary tract and wound infections [7].
The presence of Enterococcus spp. in different ecosystems makes them an ideal species to
study AMR from a One Health perspective. We investigated the prevalence and nature of
Enterococcus species recovered from swine feces and undertook a comparative analysis of
E. faecium and E. faecalis genomes sourced across various sectors of the One Health contin-
uum. More specifically, we evaluated (i) profiles of ARGs, MGEs, and virulence factors
of these genomes, (ii) the association of MGEs with ARGs, and (iii) the phylogenetic
relatedness of the isolates collected across different sectors.

2. Methodology

2.1. Enterococcus Recovery from Swine Feces and Whole Genome Sequencing

In 2017 and 2018, fecal samples were collected from sows, and weaning and finishing
pigs raised on commercial antimicrobial-free farms, as well as conventional farms using
penicillin prophylaxis in Quebec, Canada. Isolates were collected at the same time that
Enterobacterales isolates were collected in a previous study [8]. Presumptive Enterococcus
isolates were recovered from collected samples on Bile Esculin Azide (BEA) agar with
and without erythromycin (8 μg/mL) as described previously [9] and a total of 41 isolates
were confirmed to be Enterococcus species following PCR with Ent-ES-211-233-F and Ent-
EL-74-95-R primers and Sanger sequencing of the PCR product [9]. Confirmed isolates
were subjected to short-read Illumina sequencing. Genomic DNA was extracted using a
Maxwell 16 Cell SEV DNA purification kit (Promega, Madison, WI, USA) as per manu-
facturer’s instructions, followed by DNA quantification using a Quant-it High-Sensitivity
DNA assay kit (Life Technologies Inc., Burlington, ON, Canada). One nanogram of gDNA
was used for genomic library construction using an Illumina NexteraXT DNA sample
preparation kit and the Nextera XT Index kit (Illumina Inc., Vancouver, BC, Canada)
according to manufacturer’s guidelines. All libraries were sequenced on an Illumina
Miseq platform generating 2 × 300 base-paired end reads with a 600-cycle MiSeq reagent
kit v3 (Illumina).

2.2. Collection of Enterococcus faecium and Enterococcus faecalis Genomes

A total of 622 E. faecium and E. faecalis genomes were included for comparative ge-
nomic analysis. These genomes originated from three sources: (i) swine isolates from this
study (n = 18), (ii) a collection of genomes recovered from environmental and livestock
isolates from Ontario (n = 66), and (iii) previously published data from poultry (n = 32) [10]
and One Health continuum (n = 506) [9] studies. The number and the origin of E. faecium
and E. faecalis genomes included in the analysis are summarized in Table 1. E. faecium and
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E. faecalis genomes were categorized into four groups/sectors based on their origin:
(i) clinical, (ii) municipal wastewater, (iii) livestock, and (iv) environment.

Table 1. Collection of Enterococcus faecium and Enterococcus faecalis genomes included in the compara-
tive genomic analysis and antimicrobials used in livestock.

Sources of Genome

Number of Genome

Antimicrobial Usage

Location
(Year of Sample

Collection)
ReferenceE. faecium

(n = 246)
E. faecalis
(n = 376)

Municipal waste water (MW) 56 110 -

Alberta
(March

2014–April 2016)
[9]

Clinical isolates (CL) 36 149 -

Livestock (LS)

Bovine cattle 57 33
Conventional

(tetracycline, macrolides),
natural (antibiotic-free)

Dairy cattle - 22 NA Ontario
(2004)

This study
Swine

- 06 NA

12 06

Conventional (penicillin),
antibiotic-free (organic,

certified-humane,
AGRO-COM)

Quebec
(2017–2018)

Poultry

23 09
Bambermycin, bacitracin,

salinomycin, and
β-lactams

British Colombia
(2005–2008) [10]

- 05 NA Ontario
(2004) This study

Environment
(EV)

Natural water
sources

46 19 -
Alberta
(March

2014–April 2016)
[9]

River water 16 07 -

Ontario
(2004)

This studyDomestic
animals

- 03 NA

Wild animals - 07 -

2.3. Genome Assembly and Data Analysis

All enterococcal genomes included in this study were assembled de novo using the
Shovill pipeline v.1.1.0 (https://github.com/tseemann/shovill accessed on 15 November
2022). Illumina adapters were removed using Trimmomatic v.0.36.5 [11]. All reads were
then assembled de novo into contigs by SPAdes v.3.11.1 [12]. Assembly was evaluated by
QUAST version 5.2.0 [13]. The contigs were then annotated using Prokka v.1.13.1 [14].

The annotated genomes were screened for the presence of antimicrobial resistance
and virulence genes using ABRicate v.1.0.1 (https://github.com/tseemann/ABRICATE
accessed on 20 November 2022) against the NCBI Bacterial Antimicrobial Resistance Refer-
ence Gene Database (NCBI BioProject ID: PRJNA313047) and the VirulenceFinder database
(PMID: 34850947) [15], respectively. All contigs were screened for the presence of plasmids
using Mob-recon version 3.0.0 (https://github.com/phac-nml/mob-suite accessed on
10 January 2023) [16].

E. faecium (n = 246) and E. faecalis (n = 376) genomes were used for comparative
genomics (Table 1). The core-genome phylogenomic trees were constructed using the
SNVphyl pipeline version 1.2.3. The phylogenetic tree was generated by aligning paired-
end Illumina reads against the respective reference genomes of E. faecalis (strain ATCC
47077/OG1RF; CP002621.1) and E. faecium (strain DO; CP003583.1) using SMALT (version
0.7.5; https://sourceforge.net/projects/smalt/ accessed on 12 January 2023). The generated
read pileups were then subjected to quality filtering (minimum mean mapping quality
score of 30), coverage cut-offs (15× minimum depth of coverage), and a single nucleotide
variant (SNV) abundance ratio filter of 0.75 to obtain a multiple sequence alignment of
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SNV-containing sites. This SNV alignment (with no SNV density filtering) was used to
create a maximum likelihood phylogeny using PhyML version 3.0. The generated Newick
file was visualized using Interactive Tree Of Life (iTOL) version 6 [17].

Additionally, for E. faecium genomes, a groEL-based tree was constructed to investigate
whether the genomes could be assigned to previously described hospital (clade A) or
community (clade B) clades [18]. The extracted groEL gene sequence was aligned with
E. faecium strain 75 V68 (Clade A) and E. faecium strain 81 (Clade B) using MAFFT version
7.490. The analysis included the E. hirae R17 (accession CP015516.1) groEL gene as an
outgroup. The maximum-likelihood tree was then created with IQTree version 2.1.4.

Multilocus sequence typing (MLST) was also used to study the population structure
and evolution of bacterial species. E. faecium and E. faecalis sequence types were assigned
through the MLST scheme of each respective species using PubMLST tool (http://cge.cbs.
dtu.dk/services/MLST/ accessed on 15 January 2023) [19].

3. Results

3.1. Enterococci Recovered from Swine Feces
3.1.1. Species Identification

Of the Enterococcus spp. recovered from fecal samples, 14 isolates were from sows,
15 isolates were from weaners, and 12 isolates were from finishers. Six different enterococcal
species were identified [E. hirae (n = 15), E. faecium (n = 12), E. faecalis (n = 6), E. saccharolyticus
(n = 3), E. villorum (n = 3), and E. asini (n = 2)] (Figure 1A).

Figure 1. Enterococcus species recovered from fecal samples collected from sows (n = 14), and weaning
(n = 15) and finishing (n = 12) pigs. (A) Prevalence of Enterococcus species. (B) Antimicrobial resistance
gene profiles of Enterococcus isolates. (C) Core-genome-based phylogenetic tree of E. faecium (n = 12),
E. faecalis (n = 6), and E. hirae (n = 15) recovered from different pig production stages.
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3.1.2. Genome Characterization

Across all isolates, 27 different ARGs/determinants were identified (Figure 1B). Over-
all, 39% of the identified enterococcal species were multidrug-resistant (MDR, resistant
to ≥ 3 antimicrobials). MDR isolates were confined to three species: E. faecalis (67%),
E. hirae (47%), and E. faecium (41%) (Table 2). The most common ARGs in E. faecium,
E. faecalis, and E. hirae were associated with resistance to aminoglycoside (aph(3′)-IIIa,
ant(6)-Ia), tetracycline (tetL, tetM), macrolide (ermB), and streptothricin (sat4) drug classes.

Table 2. Antimicrobial resistance genes profiles, plasmids harboring AMR genes, and virulence genes
identified in enterococcal species recovered from swine feces.

Enterococcal
Species

*& Antimicrobial Resistance
Genes Profile

(Number of Genomes)

Plasmids
(Accession Number)

(Total)

Antimicrobial
Resistance Genes
Found on Plasmid

Virulence Genes

E. faecalis

aph(3′)-IIIa, ant(6)-la, tetL,
tetM, ermB, lnu(G), dfrG, sat4,

catA8 (n = 2)

pBEE99
(NC_013533) (n = 2) All ARGs • Adhesive matrix molecules: ace, fss1, and fss2

• Biofilm formation: bopD
• Capsule formation: cpsA-E and cpsG-K
• Cytolysis: cylA, cylB, cylI, cylL, cylM, cylR1,

cylR2, and cylS
• Endocarditis and biofilm-associated pili:

ebpA-C and srtC
• Putative transporter protein: efaA
• Hyaluronidase: EF0818 and EF3023)
• Gelatinase and serine protease: fsrA-C, gelE,

and sprE
• Aggregation proteins: prgB/asc10

tetL, tetM (n = 1) pSWS47 (NC_022618.1)
(n = 1) All ARGs

aadE, tetM, ermB (n = 1) None None

tetL, lnu(A) (n = 1) None None

E. faecium

aph(3′)-IIIa, spw, ant(6)-Ia, tetL,
tetM, ermB, lnu(B), lsa(E), sat4,

catA8 (n = 1)

pM7M2
(NC_016009) (n = 4) tetL, tetM

• Adhesive matrix molecules: acm, scm, and sgrA
• Biofilm formation: bopD, clpC, clpE, and clpP
• Bile salt hydrolysis: bsh
• Capsule formation: cap8F, cpsA, cpsB, and hasC
• Pili formation: srtC

aph(3′)-IIIa, ant(6)-Ia, tetL,
tetM, ermB, sat4 (n = 1)

tetL, tetM, ermB (n = 1)

tetL, tetM (n = 1)

aph(3′)-IIIa, spw, ant(6)-Ia, tetL,
tetM, ermB, lnu(B), lsa(E), sat4

(n = 1)

pLAG
(KY264168.1) (n = 1)

ant(6)-Ia, tetM, tetL,
lnu(B), lsa(E)

aph(3′)-IIIa, ant(6)-Ia, ermB,
sat4 (n = 1) None None

tetM (n = 3) None None

E. hirae

aph(3′)-IIIa, ant(6)-Ia, aadE,
tetL, tetM, ermB, sat4 (n = 1)

p3
(CP006623) (n = 1)

aph(3′)-IIIa, ant(6)-Ia,
ermB, sat4

• Biofilm formation: bopD and clpP
• Hydrolysis of bile salt: bsh

pBC16
(U32369) (n = 1) tetM

spw, ant(6)-Ia, tetL, tetM, ermB,
lnuB, lsaE (n = 2)

pEf37BA (MG957432)
(n = 2) All ARGs

tetL, tetM, ermB, lnuG (n = 2) pDO1 (CP003584) (n = 2) tetL, tetM, ermB

ant(9)-Ia, tetL, tetM (n = 1) pM7M2
(NC_016009) (n = 1) tetL, tetM

tetL, tetM (n = 7)

pM7M2
(NC_016009) (n = 3) tetL, tetM

pCTN1046 (CP007650)
(n = 1) tetM

pBC16
(U32369) (n = 1) tetL

tetM, lnuA (n = 1) (CP029969) (n = 1) lnu(A)

E. asini
tetM, lnuG (n = 1) None None

• Adhesion associated gene: fss3
tetM (n = 1) None None

E. villorum tetM, lsaA (n = 3) None None None

E. saccharolyticus tetM (n = 3) None None • Adhesion associated gene: fss3

* Antimicrobial drug classes and resistance genes: aminoglycoside (ant(9)-Ia, aph(3′)-IIIa, ant(6)-Ia, aadE, spw);
tetracycline (tetL, tetM); macrolide (ermB), lincosamide ARG (lnuA, lnuG, lsaA, lsaE), chloramphenicol (catA8),
trimethprim (dfrG). & All ARGs except for those shown in column 4 were mapped onto chromosomes.
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Nine out of the twenty-seven ARGs conferred intrinsic/inherent resistance, including
msrC (100%), eat(A) (100%), and aac(6′)-li (41.6%) in E. faecium; lsa(A) (100%) and dfrE
(100%) in E. faecalis; aac(6′)-lid (66.6%) in E. hirae; dfrF (100%) and vanC-operon (100%)
in E. saccharolyticus; and aac(6′)-Entco (100%) in E. villorum and E. asini. The three genes,
aacA-ENT1, dfrG, and aacA-ENT2, were only identified in E. faecium (16.6%), E. faecalis
(33.3%), and E. hirae (33.3%), respectively.

A total of 35 plasmids were identified in Enterococcus spp. [E. faecalis (n = 10),
E. faecium (n = 12), and E. hirae (n = 13)] (Table 2). Among these, 11 plasmids harbored
ARGs [E. faecalis (n = 2), E. faecium (n = 2), and E. hirae (n = 7)] (Table 2). A total of 34 and
13 virulence genes were identified in E. faecalis and E. faecium, respectively. Most virulence
genes were associated with cytolysis, biofilms, and capsule formation (Table 2). The E. fae-
cium core-genome phylogenetic tree formed two distinct clades, where all genomes except
two recovered from sows and finishers, were found in one clade. E. faecalis also clustered
into two clades, where one clade exclusively contained genomes from weaners. As for
E. hirae, one clade contained all genomes except two isolated from finishers (Figure 1C).

3.2. Comparative Genomic Analysis of E. faecalis and E. faecium across the One Health Continuum
3.2.1. Livestock Production

Comparative genomic analysis of E. faecium (n = 91) and E. faecalis (n = 81) collected
from cattle, poultry, and swine was performed to investigate similarities and differences
in the resistome, virulome, and mobilome profiles as well as the phylogenetic relatedness
across the production sectors.

Overall, 48% of E. faecium genomes from livestock were MDR (resistant to ≥3 antimi-
crobials). Among livestock, E. faecium from poultry had the highest incidence of MDR
(61%), followed by swine (50%) and beef cattle (43%) (Figure 2). Among E. faecium of
bovine origin, two ARG profiles [(ermB, tetL, tetM) and (ant(6)-Ia, spw, ermB, lnuB, lsaE,
tetL, tetM)] were the most frequent (Supplementary Table S1). Isolates harboring dfrE were
frequently identified in all sectors. Two ARG profiles [(dfrE, tetL, tetM) and (dfrE, ermB, tetL,
tetM)] were present in both swine and poultry, while one profile (dfrE, ermB, and tetM) was
common to bovine and poultry isolates. Across livestock, chloramphenicol (fexA and catA)
and oxazolidinone-resistant determinants (optrA) were exclusively found in E. faecium from
cattle, whereas the vanC-operon was unique to poultry isolates. Aminoglycoside ARGs
[ant(6)-Ia, ant(9)-Ia, aph(3′)-IIIa, and spw] were more prevalent in E. faecium isolated from
poultry compared to other sectors (Figure 3A). In contrast, tetracycline ARGs (tetL and
tetM) were found more frequently in E. faecium from cattle than those from poultry and
swine. Moreover, E. faecium isolates from cattle and poultry shared similar ARGs associated
with macrolide–lincosamide–streptogramin (MLS) resistance (ermA, ermB, lnuB, lnuG, lsaG,
and sat4). In E. faecium from swine, only four ARGs associated with MLS resistance (ermB,
lsaG, mefA, and sat4) were identified. Across livestock, ermB (57%) was most prevalent in
isolates from cattle. In contrast, the trimethoprim-resistant determinant dfrE was found in
all E. faecium genomes recovered from swine and 82.6% from poultry. Compared to other
sectors, drfE and dfrG were infrequently associated with E. faecium isolated from cattle.

Mobilome analysis of E. faecium genomes showed that >60% of ARG-carrying plas-
mids were associated with isolates from cattle (Supplementary Table S2). Among these,
pL8-A and pM7M2 were also found in poultry and swine isolates, respectively. MLST pro-
filing identified 33 different genomic sequence types (STs) across the enterococci genomes,
with 13 STs exclusive to beef cattle. In swine, only 3 STs were identified (ST94, ST133,
ST272). In E. faecium from poultry, 10 STs were identified, with ST154 being the most
common. None of the STs were shared across all livestock species (Table S3).
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Figure 2. Multidrug resistant Enterococcus faecium and Enterococcus faecalis across One Health contin-
uum.

Figure 3. Comparative genomic analysis of 246 E. faecium genomes across the One Health continuum.
(A) Circos plot depicts the relationship between commonly found ARGs and One-Health sectors.
The variables (ARGs and genome isolation source) are arranged around the circle and distinguished
by different colors. The percentage of ARGs across various sectors is indicated by proportional bars
(http://circos.ca/). (B) Maximum likelihood core-genome phylogenetic tree. The Enterococcus faecium
DO genome (CP003583.1) was used as a reference genome. The gro-EL gene-based E. faecium tree was
overlaid on the core-genome E. faecium tree. Genomes were characterized based on their source of
isolation into four groups: livestock, clinical, municipal wastewater, and environmental.

The virulome of E. faecium did not vary across livestock species. The majority of
virulence genes, including those responsible for biofilm formation (bopD, clpC, clpP), bile-
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salt hydrolysis (bsh), capsule formation (cap8F, cpsA, cpsB, and hasC), MSCRAMM-like
proteins (sgrA), and pili formation (srtC) were found in >70% of the genomes of E. faecium
from livestock. Two genes, ebpA and lap (encoding biofilm-associated pili), and a Listeria
adhesion protein were identified in one poultry isolate (Supplementary Table S4).

Overall, 46% of E. faecalis were MDR with the highest incidence of MDR associated
with isolates from dairy cattle (91%) followed by poultry (57%), swine (34%), and beef cattle
(15%) (Figure 2). One ARG profile (ermB, tetM, tetL) was found across all livestock species
(Supplementary Table S5). The ARG profile ant(6)-Ia, aph(3′)-IIIa, ermB, tetL, and tetM was
present in 50% of poultry and 100% of E. faecalis genomes from dairy cattle. Similar to
E. faecium, the oxazolidinone resistance gene (optrA) was occasionally (7% of genomes)
present in E. faecalis isolated from cattle. The trimethoprim ARG (drfE) was mapped to
17% and 3% of E. faecalis isolates from swine and cattle, respectively, but was absent in
poultry isolates. Chloramphenicol resistance profiles differed across sectors, as catA8 was
found in isolates from swine, whereas catA7 was found in isolates from dairy cattle and
catA7 and fexA in isolates from beef cattle. Similarly, the profile of aminoglycoside ARGs
also varied across livestock species. Aminoglycoside ARGs were most prevalent in isolates
from dairy cattle, followed by poultry, swine, and beef cattle. Two ARGs, ant(6)-la and
aph(3′)-IIIa, were prevalent across livestock species, whereas aph(2”)-Ih and ant(9) were
unique to isolates from dairy and beef cattle, respectively. The ARG str, was found only in
isolates obtained from beef cattle and poultry. Similarly, aadE was found only in isolates
from swine and beef cattle. Tetracycline resistance determinants (tetL and tetM) were found
in isolates across livestock sectors (Figure 4A; Supplementary Table S5).

Figure 4. Comparative genomic analysis of 376 genomes E. faecalis genomes across the One Health
continuum. (A) Circos plot depicts the relationship between commonly found ARGs and One
Health sectors. The variables (ARGs and genome isolation source) are arranged around the circle
and distinguished by different colors. The percentage of ARGs across various sectors is indicated
by proportional bars (http://circos.ca/). (B) Maximum likelihood core-genome phylogenetic tree.
E. faecalis ATCC 47077/OG1RF (CP002621.1) was used as the reference genome. Genomes were
characterized based on their source of isolation into four groups: livestock, clinical, municipal
wastewater, and environmental.

Like E. faecium, plasmid profiling of E. faecalis found that 70% of isolates possessed
plasmids that carried ARGs (Supplementary Table S6). Four ARG-carrying plasmids (DO
plasmid, pCTN1046, p6742_2, pEf37BA, and pBC16) were found in both E. faecium and
E. faecalis. Across livestock species, 29 STs were identified, with ST59 shared between swine,
bovine, and dairy cattle isolates (Supplementary Table S7). Virulome profiles of E. faecium
genomes were similar across livestock species (Supplementary Table S8). A total of 27 of
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the 39 virulence genes were mapped to several isolates collected across the livestock sectors
(40–100% of genomes). Genes encoding cytolysin (cylA, cylB, cylI, cylL, cylM, cylR1, cylR2,
and cylS) and the aggregation substance (asa1) were found in only one isolate from swine.

3.2.2. One Health Continuum

Across the continuum, 35% of E. faecium were MDR, with the highest incidence of
MDR found in clinical (CL) isolates (53%), followed by livestock (LS) (48%), municipal
wastewater (MW) (23%), and environmental (EV) isolates (16%) (Figure 2). The ARG profile
dfrE, ermB, and tetM was most common among MDR E. faecium from LS, EV, and MW
(Table S1). Aminoglycoside resistance genes were most prevalent in clinical genomes,
followed by LS, MW, and EV (Figure 3A). Three aminoglycoside resistance genes, ant(6)-Ia,
aph(3′)-IIIa, and spw, were found across the One Health continuum, with ant(6)-Ia and
aph(3′)-IIIa being frequently mapped to plasmids (73% and 61%, respectively). These genes
were found together in 91% of genomes. The bifunctional gene aac(6′)-Ie/aph(2”)-Ia, was
found only in CL (5/36, 14%) and MW (3/56, 5.3%) isolates. Genomes harboring aac(6′)-
Ie/aph(2”)-Ia were associated with five different plasmids (Supplementary Table S6). This
gene was exclusively associated with an IS256 insertion element, except for one plasmid
associated with IS6 and IS1216 in combination with ermB and dfrG. Chloramphenicol
resistance was found in LS and MW isolates but not among those from other sources. The
ARG fexA was associated with Tn554 on plasmid pFSIS1608820, and catA was mapped
to two plasmids in MW isolates (Table S2). ARGs conferring resistance to trimethoprim
were more prevalent in CL, followed by MW, LS, and EV. Compared to CL isolates, where
dfrF and dfrG were more prevalent, dfrE was found in EV, LS, and MW isolates. In all
but one dfrG-positive genome, fosX was found in an antisense direction to dfrG at an
intergenic distance of ~3.2 kb. Macrolide–lincosamides–streptogramin-resistant genotypes
were prevalent in LS, followed by CL, EV, and MW.

Four ARGs conferring macrolide resistance (ermA, ermB, ermT, and mefA) were identi-
fied across the continuum. The ARG ermB was associated with plasmids 73% of the time.
Moreover, in isolates from CL and LS, ermB along with the aminoglycoside ARGs sat4,
aph(3′)-IIIa, and ant(6)-la were associated with Tn3 transposons. Similarly, ermA was also
identified on plasmid pL8-A along with ermB and ant(9)-la. The ARG ermA was also found
on plasmid pFSIS1608820 with ant(9)-Ia, cfr, optrA, ermA, and fexA. In contrast, ermT mapped
only to plasmid p121BS. The lincosamide-resistant genes lnuB and lsaE were found together
on 87% of plasmids. Glycopeptide resistance was found in clinical and poultry genomes,
where vanA was found in pV24-3 and pF856 plasmids (Supplementary Table S2).

The core-genome-based phylogenomic tree of E. faecium formed two clades that were
completely superimposed with the A and B clades identified by the groEL gene maximum-
likelihood tree (Figure 3B). E. faecium genomes did not group based on sample source,
except for the clinical isolates in clade A. Furthermore, clade A harboured more virulence
genes and ARGs than clade B. Multilocus sequence typing of E. faecium genomes identified
72 different STs (Supplementary Table S3), with ST117 and ST17 being exclusive to human
clinical isolates. Across the continuum, 37 virulence genes were identified, of which 15 were
found in genomes from all sectors (Supplementary Table S4).

Overall, 40% of E. faecalis were MDR, with MDR isolates being most frequent in MW
(51%) followed by LS (46%), EV (25%), and CL (32%) (Figure 2). Across all sectors, ant(6)-Ia,
aph(3′)-IIIa, ermB, tetL, and tetM were frequently identified in MDR E. faecalis genomes
(Supplementary Table S5). A total of 51 plasmids carrying one or more ARGs were identified
(Supplementary Table S6). Among these plasmids, two were conjugative plasmids (related
to AY855841 and CP028721), and two were identified as mobilizable plasmids (related to
CP028286 and CP028836). Aminoglycoside ARGs were more prevalent in MW, followed by
LS, CL, and EV (Figure 4A). Across all sectors, eight aminoglycoside ARGs were identified,
with five (ant(6)-Ia, aph(2”)-Ih, aph(3′)-IIIa, and str) found in all sectors. Similar to E. faecium,
ant(6)-Ia and aph(3′)-IIIa were frequently found together (61 genomes) and mapped to
plasmids (71% and 75% of isolates, respectively). Chloramphenicol resistance genes were
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more prevalent in LS, followed by EV, CL, and MW. Five ARGs (catA7, catA8, catP, cat-TC,
and fexA) were identified, with catA7, catA8, and fexA present in all sectors. These three
genes were always associated with plasmids (Supplementary Table S6). Trimethoprim
ARGs (dfrF/G) were identified more frequently in CL compared to other sectors, with dfrF
found in >60% of CL genomes (19% on a plasmid). Across all sectors, MLS resistance was
more prevalent in MW, followed by LS, CL, and EV. Three ARGs responsible for macrolide
resistance (erm A, ermB, and msr) were identified, with ermB present in 60% of all genomes
and frequently associated with plasmids (75%). One ermB-carrying plasmid, CP024844,
was found exclusively in CL and MW genomes (40% ermB-positive isolates). Lincosamide
ARGs were not found in EV genomes, whereas in CL genomes, only lnuB was identified.
Tetracycline resistance was found more frequently in LS genomes, followed by EV, CL, and
MW. Five different tetracycline ARGs were identified (tetM, tetL, tetO, tetS, and tetW), with
tetM mapping to 76.5% of the genomes. Compared to tetM (18%), tetL (85%) was more
frequently found on plasmids. Moreover, in 85% of tetM-positive plasmids, tetL was found
together in close proximity with tetM. One tetM- and tetL-carrying plasmid, pS7316, was
also prevalent in isolates from LS, CL, and EV. Oxazolidinone resistance ARGs were found
only in EV and LS, which were more prevalent in EV than LS. In EV, two ARGs (optrA and
cfrC) were identified, whereas in LS, only optrA was found.

Across the continuum, the core-genome-based E. faecalis phylogenomic tree formed two
main clades, where one clade contained the majority of CW and MW genomes
(Figure 4B). MLST profiling of E. faecalis identified 75 different STs (Supplementary Table S7),
where 48 STs were source-specific (CL = 17, LS = 14, EV = 8, MW = 9). We identified 40 viru-
lence genes across all E. faecalis genomes, with 28 shared across all sectors (Supplementary
Table S8).

4. Discussion

Antimicrobial resistance is a serious concern for human and animal health and the
global economy. One Health approaches to assess AMR recognize the role of multiple
ecosystems in generating and spreading antimicrobial resistance genes [2]. In One Health
studies, Enterococcus species have been used as ‘indicator bacteria’ to monitor ARG dissemi-
nation in ecosystems. In this study, we performed genomic characterization of Enterococcus
species recovered from feces of weaners, finishers, and sows. Furthermore, we evaluated
the ARGs identified in E. faecium and E. faecalis genomes across livestock and poultry
production systems and cumulatively across the overall One Health continuum.

E. hirae was predominantly identified in swine feces, followed by E. faecium and
E. faecalis. In studies from the US and Canada, E. hirae was frequently recovered from
livestock [9,20]. In poultry, E. faecium has been isolated most frequently [21] and along with
E. faecium and E. faecalis are often associated with human infections [9]. In all identified
enterococcal species, tetracycline resistance determinants tetL and tetM were frequently
found on the mobile plasmid pM7M2 (NC_016009). This plasmid has been previously
identified in E. faecalis isolated from dairy cattle feces and was shown to transfer into
Streptococcus mutans UA159 through natural transformation [22]. These findings show that
these three Enterococcus spp. (i.e., E. faecium, E. faecalis, and E. hirae) can readily acquire
ARGs in the gut micro-environment and possibly contribute to gene dissemination through
plasmid-mediated ARG transfer.

We aimed to define the impact of differences in AMU across different livestock sec-
tors on the occurrence of ARGs within enterococci. Across all livestock sectors, isolates
from bovine sources had the lowest incidence of MDR, which may reflect the extent of
antimicrobial usage in this livestock sector in Canada. According to the CIPARS 2019 re-
port, most antimicrobials are administered to swine (<300 mg/PCU), followed by poultry
(<200 mg/PCU) and cattle (<100 mg/PCU) (CIPARS, 2019). Regardless of the high MDR in
poultry isolates, we did not find any isolates of poultry origin carrying ARGs conferring
resistance to antimicrobials that were administered to poultry (Table 1). However, compara-
tive genomics of enterococci identified that tetracycline and macrolide resistance genotypes
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were more prevalent in the beef production system compared to swine and poultry, a result
that may reflect the greater use of these antimicrobials in beef cattle [23,24].

Mobile genetic elements play a significant role in gene dissemination within and
across ecosystems. In our study, all ARGs, except those that were intrinsic, were mapped
to plasmids in almost 80% E. faecium and E. faecalis isolates. Resistance to aminoglyco-
sides, tetracyclines, trimethoprim, and MLS was identified across all ecosystems, with
tetracycline and MLS being the most common. With these antimicrobials broadly used
across sectors, the existence and persistence of resistant strains across the continuum is
perhaps not surprising [25,26]. Their persistence may also be explained by the co-existence
of these genes along with other ARGs, and other studies have found a strong association
of tetracycline resistance ARGs (tetL and tetM) with other ARGs, including ermB, ant(6)-la,
aph(3′)-IIIa, lnu(G), lsaE, and sat4 [27]. These ARGs were often found on MGEs that may
facilitate their spread in different ecosystems. Continuous exposure to one antimicrobial
class in a particular ecosystem can also select for ARGs conferring resistance to other
antimicrobial classes [28–30].

Some antimicrobial resistance determinants were found in some sectors but not others.
For example, aac(6′)-Ie/aph(2”)-Ia, which is associated with high-level gentamicin resistance
(HLGR), was only identified in E. faecium genomes from CL and MW. However, the as-
sociation of this gene with MGEs may facilitate its spread to other human pathogens as
it mapped to five different plasmids and was frequently associated with IS256 elements.
Previously, aac(6′)-Ie/aph(2”)-Ia was associated with IS256 on the Tn5281 composite transpo-
son in a conjugative pBEM10 plasmid in E. faecalis [31], with Tn4001 on plasmid pSK1 in
Staphylococcus aureus [32], and Tn4031 in Staphylococcus epidermidis [33]. Glycopeptide-
resistant genes vanA and vanC were identified in clinical and poultry isolates. The vanA
operon was mapped to two plasmids in CL isolates, pV24-3 and pF856. Along with the
vanA-operon, other ARGs (ant(6)-Ia, aph(3′)-IIIa, ermB, and sat4) were also mapped to
pF856. This particular plasmid was first reported in a hospitalized patient associated with
a vancomycin-resistant Enterococcus outbreak in Ontario, Canada [34].

Our phylogenomic analysis revealed a similar topology of gro-EL-based [35] and core-
genome-based trees, with E. faecium segregating into two main groups. Our core-genome
tree topology partitioned into two clades. In contrast, in a recent study by Sanderson
et al. [36], clade B formed a paraphyletic clade rather than a monophyletic clade. Our
findings also agree with previous studies [35,36], as more ARGs and virulence genes were
associated with clade A than clade B isolates. Furthermore, most of the genomes associated
with CL isolates clustered in clade A. Phylogenetically, E. faecalis genomes did not cleanly
partition into clades by source and instead formed multiple clades that originated from
multiple sources.

In conclusion, our study suggests that some resistant strains are universally present
in all ecosystems, irrespective of antimicrobial pressure. However, some ARGs are ex-
clusive to particular ecosystems, reflecting antimicrobial usage within that sector. More-
over, we also found that co-selection and association of ARGs with different MGEs likely
facilitate the spread of ARGs across the One Health continuum. In addition, clinical
E. faecium isolates formed a distinct cluster and were consistently mapped to a hospital
associated clade.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/microorganisms11030727/s1, Table S1. Antimicrobial resistance genes
profiles of E. faecium genomes; Table S2. List of plasmids harboring antimicrobial resistance genes
identified in 246 E. faecium genomes; Table S3. Multilocus sequence types of 246 E. faecium genomes;
Table S4 List of virulence genes identified in 246 E. faecium genomes; Table S5. Antimicrobial resistance
gene profiles of E. faecalis genomes; Table S6. List of plasmids carrying antimicrobial resistance genes
identified in 376 E. faecalis genomes; Table S7. Multilocus sequence type profiles of 376 E. faecalis
genomes; Table S8. List of virulence genes identified in 376 E. faecalis genomes.
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Abstract: Molecular insights into the mechanisms of resistance to disinfectants are severely limited,
together with the roles of various mobile genetic elements. Genomic islands are a well-characterised
molecular resistance element in antibiotic resistance, but it is unknown whether genomic islands play
a role in disinfectant resistance. Through whole-genome sequencing and the bioinformatic analysis of
Serratia sp. HRI, an isolate with high disinfectant resistance capabilities, nine resistance islands were
predicted and annotated within the genome. Resistance genes active against several antimicrobials
were annotated in these islands, most of which are multidrug efflux pumps belonging to the MFS,
ABC and DMT efflux families. Antibiotic resistance islands containing genes encoding for multidrug
resistance proteins ErmB (macrolide and erythromycin resistance) and biclomycin were also found.
A metal fitness island harbouring 13 resistance and response genes to copper, silver, lead, cadmium,
zinc, and mercury was identified. In the search for disinfectant resistance islands, two genomic
islands were identified to harbour smr genes, notorious for conferring disinfectant resistance. This
suggests that genomic islands are capable of conferring disinfectant resistance, a phenomenon that
has not yet been observed in the study of biocide resistance and tolerance.

Keywords: antimicrobial resistance; mobile genetic elements; multidrug efflux pumps; biocide resistance

1. Introduction

The COVID-19 pandemic has highlighted our need for effective disinfectants, antiseptics,
and sanitisers (biocides). The antibiotic resistance crisis can be seen as a warning or foreshad-
owing of an equally alarming phenomenon of microbial resistance to disinfectants. This means
it is troubling that, within the food and agricultural industries and medical environments,
resistance to disinfectants amongst microorganisms is emerging at a startling rate [1–4].

Mobile genetic elements (MGEs) play a significant role in the transfer of genes which
confer antimicrobial resistance [5–8]. Their mobility is brought about by horizontal gene
transfer, resulting in populations with reduced susceptibility to various antimicrobials [5,8].
Resistance can develop against several antimicrobials simultaneously, without prior ex-
posure [9]. Genomic island (GI) is an umbrella term for mobile genetic elements found
on the bacterial chromosome that have been acquired through horizontal gene transfer,
usually between 10 and 200 kb in length [6,10,11]. This overarching term also includes
integrated plasmids, integrons, prophages, conjugative transposons, and integrative con-
jugative elements [6,10–12]. These MGEs are then given more specific identities based
on their mechanism of transfer (conjugation, transduction, or transformation) and genes
present (transposases, integrases etc.) [6,12].

Genomic islands can be further characterised based on the phenotype they confer. For
example, pathogenicity islands encode genes that confer an advantage in pathogenicity [13],
resistance islands encode antimicrobial resistance genes [14], and metabolic islands contain
genes that confer an additive metabolic advantage [6,10].
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The bioinformatic identification of genomic islands is achieved using two approaches.
The first is via sequence composition, and the second is via comparative genomics [10,11].
Both techniques have respective advantages and limitations, and therefore, a combination
of the two provides the most sensitive and precise output [10,12]. IslandViewer4 is the gold
standard for genomic island prediction, as it incorporates four different genomic island
prediction methods, IslandPick, IslandPath-DIMOB, SIGI-HMM, and Islander [15].

Genomic islands have been found to play a role in antibiotic resistance [8,16]. However,
minimal research has been carried out on the role of genomic islands in disinfectant
resistance. As this is an emerging issue, more insight into the molecular mechanisms
of resistance to disinfectants and other biocides is needed. A genomic island in Listeria
monocytogenes isolates was found to be responsible for food-borne outbreaks harbouring
multiple resistance genes, including an efflux pump involved in benzalkonium chloride
resistance (ErmE) [17,18]. Jiang and co-workers (2020) found that the sug operon on the
bacterial chromosome encoding SMR efflux pumps conferred resistance to benzalkonium
chloride. This research brings forth the idea that resistance islands may be the latest genetic
element capable of conferring resistance to disinfectants.

Resistance islands are often harboured in multidrug-resistant bacteria as one of many
mechanisms to increase survivability [19]. One of these bacteria, Serratia sp. HRI, has high
disinfectant resistance capabilities and provides a unique opportunity to study resistance
to disinfectants and other biocides [20]. Several mechanisms of resistance to disinfectants
have been elucidated, with efflux pumps being the most common. However, molecular-
based resistance has mostly been limited to the study of plasmids. Little is known about
which other mobile genetic elements can play a significant role in the development and
dissemination of the disinfectant resistance phenotype. In the search for novel mechanisms
of disinfectant resistance, genomic islands and the hypothetical proteins they harbour are
attractive targets in the search for novel, previously undescribed mechanisms of resistance.
If the molecular basis of disinfectant resistance is better understood, this will help to
safeguard our current disinfectants and ensure proper biosafety in the agricultural, food,
and medical industries. The aim of this work is to use prediction software and bioinformatic
analysis to determine whether genomic islands can contribute to disinfectant resistance.
The finding of several resistance islands harbouring known disinfectant resistance genes
within this highly resistant isolate suggests that genomic islands can be characterised as a
molecular element capable of conferring disinfectant and biocide tolerance and resistance.
This paper adds to the evidence that genomic islands are capable of conferring biocide
tolerance and resistance.

2. Materials and Methods

Serratia sp. HRI was isolated from a bottle of Didecyldimethylammonium chloride
(DDAC)-based disinfectant [20]. Upon analysis, high levels of resistance to Quaternary Am-
monium Compound (QAC) disinfectants were found via Minimal Inhibitory Concentration
(MIC) tests [20].

The unusually high level of resistance observed in this isolate, together with its
isolation from a bottle of disinfectant, prompted research into this microorganism. The
genome of Serratia sp. HRI was sequenced and previously published [20]. The raw reads
from this sequencing run, described previously, were then assembled again using the
PATRIC (v. July 2021) de novo Genome Assembly service with default parameters unless
otherwise specified (available at https://www.bv-brc.org/app/Assembly2) [21].

This assembled genome is 5 533 130 bp long, with GC content of 59.1%, an N50 score
of 348 770, an L50 of 5, 47 contigs, and 126 RNAs, deposited on NCBI under Genbank
Accession No. CP083690.1. This genome was uploaded to IslandViewer4 [15] with Ser-
ratia marcescens strain N4-5 chromosome sequence as a reference. IslandViewer4 uses
four genomic island prediction methods (IslandPick, IslandPath-DIMOB, SIGI-HMM,
and Islander) to identify genomic islands [15]. Thereafter, resistance genes are iden-
tified by IslandViewer4 using the Resistance Gene Identifier (RGI) from the Compre-
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hensive Antibiotic Resistance Database (CARD) [22], as well as virulence factors from
the Virulence Factor Database (VFDB) [23], PATRIC [24], and Victor’s virulence factors
(http://www.phidias.us/victors/ (accessed on 11 January 2022)), in addition to 18 919
pathogen-associated genes [25,26]. For further analysis and annotation, the sequence of
each genomic island was uploaded to RAST and the NCBI Prokaryotic Genome Annotation
Pipeline (PGAP) NCBI annotation tool for additional annotation [27,28].

In the GIs of interest (GI 11, 20, and 76), any gene annotated as a hypothetical or
uncharacterised protein was finally run through the PSI-BLAST program [29] and annotated
further if any significant hits were found.

3. Results

IslandViewer4 identified 92 genomic islands within the genome of Serratia sp. HRI, as
depicted in Figure 1. Of the 92 genomic islands, 9 contained known antimicrobial resistance
genes or genes implicated in antimicrobial resistance; these genomic islands were predicted
via at least two prediction methods. Tables 1–4 represent the structure of these genomic
islands and annotated gene lists [27,30,31].

Figure 1. Circular map generated by IslandViewer4 depicting the location of genomic islands
within the genome of Serratia sp. HRI. Orange bars represent GIs identified via the SIGI-HMM
genomic island prediction software, blue bars are GIs identified via IslandPath-DIMOB program,
and the integrated GIs identified via all programs used are represented by red bars. Adapted from
IslandViewer4 [15].

Three of the nine genomic islands are shown in more detail as they contain resistance
genes of particular interest (Tables 2–4); the remaining six islands are depicted in more detail
in the Supplementary section (Tables S1–S6). Resistance island 11 is studied closely due to the
number of resistance genes and their combination with hypothetical proteins, transcriptional
regulators, and toxin–antitoxin systems. Resistance islands 20 and 76 are of interest as they
contain known disinfectant resistance genes and a number of hypothetical proteins.

Genomic island 11 is represented in Table 2. This resistance island contains 78 anno-
tated genes, including 7 genes encoding various efflux pumps. Of the seven genes, these
include two copies of permeases of the drug/metabolite transporter (DMT) superfamily
and a probable Co/Zn/Cd efflux system membrane fusion protein. Various components
of efflux systems, such as an inner-membrane proton/drug antiporter (MSF type) of a
tripartite multidrug efflux system, an outer membrane factor (OMF) lipoprotein, and two
ABC-type antimicrobial peptide transport system proteins, make up the permease com-
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ponent and ATPase component. There are about 40 hypothetical proteins and multiple
transcriptional regulators within this genomic island, including those of the Trx, AcrR,
LuxR, and LysR families.

Table 1. Summary of the properties of resistance islands of Serratia sp. HRI, including a selection of
genes within the resistance islands identified by IslandViewer4.

Genomic
Island

Antimicrobial
Resistance Genes

Hypothetical
Proteins

Toxin-Antitoxin
Systems

Mobility
Genes

Non-Resistance
Efflux Genes

Transcriptional
Regulators

11 7 40 2 * 9 0 5

18 2 0 0 0 1 0

20 3 10 0 11 1 3

23 1 1 0 0 0 0

28 1 1 0 3 1 0

33 1 5 0 0 0 0

42 13 23 7 * 13 0 0

46 1 5 0 1 0 0

76 3 28 2 5 0 1

* 1 partial toxin–antitoxin system.

Table 2. Gene list of resistance island 11 of Serratia sp. HRI (1 370 193 bp–1 419 319 bp, GC content 49.2,
size 49 126) identified by IslandViewer4. Gene function was annotated via RAST; any hypothetical
or uncharacterised proteins were further analysed via NCBI PGAP and BLAST. Annotated drug
resistance genes are highlighted in bold.

Function Start Stop Length (bp) Annotation

1 Periplasmic fimbrial chaperone StfD 3 764 762

2 Hypothetical protein 799 1455 657 Fimbrial protein (Serratia)

3 Hypothetical protein 1472 1966 495 Fimbrial protein
(Serratia marcescens)

4 MrfF 1983 2474 492

5 Minor fimbrial subunit StfG 2484 3014 531

6 Hypothetical protein 3158 3697 540
LuxR C-terminal-related
transcriptional regulator

(Serratia marcescens)

7 Hypothetical protein 3715 3888 174

8 IS1 protein InsB 4211 3969 243

9
Inner-membrane proton/drug antiporter (MSF

type) of tripartite multidrug efflux system
6496 4208 2289

10 Transcriptional regulator, LysR family 6637 7539 903

11 Colicin immunity protein PA0984 7645 8010 366

12 YpjF toxin protein 8619 8251 369

13 Uncharacterized protein YagB 9016 8678 339

14 UPF0758 family protein 9526 9047 480 DNA repair protein RadC
(Serratia marcescens)

15 Hypothetical protein 9541 9765 225

16 Hypothetical protein 9887 10,069 183
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Table 2. Cont.

Function Start Stop Length (bp) Annotation

17 FIG01222608: hypothetical protein 10,562 10,206 357

18 Hypothetical protein 11,008 10,697 312

19 Hypothetical protein 11,323 11,021 303

20 Hypothetical protein 11,845 11,342 504

21 Hypothetical protein 12,570 11,842 729 WYL-domain-containing
protein (Serratia marcescens)

22 Hypothetical protein 13,008 12,772 237

23 Hypothetical protein 13,903 13,019 885

24 Hypothetical protein 14,462 15,091 630 Inovirus Gp2 family protein
(Serratia marcescens)

25 Hypothetical protein 15,213 15,425 213 AlpA family phage regulatory
protein (Serratia marcescens)

26 Hypothetical protein 15,474 15,632 159

27 Hypothetical protein 17,366 15,774 1593 DUF3987-domain-containing
protein (Serratia marcescens)

28 Hypothetical protein 17,395 17,535 141

29 Hypothetical protein 17,784 17,963 180

ShlB/FhaC/HecB family
hemolysin secretion
/activation protein

(unclassified Serratia)

30 Hypothetical protein 17,960 18,208 249

31 Phosphoglycerate mutase (EC 5.4.2.11) 18,243 18,860 618

32 Il-IS_2, transposase 19,280 18,843 438

33 Hypothetical protein 20,125 19,277 849
SMP-30/gluconolactonase

/LRE family protein
(Serratia marcescens)

34 Oxidoreductase, short-chain
dehydrogenase/reductase family 20,988 20,122 867

35 Transcriptional regulator, LysR family 21,133 21,426 294

36 Mobile element protein 22,121 21,606 516

37 Insertion element IS401
(Burkholderia multivorans) transposase 22,400 22,173 228

38 Phage integrase 22,837 22,553 285

39 Phage-associated DNA N-6-adenine
methyltransferase 23236 22,955 282

40 Hypothetical protein 23,677 23,531 147

41 Hypothetical protein 23,838 23,680 159

42 Hypothetical protein 23,837 23,971 135

43 Hypothetical protein 24,125 23,997 129

44 FIG01055438: hypothetical protein 24,208 24,387 180

45 Hypothetical protein 24,456 24,620 165

46 Hypothetical protein 24,617 24,712 96

47 Hypothetical protein 24,706 24,834 129
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Table 2. Cont.

Function Start Stop Length (bp) Annotation

48 Hypothetical protein 25,094 24,936 159

49
Efflux transport system, outer membrane

factor (OMF) lipoprotein
25,470 26,885 1416

50
ABC-type antimicrobial peptide transport

system, permease component
26,885 28,021 1137

51
ABC-type antimicrobial peptide transport

system, ATPase component
28,039 28,764 726

52
Probable Co/Zn/Cd efflux system membrane

fusion protein
28,775 29,683 909

53
2-hydroxy-3-keto-5-methylthiopentenyl-1-

phosphate phosphatase related
protein

29,715 30,416 702

54 Hydrolase, alpha/beta fold family 30,413 31,303 891

55
Permease of the drug/metabolite transporter

(DMT) superfamily
31,300 31,659 360

56
Permease of the drug/metabolite transporter

(DMT) superfamily
31,662 32,087 426

57 Hypothetical protein 33,118 32,228 891

58 FIG110192: hypothetical protein 34,184 33,120 1065 Peptidogalycan biosysnthesis
protein (Serratia)

59 Aminotransferase, class III 35,560 34184 1377

60 Mobile element protein 35,743 35,856 114

61 Hypothetical protein 36,927 35,869 1059 ATP-binding protein
(Serratia sp. HRI)

62 Two-component transcriptional response
regulator, LuxR family 37,624 36,929 696

63 Hypothetical protein 37,940 38,161 222

64 Core lipopolysaccharide phosphoethanolamine
transferase EptC 38,236 39,933 1698

65 Two-component response regulator 40,672 40,502 171

66 Two-component response regulator 40,948 40,685 264

67 Hypothetical protein 41,166 41,032 135

68 Hypothetical protein 42,468 41,395 1074
RelA/SpoT-domain-
containing protein

(Serratia)

69 Hypothetical protein 42,751 42,542 210

70 Hypothetical protein 42,965 42,822 144

71 Hydrolase, alpha/beta fold family 43,881 43,006 876

72 Monooxygenase, flavin-binding family 45,404 43,878 1527

73 Transcriptional regulator, AcrR family 46,310 45,717 594

74 Hypothetical protein 46,429 46,310 120

75 Hypothetical protein 46,428 46,628 201

76 MmcH 46,648 47,535 888

77 Hypothetical protein 47,657 47,857 201

78 Possible regulatory protein Trx 47,870 49,126 1257
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Table 3. Gene lists of genomic island 20 of Serratia sp. HRI (1 822 085 bp-1 869 515 bp, GC content 52.4,
size 47 430 bp) identified via IslandViewer4. Gene function was annotated via RAST; any hypothetical
or uncharacterised proteins were further analysed via NCBI PGAP and BLAST.

Function Start Stop Length (bp) Annotation

1 Conjugative transfer protein TrbK 326 3 324

2 Conjugative transfer protein TrbJ 1082 339 744

3 Conjugative transfer protein TrbE 3529 1079 2451

4 Conjugative transfer protein TrbD 3811 3542 270

5 Conjugative transfer protein TrbC 4194 3808 387

6 Conjugative transfer protein TrbB 5261 4191 1071

7 CopG-domain-containing protein 5734 5258 477

8 Coupling protein VirD4, ATPase required
for T-DNA transfer 7728 5731 1998

9 Transcriptional regulator, LysR family 8034 8939 906

10 Hypothetical protein 9221 9751 531

11 Transposase and inactivated derivatives 9796 10,032 237

12
Small multidrug resistance family

(SMR) protein
10,578 10,261 318

13 Probable lipoprotein 10,900 10,637 264

14 Transcriptional regulator, LysR family 11,838 10,933 906

15 Hypothetical protein 13,335 11,932 1404 TolC family protein

16 Transcriptional regulator, TetR family 13,446 14,087 642

17
Probable Co/Zn/Cd efflux system

membrane fusion protein
14,084 15,250 1167

MULTISPECIES: efflux
RND transporter

periplasmic adaptor subunit

18 Hypothetical protein 15,275 18,379 3105 MULTISPECIES: efflux RND
transporter permease subunit

19 Hypothetical protein 18,460 18,807 348 MULTISPECIES: SMR
family transporter

20 Hypothetical protein 18,823 19,443 621

21
ABC transporter, permease protein

(cluster 9, phospholipid)
19,440 20,597 1158

22 Mobile element protein 21,909 21,205 705

23 Integron integrase IntI1 21,900 22,196 297

24 Mobile element protein 22,571 23,209 639

25 Transposase 23,176 26,100 2925

26 Beta-glucosidase (EC 3.2.1.21) 27,418 26,180 1239

27 Putative polysaccharide export protein
YccZ precursor 27,383 28,471 1089

28 Tyrosine-protein kinase (EC 2.7.10.2) 28,730 30,892 2163

29 Hypothetical protein 30,933 32,171 1239

30 Hypothetical protein 32,197 33,204 1008

31 Hypothetical protein 33,223 33,972 750

32 Poly(glycerol-phosphate)
alpha-glucosyltransferase (EC 2.4.1.52) 34,315 35,256 942

33 Hypothetical protein 35,283 36,419 1137
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Table 3. Cont.

Function Start Stop Length (bp) Annotation

34 UDP-galactopyranose mutase
(EC 5.4.99.9) 36,474 37,625 1152

35
Low-molecular-weight

protein-tyrosine-phosphatase
(EC 3.1.3.48) => Etp

38,004 38,438 435

36 Tyrosine-protein kinase (EC 2.7.10.2) 38,450 40,621 2172

37 Hypothetical protein 40,702 41,862 1161

38 Hypothetical protein 41,828 43,288 1461 MULTISPECIES: aldo
/keto reductase

39 Glycosyltransferase 43,278 44,186 909

40 Glycosyl transferase, group 1 44,233 45,276 1044

41 Glycosyltransferase 45,351 47,300 1950

Table 4. Gene lists of genomic island 76 of Serratia sp. HRI (5 688 450 bp-5 725 416 bp, GC content:
44.0, Size: 36 966 bp) identified via IslandViewer4. Gene function was annotated via RAST; any
hypothetical or uncharacterised proteins were further analysed via NCBI PGAP and BLAST.

Function Start Stop Length (bp) Annotation

1 Hypothetical protein 923 411 513 Hypothetical protein
(Serratia sp. SSNIH1)

2 Polyketide synthase modules and
related proteins 4124 1122 3003

3 Hypothetical protein 4338 4222 117

4 Autoinducer synthase 4424 5584 1161

5 Hypothetical protein 5859 6110 252

6
ABC-type multidrug transport
system, permease component

6668 6546 123

7 Hypothetical protein 6969 6658 312

Multidrug efflux ABC transporter
permease/ATP-binding subunit

SmdA (Serratia marcescens)
(WP_033641139.1)

8 Hypothetical protein 7032 8279 1248 MbeB family mobilization protein
(Serratia marcescens)

9 MobA 8378 8599 222

10
Small multidrug resistance family

(SMR) protein
8666 8998 333

11 Hypothetical protein 9165 8995 171 GNAT family N-acetyltransferase
(Serratia marcescens)

12 Hypothetical protein 9377 9207 171

13 Hypothetical protein 9746 9531 216

14 Mobilization protein MobC 10,181 10,339 159

15 Hypothetical protein 11,258 10,875 384

16 Hypothetical protein 11,371 12,447 1077

17 Hypothetical protein 13,804 12,512 1293 Site-specific integrase (Serratia)

18 Probable site-specific recombinase 15,011 13,806 1206
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Table 4. Cont.

Function Start Stop Length (bp) Annotation

19 Transcriptional regulator, AlpA-like 15,550 15,344 207

20 Hypothetical protein 16,511 15,651 861 DUF6387 family protein (Serratia)

21 Hypothetical protein 16,691 16,575 117

22 Hypothetical protein 17,617 16,709 909 DUF4760-domain-containing protein
(Enterobacterales)

23 Hypothetical protein 17,972 17,856 117

24 Hypothetical protein 18,388 19,452 1065

25 Repeat region 19,395 19,521 127

26 Replication protein 20,789 19,809 981

27 Hypothetical protein 21,202 20,993 210

28 Hypothetical protein 21,229 21,357 129 Conjugal transfer protein TraD
(Yersinia)

29 Hypothetical protein 21,836 21,384 453

30 Mobilization protein 21,871 23,106 1236

31 Hypothetical protein 23,121 23,711 591 tRNA modification GTPase
(Yersinia enterocolitica)

32 Restriction enzyme BcgI alpha
chain-like protein (EC:2.1.1.72) 23,769 25,805 2037

33 Hypothetical protein 25,847 26,941 1095

34 YoeB toxin protein 27,235 26,981 255

35 YefM protein (antitoxin to YoeB) 27,483 27,232 252

36 Hypothetical protein 27,667 28,959 1293

37 Repeat region 27,757 27,883 127

38 Phage integrase 28,952 29,149 198

39
Type I restriction-modification
system, restriction subunit R

(EC 3.1.21.3)
29,715 30,176 462

40 Hypothetical protein 30,943 30,173 771 MFS transporter (Serratia)

41 Hypothetical protein 31,191 31,382 192 GNAT family N-acetyltransferase
(Paenibacillus xylanexedens)

42 Hypothetical protein 31,502 31,410 93 Phytanoyl-CoA dioxygenase family
protein (Serratia)

43 Hypothetical protein 31,702 32,502 801

44 Nodulation protein nolO (EC 2.1.3.-) 32,512 34,344 1833

45 Hypothetical protein 34,355 34,492 138

46 Hypothetical protein 34,496 35,602 1107 G-D-S-L family lipolytic protein
(Serratia)

47 Hypothetical protein 35,662 36,966 1305 ATP-grasp-domain-containing
protein (Serratia)

Genes of interest in genomic island 20, represented in Table 3, include a small mul-
tidrug resistance efflux protein (SMR), an ABC transporter permease protein, and a probable
Co/Zn/Cd efflux system membrane fusion protein. Several genes are associated with
conjugative transfer, mobile element proteins, an integron-associated gene, and transposase-
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associated genes. Hypothetical protein 19 was further annotated by NCBI PGAP as an
SMR family transporter, a well-known disinfectant resistance gene.

Genomic island 76, depicted in Table 4, contains 47 genes, including an smr gene and
an ABC-type multidrug transport system gene, together with a complete toxin–antitoxin
system (YoeB/YefM). This genomic island is also a mosaic of several mobile element associ-
ated genes, such as an integrase, repeat regions, recombinase, and multiple mobilisation
proteins (MobA, MobC). Hypothetical protein 7 in GI 76 had a significant similarity hit
in the BLAST program with a multidrug efflux ABC transporter permease/ATP-binding
subunit SmdA (Max score: 25.0, Total score: 25.0, Query cover: 74%, E value: 1.9, Per. Ident:
26.51%). This protein is located next to a component of an ABC-type multidrug transport
system and is likely part of an efflux system. Hypothetical protein 11, located adjacent to
an SMR disinfectant resistance protein, had the highest similarity hit with GNAT family
N-acetyltransferase (Serratia marcescens) when run through the BLAST program. This family
of proteins is responsible for resistance to aminoglycoside antibiotics [32] and could play a
role in the antimicrobial resistance of Serratia sp. HRI.

Although the following genomic islands were not highlighted, each has interesting
characteristics and contains at least one antimicrobial resistance gene. Genomic island 18,
depicted in Table S1 in the Supplementary section, contains heavy metal response genes
to molybdenum and two ABC-type efflux pump permease components, YbhS and YbhR.
These proteins, together with YbhF, form YbhFSR, which functions in tetracycline efflux
and Na+(Li+)/H+ transport [33]. Adjacent to these genes is ybhL, a closely related gene
whose function is unknown but is hypothesised to be involved in stress response and cell
protection by unknown mechanisms [34].

Table S2 represents genomic island 23, which is one of the smallest GIs identified with
only four genes. Some argue it should not be identified as a GI due to its small size [11]. How-
ever, as it contains a multidrug resistance gene from the DMT superfamily, it is noteworthy.

Genomic island 28, depicted in Table S3, contains genes encoding antibiotic multidrug
resistance protein ErmB (macrolide and erythromycin resistance) and an adjacent ABC
efflux gene [35,36]. This GI also contains multiple transposase genes and components from
insertion sequence element IS911, suggesting this insertion sequence may have played a
role in the evolution of this resistance island.

Genomic island 33 is a small island with only one annotated protein, shown in
Table S4. The protein annotated is an HtpX protease, which, together with ClpA, is in-
volved in aminoglycoside resistance in Stenotrophomonas maltophilia [37,38]. Although this
island does not contain the ClpA gene, the HtpX protease has been co-selected with multiple
hypothetical proteins, which may aid in its function and could be candidates for further study.

Genomic island 42 is a highly conserved metal response island, described in Table
S5, harbouring 13 genes involved in metal response with three complete toxin–antitoxin
systems. Multiple toxin–antitoxin systems and several MGE-associated genes suggest this
genomic island is mobile and highly conserved within a population. The toxin–antitoxin
system, HigA/HigB, has been found to play a regulatory role in virulence and biofilm
formation in Pseudomonas aeruginosa [39,40]. The metal response genes include those for
silver and copper, which are being promoted as used in some products an alternatives to
current antimicrobials [41]. These characteristics threaten the efficacy of the potential of
this alternative treatment.

A bicyclomycin resistance protein can be found on genomic island 46 in Table S6. This
resistance protein, together with error-prone repair (UmuD) and error-prone DNA polymerase
(UmuC), could introduce mutations and aid in the evolution of antimicrobial resistance.

4. Discussion

Resistance islands are a well-known molecular element capable of conferring antibiotic
resistance [42], but little research has been carried out on whether these mobile elements
play a role in disinfectant and biocide resistance. Improved sequencing technology and
more accessible bioinformatic programs have opened the door to the study of these ele-
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ments and their impact on the resistance profile. This work aims to use these advances
in sequencing technology to identify regions likely characterised as resistance islands
contributing to the high levels of disinfectant resistance observed in this isolate.

These results are integrated images and gene annotations generated by the Island-
Viewer4, RAST, PGAP, and PSI-BLAST programs. A total of 92 genomic islands were
found within the genome of Serratia sp. HRI, and a few are highlighted here as they are of
extrachromosomal origin, identified within a highly resistant microorganism, and harbour
antimicrobial resistance genes. The vast amount of genomic islands identified within Serra-
tia sp. HRI aligns with the predicted high level of plasticity within the Serratia genus [5].
High genomic plasticity can lead to a mosaic of MGEs and can be attributable to resultant
antimicrobial resistance [8]. Iguchi and co-workers (2014) found high genome plasticity
in a clinical Serratia marcescens isolate. Compared to a non-resistant isolate, a mosaic of
mobile genetic elements and acquired resistance genes contributed to the high levels of
antimicrobial resistance in the clinical isolate [5].

Genomic island 11 was the first presented here and can be described as an all-round
resistance and fitness island, as it harbours several annotated resistance genes applicable to
various antimicrobials. This genomic island includes partial efflux systems from the MFS,
OMF, and ABC families and two copies of complete systems from the DMT efflux family.
Efflux genes that are not labelled as resistance genes are also highlighted, as they are part
of the genome of a highly resistant isolate, placed within a resistance island, and close to
a resistance efflux system. Therefore, they are of interest for further study. This genomic
island also carries genes involved in metal response, colicin immunity, transcriptional
regulators, and multiple MGE components (insertion sequences, phage integrase, and
mobility genes). All four transcriptional regulator families found within this GI have
been shown to improve bacterial fitness and survivability. LysR-type transcriptional
regulators have been reported to play a role in antibiotic resistance in Aeromonas sp. [43].
LuxR transcriptional regulators are involved in biofilm formation and stress response
in Pseudomonas and Mycobacterium sp. [44,45]. AcrR transcriptional regulators and their
mutations have been seen to contribute towards drug resistance in Salmonella sp. [46].
Finally, the possible regulatory protein thioredoxin (Trx) protects against oxidative stress,
a well-established response after treatment by antimicrobials such as disinfectants [47].
Interestingly, more than half of all the genes present in this island are uncharacterised
and are listed as hypothetical proteins. As this is a large genomic island and requires
metabolic resources to maintain and transcribe these elements, it is intriguing that these
genes have not been lost. This suggests that some of these hypothetical proteins which
form the majority of this genomic island may have a function and are attractive candidates
in the search for novel resistance genes and even novel mechanisms of resistance.

Genomic island 20 contains the first gene directly implicated in disinfectant resistance,
the smr gene [19,48], as well as an ABC efflux permease protein. This island also contains a
metal response gene and multiple conjugative transfer proteins alluding to the origin of
this GI. Within this sequence, a mosaic of MGEs, including genes encoding transposases, an
integrase, and mobile element proteins, were discovered. Multiple transcription regulators
associated with antimicrobial resistance are again present in this GI, including regulators
from the LysR family and Tetr families, linked to tetracycline resistance [49,50]. Within this
resistance island, 11 out of 41 genes are uncharacterised and annotated as hypothetical
proteins. This island contains multiple MGEs, suggesting high plasticity, and the probability
of incorporating additional resistance determinants is high.

Genomic island 76 contains a complete toxin–antitoxin system (Yoe-B/YefM), an ABC
multidrug efflux-encoding gene and, importantly an smr gene. This resistance island is
conservable in a population due to the toxin–antitoxin system, and almost two-thirds of
the genes in this island are uncharacterised. Out of the 47 genes making up this GI, 29 are
hypothetical proteins that have been co-selected and maintained with the antimicrobial
resistance genes in this island. These uncharacterised flanking sequences are potential
targets in the search for new mechanisms of resistance.
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When considered all together, these genomic islands contain multiple antimicrobial
resistance genes harboured simultaneously within the genome of Serratia sp. HRI, which
can confer a wide range of resistance within this single isolate. Although there were
many incomplete efflux systems (GIs 11, 18, 19, 20, 28, and 76), bioinformatics and an-
notation software still have a way to go, and in the years to come, these systems may be
annotated differently.

In a field such as disinfectant resistance, where knowledge of mechanisms is minimal,
the vast numbers of hypothetical proteins within these resistance islands are attractive
targets in searching for novel resistance genes and mechanisms of disinfectant resistance.

It is also interesting that very few genes identified in these islands were assigned to
subsystems after annotation. This adds to the notion that bioinformatics and annotation
programs need improvement, as more information is needed on where these genes fit into
the bacterial metabolism and their function(s).

The plasticity and adaptability of the Serratia genome shows the capability of the
this genus in acquiring MGEs that can contribute to the decreased susceptibility often
observed in the Serratia genus [5]. The result is observed in isolates such as Serratia sp. HRI,
whose genome is an assortment of fitness determinants gathered over time, increasing
survivability to a wide range of antimicrobials. To confirm the phenotypic impact of these
resistance islands and the extent of their impact, further work will be required.

5. Conclusions

There is limited information on whether genomic islands are capable of conferring
resistance to disinfectants. Therefore, the genomic islands of Serratia sp. HRI will add to the
knowledge of antimicrobial resistance and reinforce the idea that genomics islands can be
described as the latest molecular element capable of conferring disinfectant resistance. This
work also adds to the evidence for the cross-resistance and co-selection of antimicrobial
resistance genes within a single organism. This work represents how predictive bioinfor-
matic technology can lead targeted research into antimicrobial resistance. However, this
is a starting point and only tells scientists where to look instead of providing a definitive
answer. Phenotypic analysis needs to be coupled with predictive software to fully elucidate
resistance mechanisms.

The increased use of disinfectants during the COVID-19 pandemic will inevitably
give rise to less susceptible populations at an advanced rate. Amidst the pandemic, we
are silently and unknowingly selecting disinfectant-resistant microorganisms. By getting
ahead of disinfectant resistance, we will be able to safeguard our current disinfectants and
ensure infection control in both the agricultural and medical industries.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/microorganisms11020515/s1, Table S1: Gene lists of genomic island 18 of
Serratia sp. HRI (1 655 571 bp–1 660 471 bp, GC content 62.3, Size 4 900 bp) identified via IslandViewer4
and annotated via RAST, Table S2: Gene lists of genomic island 23 of Serratia sp. HRI (1 875 362 bp–1
879 853 bp, GC content: 45.1, Size 4 491 bp) identified via IslandViewer4 and annotated via RAST, Table
S3: Gene lists of genomic island 28 of Serratia sp. HRI (2 294 061 bp–2 309 315 bp, GC content: 48.1, Size:
15 254 bp) identified via IslandViewer4 and additional annotated via RAST, Table S4: Gene lists of
genomic island 33 of Serratia sp. HRI (2 548 843 bp–2 553 244 bp, GC content 41.9, Size: 4 401 bp) identified
via IslandViewer4 and annotated via RAST, Table S5: Gene lists of genomic island 42 of Serratia sp. HRI
(3 188 478 bp–3 232 330 bp, GC content: 51.2, Size: 43 852 bp) identified via IslandViewer4 and annotated
via RAST, Table S6: Gene lists of genomic island 46 of Serratia sp. HRI (3 571 957 bp–3 586 537 bp, GC
content: 51.7, Size: 14 580) identified via IslandViewer4 and annotated via RAST.
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Abstract: Antimicrobials (e.g., antibiotics and biocides) are invaluable chemicals used to control
microbes in numerous contexts. Because of the simultaneous use of antibiotics and biocides, questions
have arisen as to whether environments commonly treated with biocides (e.g., hospitals, food
processing, wastewater, agriculture, etc.) could act as a reservoir for the development of antibiotic
cross-resistance. Theoretically, cross-resistance could occur if the mechanism of bacterial tolerance
to biocides also resulted in antibiotic resistance. On the other hand, biocides would likely present
a higher evolutionary barrier to the development of resistance given the different modes of action
between biocides and antibiotics and the broad-based physicochemical effects associated with most
biocides. Published studies have shown that the induction of biocide tolerance in a laboratory can
result in cross-resistance to some antibiotics, most commonly hypothesized to be due to efflux pump
upregulation. However, testing of environmental isolates for biocide tolerance and antibiotic cross-
resistance has yielded conflicting results, potentially due to the lack of standardized testing. In this
review, we aim to describe the state of the science on the potential linkage between biocide tolerance
and antibiotic cross-resistance. Questions still remain about whether the directed evolution of biocide
tolerance and the associated antibiotic cross-resistance in a laboratory are or are not representative of
real-world settings. Thus, research should continue to generate informative data to guide policies
and preserve these tools’ utility and availability.

Keywords: antimicrobial; biocide tolerance; antibiotic cross-resistance

1. Introduction

The term “antimicrobial” is used to describe a broad set of chemical agents that are
used to help control the spread of microbes in a variety of applications. Antimicrobials can
be split into two main categories: (1) antimicrobial biocides, which are used in a variety
of contexts, including but not limited to antiseptics, surface disinfectants, material preser-
vatives, and/or water-recycling treatments, and (2) antimicrobial drugs (e.g., antibiotics),
which are utilized to treat human or animal infections [1,2]. Biocides are unequivocally
important to modern human society, with widespread use in household products, food
preservatives, agriculture, and clinical settings, where they play a key role in controlling
pathogens [3,4]. Biocides have a long history, starting with early examples such as using
copper vessels for potable water storage, vinegar and iodine for wound treatment, and
phenol (carbolic acid) in antiseptic surgeries [4]. Other biocides were introduced in the
first half of the 20th century, including chlorine-releasing agents and some quaternary
ammonium compounds. Antibiotics are also indispensable to our society and have been
credited for the extension of the human lifespan as a result of their use across the world [5].
In addition to treating infections in humans, antibiotics are used prophylactically and to
treat infections in pets and livestock [6]. Antibiotics isolated from various microorganisms
were introduced in the 1930s and 1940s to treat human infections, including sulphonamides,
penicillin, and streptomycin [5].
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Because of the importance of antibiotics in modern medicine, the emergence and
proliferation of antibiotic resistance have become an issue of increasing concern in our
society [6,7]. Moreover, the emergence of multidrug resistant (MDR) bacteria that can evade
the effect of at least one antibiotic in three or more drug classes has led to increased efforts to
understand and control the proliferation and emergence of MDR strains [8]. Bacteria have
evolved a variety of strategies that enable resistance to these drugs, including new cellular
processes to evade the antibiotic effect, enzymes to modify the antibiotic, restrictions to
access antibiotic targets, and pumps to eject antibiotics. Although these mechanisms are
commonly referred to as “antimicrobial resistance”, the discussion primarily focuses on
antimicrobial drugs, specifically antibiotics. Thus, for the purpose of this review, we will
focus on antibiotic resistance and refer the reader to other reviews for information on
antifungal [9] or antiviral drugs [10,11].

Similar to the concerns regarding antibiotic resistance, concerns have arisen with
respect to the potential of bacteria to evade the effects of biocides. Although less well
studied, tolerance to a variety of biocides has been reported (e.g., [4,12–25]). The reported
mechanisms that bacteria use to reduce the impact of biocides include enzymes to modify
the biocide, changes in the permeability of the membrane, and efflux pumps to reduce
the intracellular concentration of the biocide. It is important to note that unlike antibiotic
resistance, where standard methods and definitions exist to measure and define efficacy
with respect to clinical therapeutic usage, currently, there are no standard methods or
definitions to qualify or quantify biocide efficacy. Instead, a diversity of terms are used
with biocides, such as “resistance”, “tolerance”, “decreased susceptibility”, and “reduced
susceptibility” [12]. Because many of the reported instances of reduced effectiveness of
biocides are at concentrations significantly below the specified in-use concentrations, we
will use the term biocide tolerance so as not to imply that these changes equate to bacterial
survival at in-use concentrations.

In addition to the first-order concern regarding a potential increase in biocide tolerance,
a second-order concern has arisen. Due to the use of biocides alongside antibiotics, e.g.,
clinical settings and animal husbandry, it has been hypothesized that biocide usage may
provide selective pressure that results in antibiotic cross-resistance. For this hypothesis to
be accurate, the bacterial mechanisms to evade biocides must be the same as those used to
evade antibiotics; thus, in this review, we summarize the chemistries, modes of action, and
known resistance/tolerance mechanisms for major classes of antibiotics and biocides to
highlight areas of similarity and differences. Then, we review the literature, investigating
potential links between biocide usage and antibiotic cross-resistance and conclude with a
discussion of the current body of evidence. While some reported mechanisms relate to the
intrinsic structural properties of bacteria, such as permeability differences between Gram-
positive and Gram-negative bacteria or due to biofilm formation, we have not focused on
these mechanisms in our analysis and refer the reader to other reviews that are focused on
those topics [26–28].

2. Antibiotics—Major Drug Classes, Chemistries, Modes of Action, and Resistance
Mechanisms

Antibiotics are a sub-type of antimicrobial drugs, which are used therapeutically
to control infections in humans and animals. As such, antibiotics must act on specific
bacterial targets that are sufficiently different from those found in eukaryotic cells to avoid
toxicity to the patient. Currently marketed antibiotics target cell wall synthesis, protein
synthesis, nucleic acids (DNA/RNA), metabolic pathways, and the cell membrane due to
the specificity of the antibiotic modes of action (Table 1) [29]. Specific chemistries of the
antibiotics enable their targeted modes of action, for example, binding to an active site of a
key enzymatic process. Likewise, resistance mechanisms are also commonly quite specific
to that antibiotic and/or class of antibiotics. Generally, antibiotic resistance mechanisms
fall into several main categories (Figure 1) [30,31]:

1. Alteration of the target thereby preventing the drug from binding;
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2. Enzymatic modification of the drug to degrade or modify it;
3. Decrease in the accumulation of the antibiotic by the alteration of porins (reducing

access) or by the overexpression of efflux transporters (increasing removal);
4. Overproduction of the target to overwhelm the drug.

Figure 1. Antibiotic targets and mechanisms of antibiotic resistance. Adapted from [32].

Table 1. Chemistry and mode of action for various classes of antibiotics.

Antibiotic Class Representative Chemical Structure Mode of Action
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β-Lactams:
Penicillin

Cephalosporins
Carbapenems
Monobactams

Inhibits the synthesis of the
peptidoglycan layer of bacterial cell walls

by binding to the active site of
transpeptidases, known as

penicillin-binding proteins (PBPs) [33]

Glycopeptides and
Lipoglycopeptides

 
Vancomycin

Inhibits late stages of cell wall
peptidoglycan synthesis by binding to

precursors within the cell wall,
preventing addition of new units to the

peptidoglycan [29]
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Table 1. Cont.

Antibiotic Class Representative Chemical Structure Mode of Action
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Aminoglycosides

 
Streptomycin

Inhibits protein synthesis through
high-affinity binding to the A-site of the

16S ribosomal RNA of the 30S
ribosome [34]

Tetracyclines and
Alkylaminocyclines

 
Tetracycline

Interferes with initiation step of protein
synthesis by binding to the ribosomal 30S

subunit thereby inhibiting binding of
aminoacyl tRNA [29]

Macrolides

 
Erythromycin

Inhibits protein synthesis by binding to
the peptidyl transferase center at the 50S
surface, which causes multiple alterations

of the 50S subunit functions [29]

Lincosamides

 
Clindamycin

Similar to macrolides [29,35]

Chloramphenicol and
Thiaphenicol

 
Chloramphenicol

Competitive inhibition for the binding of
tRNA to the 50S peptidyltransferase

domain. This triggers a conformational
change in the ribosome that slows or

inhibits aminoacyl tRNA
incorporation [29]

Oxazolidinones

 
Linezolid

Inhibits protein synthesis by interfering
with assembly of the initiation ternary
complex of the 30S and 50S ribosomal

subunits [29,36]

134



Microorganisms 2023, 11, 2000

Table 1. Cont.

Antibiotic Class Representative Chemical Structure Mode of Action

D
ru

gs
th

at
A

ff
ec

tN
uc

le
ic

A
ci

ds

Fluoroquinolones

 
Ciprofloxacin

Inhibits the activity of
topoisomerases [29]

Ansamycins and
Lipiarmycins

 
Rifampicin

Inhibits the initiation of DNA
transcription by binding to the RNA

polymerase or the DNA-RNA
complex [29]
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Sulfamethoxazole

Inhibits the folate pathway [29]
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Lipopeptides

 
Daptomycin

Forms micelles (oligomeric assemblies)
that interact with the membrane to cause

a leakage of cytosolic contents [29,37]

Cyclic Polypeptides
(Polymyxins/Colistins)

 
Polymyxin B

Acts as detergents and alters the
permeability of the membrane [29,38]

The mode of action and examples of antibiotic resistance mechanisms are briefly
described in this section.

2.1. Antibiotics That Target Cell Wall Biosynthesis

Two major classes of antibiotics target cell wall biosynthesis, those based on the β-
lactam ring structure and glycopeptides. All β-lactams share a similar mode of action
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where they primarily act as transpeptidase inhibitors and thereby impair cell wall biosyn-
thesis [29,33]. Resistance to β-lactams occurs by three main mechanisms: (1) modification of
the transpeptidase target; (2) production of β-lactamases and carbapenemases (hydrolyzing
enzymes); or (3) decrease in the accumulation of the antibiotic by the alteration of porins
(reducing access) or by the overexpression of efflux transporters [29,31,33,39,40].

Glycopeptides, such as vancomycin, interfere with cell wall biosynthesis by binding
to precursors within the cell wall and thereby preventing the addition of new units to the
peptidoglycan. Resistance to glycopeptides results from a modification of the precursor
that reduces the affinity of the antibiotic to its target [29,31].

2.2. Antibiotics That Target Protein Synthesis

A variety of antibiotic classes target the inhibition of protein synthesis, including
aminoglycosides, tetracyclines, macrolides, lincosamides, chloramphenicol, and oxazolidi-
nones [29,35]. The antibiotics that interfere with protein synthesis do so by binding to either
the 30S or 50S ribosomal subunit or by interfering with the initiation of the ternary complex
of the 30S and 50S ribosomal subunits. Resistance to antibiotics that target protein synthesis
occurs through the production of antibiotic-modifying enzymes, changes to membrane
permeabilization (increased expression of efflux pumps or decreased expression of porins),
and alterations to the antibiotic binding site [40–42].

2.3. Antibiotics That Affect Nucleic Acids

Examples of antibiotics that affect nucleic acids include fluoroquinolones, ansamycins,
and lipiarmycins. Fluoroquinolones inhibit the activity of topoisomerases, including enzymes
that supercoil DNA (DNA gyrases) and those that relax supercoiled DNA (topoisomerase
IV) [29]. Resistance to fluoroquinolones is known to have chromosomally mediated mecha-
nisms, such as topoisomerase mutation, loss or expression of porins (e.g., OmpA), or increased
expression of efflux pumps [40,43,44]. Plasmid-mediated resistance has also been described,
including the production of Qnr proteins (DNA gyrase protection), AAC(6′)-Ib-cr (modifies
ciprofloxacin), and the plasmid-encoded efflux pumps (e.g., QepA and OqxAB) [44,45].

Ansamycins (e.g., rifampin) and lipiarmycins (e.g., fidaxomicin) act on the RNA
polymerase and thereby inhibit DNA transcription. The primary mechanism for rifampin
and fidaxomicin resistance is caused by mutations in the gene that encode for the β-subunit
of the bacterial RNA polymerase (rpoB) [46–48]. Resistance to rifampin has also been shown
to be conferred through reduction in the permeability of the cell wall and through the
expression of efflux pumps [46,49].

2.4. Antimetabolite Antibiotics

Sulfonamides and diaminopyrimidines are antimetabolite antibiotics that inhibit the
folate pathway in bacteria [50]. Sulfonamides inhibit dihydropteroate synthase (DHPS)
through a higher affinity for the enzyme as compared to its natural substrate, p-aminobenzoic
acid. Diaminopyrimidines, such as trimethoprim, bind to dihydrofolate reductase (DHFR).
Resistance to antifolates is known to occur through the hyperproduction of p-aminobenzoic
acid or by mutations that alter the enzyme affinity for the antibiotic [29,31].

2.5. Antibiotics That Target the Membrane

Antibiotics that target the membrane include the lipopeptide and cyclic polypeptide
classes. Lipopeptides, such as Daptomycin, form micelles (oligomeric assemblies) that in-
teract with the membrane to cause leakage of cytosolic contents, while cyclic polypeptides,
such as polymyxins and colistins, act as detergents and alter the permeability of the mem-
brane [29,37,38]. Identified resistance mechanisms to these classes of antibiotics primarily
relate to modifications to the composition of the cell membrane through lipopolysaccharide
remodeling and the overexpression of certain efflux pumps (e.g., AcrAB–TolC) [38].
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2.6. Antibiotics Summary

Bacteria use a variety of mechanisms to evade antibiotics. Due to the specificity of the
modes of action, many of the resistance mechanisms are also very specific to the antibiotic,
such as through modification of the antibiotic or mutations in the binding pocket. Some of
the resistance mechanisms are more generalized, such as the expression of efflux pumps,
which may eject other substances in addition to the antibiotics. To compare antibiotics
to non-drug antimicrobials, we next summarize the major classes of biocides through a
description of their chemistry, modes of action, and resistance mechanisms.

3. Biocides—Major Classes, Chemistries, Modes of Action, and Resistance Mechanisms

Although their modes of action are not fully understood, biocides generally act on
multiple targets within the bacteria in a non-selective manner, such as through ionic inter-
actions, the disruption of hydrogen bonding, and chemical reactions (such as oxidants and
electrophiles) (Table 2) [26,51–55]. The generality of biocidal action is due to a fundamental
difference in chemistry between antibiotics and biocides. The chemical modalities of bio-
cides are not specific to a particular biochemical pathway, but instead can act on multiple
structural and functional components of the bacteria, thereby disrupting cell walls, cell
membranes, proteins, and nucleic acids. These mechanisms undermine the fundamen-
tal drivers of the tertiary and quaternary structures of biological macromolecules, which
explains their widespread disruption of bacterial pathways. Therefore, the emergence
of biocide resistance is unlikely to be caused by specific alterations of the target site or
by overproduction of the target site to overwhelm the effect of the biocide, as is seen in
antibiotic resistance [12,56]. One notable counter-example to the non-selective modes of
action is triclosan, which has been shown at low concentrations to be a site-specific inhibitor
of enoyl-acyl carrier protein reductase, and targeted resistance has been reported [57,58].
More commonly, generalized mechanisms that decrease the accumulation of biocides
within the bacteria by altering the permeability of the membrane or by the overexpression
of particular efflux transporters have been reported [40,58,59]. Enzymatic transformation
of some biocides has also been reported, e.g., heavy metals and formaldehyde [60].

Table 2. Chemistry and mode of action for various biocides.

Biocide Representative Chemical Structure(s) Mode of Action
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Quaternary
Ammonium

Compounds (QACs)

General QAC Structures

 
Benzalkonium chloride

Acts as a cationic detergent with
electrostatic interactions with

phospholipids [26,51–53,61,62]

Bisbiguanides

 
Chlorhexidine

Electrostatic interaction with
phospholipids [26,52,53,62]
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Table 2. Cont.

Biocide Representative Chemical Structure(s) Mode of Action
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Triclosan

Not fully understood, but proposed to
induce changes in membrane

permeability and intracellular functions
through hydrogen bonding [51,52,63] At

low concentrations, triclosan acts as a
site-specific inhibitor of enoyl-acyl carrier

protein reductase [57]
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Metals Ag Interacts with thiol groups [26,53,54,62]

Chlorine-releasing
agents  

Sodium Hypochlorite

Halogenation of amino groups in proteins;
oxidation of thiol groups [51,59]

Fixatives

 
Glutaraldehyde

 
Formaldehyde

Alkylation of biomolecules with amino,
imino, amide, carboxyl, and thiol groups

(nucleophilic) [51,59]

Peroxygens  
 

Oxidizing agents that produces hydroxyl
free radicals that attack cell components,

e.g., enzyme and protein thiols
[26,51,53,54,62,64]Hydrogen Peroxide Peracetic Acid

Iodine

 
Povidone−−iodine

Oxidization of thiol groups on proteins, as
well as oxidation of nucleotides and fatty

acids [53,54,56,64,65]

Bronopol

 

Oxidizes thiolcontaining materials and
produces active oxygen species such as

superoxide and peroxide [54,66]

Ethylene oxide
 

Alkylation of amino and thiol groups in
proteins, as well as DNA and RNA [26,67]

Isothiazolinone

Acts as an electrophilic agent reacting
with critical enzymes, reacting with thiols

on proteins, and producing free
radicals [26,55]
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3.1. Biocides That Inactivate through Ionic Interactions
3.1.1. Quaternary Ammonium Compounds (QACs)

QACs are cationic molecules whose positively charged molecules bind strongly to
cell walls and membranes, and their mode of action stems from their ability to interact
electrostatically with phospholipids [26,51–53,61,62,68]. Efflux pumps have been identified
as a potential mechanism of QAC tolerance [26,51–53,61,62,68].

3.1.2. Bisbiguanides

Bisbiguanides are also categorized as cationic antimicrobials [68]. They work by cross-
ing/damaging the cell wall/membrane, and subsequently causing cytoplasmic coagulation
and enzyme disruption, as well as DNA disruption through electrostatic interactions
with phospholipids [15,26,52,53,62]. It has been hypothesized that acquired tolerance to
chlorhexidine (one type of bisbiguanides) might be linked to the overexpression of efflux
pumps or the acquisition of plasmid-encoded efflux pumps [53,64].

3.2. Biocides That Inactivate through the Disruption of Hydrogen Bonds
3.2.1. Phenolics

Phenolics’ general mode of action is not fully understood, but it has been proposed
that they induce changes in membrane permeability and intracellular functions through
hydrogen bonding. One particular phenolic, triclosan (TRI), has been shown at low concen-
trations to act as a site-specific inhibitor of enoyl-acyl carrier protein reductase [17,57,69].
The upregulation of an enoyl reductase (FabI) and efflux pumps are thought to be the main
mechanisms of triclosan tolerance [14,69–73].

3.2.2. Alcohols

The general mechanism for alcohols includes the coagulation/degradation of proteins
and lipids with water-dependent activity to permeate cell membranes. The mode of
action of alcohols is understood to be the dissolution of phospholipids and denaturation
of proteins through the disruption of hydrogen bonding [26,51,62]. We were unable to
identify any bacterial tolerance mechanisms to alcohols in the literature.

3.3. Biocides That Inactivate through Chemical Reactions
3.3.1. Metals

Biocides based on heavy metals (e.g., copper and silver salts) are understood to interact
with the thiol groups on proteins, such as cytoplasmic and membrane-bound enzymes,
and thereby causing metabolic inhibition [26,53,54,62]. The overexpression of efflux pump
proteins and a reduced expression of porins have been described as possible mechanisms of
metal tolerance [74,75], as well as an enzymatic reduction of the cation to the metal [60,70].
Generally, authors have reached the agreement that the exact mechanisms still remain
unclear and are also organism specific [76–79]. Therefore, further investigation is needed.

3.3.2. Chlorine-Releasing Agents

Released chlorine causes cell membrane damage by protein and lipid oxidation and
can also inhibit and degrade DNA and RNA [23,54]. Chlorine-releasing compounds
are understood to halogenate amino groups in proteins as well as oxidize thiol groups,
resulting in metabolic inhibition and lysis [51,59]. Reduced susceptibility to chlorine-
releasing compounds has been shown via intrinsic mechanisms of biofilm formation or
from certain spore coats, e.g., B. subtilis spores with α/β-type small acid-soluble spore
proteins [26,53,60]. The upregulation of the acrF gene, which encodes the ACrEF efflux
pump, was also observed by Curiao et al. The authors concluded that the mechanism of
cross-resistance is likely multi-factorial as a result of the complex variety of antimicrobial
mechanisms that affect multiple basic networks of bacterial physiology [13].
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3.3.3. Fixatives (Aldehydes)

Formaldehyde is a very effective biocide, damaging cells by interacting with the cell
membrane and cytoplasmic proteins as well as intramolecular and intermolecular cross-
linking of molecules, but its use has been limited due to its high toxicity [80]. The biocidal ac-
tivity of formaldehyde and glutaraldehyde results from the alkylation of biomolecules with
amino, imino, amide, carboxyl, and thiol groups on proteins and nucleic acids [51,53,59].
Expression changes in dehydrogenases have been shown in tolerant phenotypes, including
adhC in E. coli [64,81]. Reduced susceptibility can also be achieved by the enzymatic
transformation of formaldehyde into non-toxic products [12,60,70]. Additionally, changes
in porin expression have been associated with increased aldehyde tolerance of Mycobac-
terium [82]. Formaldehyde-releasing agents are still commonly used as preservatives.
Bronopol, which is thought to release formaldehyde, is discussed further below [83].

3.3.4. Peroxygens

Hydrogen peroxide acts by producing hydroxyl free radicals that degrade various
cellular components, e.g., enzyme and protein thiols, and peracetic acid is suspected to
have a similar mode of action [26,51,53,54,62,64]. Enzymatic degradation of peroxygen
compounds has been proposed as the primary tolerance mechanism [64,70]. It has also
been shown that small acid-soluble spore proteins in B. subtilis spores contributes to the
spore tolerance to peroxide [53].

3.3.5. Iodine

Iodine acts by quickly penetrating the cell wall and oxidizing key cellular compo-
nents, including thiol groups on proteins, as well as oxidizing nucleotides and fatty
acids [53,54,56,64,65]. Povidone iodine is known to have variable activity against some
Actinobacteria (e.g., Corynebacterium spp. and Mycobacterium spp.) due to the high mycolic
acid content of their cell walls, which makes it difficult for free iodine to penetrate [84].
To our knowledge, no transferrable tolerance mechanisms have been described in the
literature, although recalls have been reported with potential biological contamination of
some povidone iodine products [64,85].

3.3.6. Bronopol

Bronopol is known to react with thiol groups on cytoplasmic and membrane-bound
enzymes, e.g., dehydrogenases, which results in metabolic inhibition [62]. It is also asso-
ciated with low levels of formaldehyde release, although it is not formally regarded as a
formaldehyde releaser by some authorities [83]. Under aerobic conditions, bronopol has
been shown to catalytically oxidize thiol-containing proteins (e.g., cysteine), resulting in
superoxide and peroxide by-products, which in turn are responsible for its bactericidal
activity [66]. Limited information is available on bronopol resistance, although it has been
hypothesized that quorum sensing might have a role in tolerant phenotype establishment
and biofilm formation [59,86].

3.3.7. Ethylene Oxide

Ethylene oxide (EtO) is an alkylating agent that is known to attack amino and thiol
groups in proteins, as well as DNA and RNA [26,67]. To our knowledge, no tolerance
mechanisms have been identified for ethylene oxide.

3.3.8. Isothiazolinone

The antibacterial properties of isothiazolinones are understood to be due to their ability
to act as an electrophilic agent that reacts with critical enzymes, with thiols on proteins,
and with the production of free radicals [26,55]. To our knowledge, no information on
isothiazolinone tolerance has been described in the literature [64].
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3.4. Biocides Summary

In contrast to antibiotics, less is known about the bacterial mechanisms that confer
biocide tolerance. For some biocides, no tolerance mechanisms have been described in
the literature. Due to the non-selective and multifactorial nature of the biocide modes of
actions, the majority of the tolerance mechanisms described are not unique to a particular
biocide, such as efflux pumps or changes in porin expression. Chemistry-specific tolerance
mechanisms have been described in limited cases, such as enzyme degradation, as well
as for triclosan with changes in the fabI gene. In the next section, we explore the potential
connection between biocide tolerance and antibiotic cross-resistance.

4. Summary of Studies Investigating the Potential for Antibiotic Cross-Resistance

Due to some similarities between the antibiotic resistance and biocide tolerance mech-
anisms, as well as the use of both in certain contexts, such as healthcare, animal husbandry,
and food production, concerns have been raised that the use of biocides may result in
antibiotic resistance and subsequent treatment failure. For this hypothesis to be true, the
mechanisms evoked by bacteria to evade the impact of biocides must be promiscuous,
such that antibiotics with very different chemistries and targets are nullified. As discussed
in the previous sections, a variety of mechanisms are used to increase biocide tolerance
that have some similarities with those for antibiotic resistance. While bacteria have been
shown to enzymatically degrade certain biocides (e.g., formaldehyde and peroxides) and
a number of antibiotics (e.g., β-lactamases), the mechanisms are chemistry-specific and
therefore are not expected to infer cross-resistance [12,29,31,33,39,40,60,64,70,81]. The in-
herent difference in the specificity of the targets of biocides and antibiotics also limits
the risk of cross-resistance. Overproduction of the target can reduce the susceptibility of
bacteria to antibiotics, but this mechanism cannot be effective for biocides due to their
non-selectivity. Likewise, while bacteria can evade the effectiveness of antibiotics through
relatively minor changes to the target, such as a mutation in the binding site, bacteria
cannot use this type of minor change to evade biocides. One exception is that triclosan has
been shown at low concentrations (0.02–0.5 mg/L) to have a specific target, which is also a
target for the antimycobacterial drug isoniazid [17]. At higher concentrations (5–35 mg/L),
triclosan has more broad impacts on the cells, and therefore, a mutation of the enoyl-ACP
reductase alone is not expected to inhibit triclosan at in-use concentrations [87]. However,
changing the accumulation of biocides in the bacteria through a reduction in access (porins)
or increased efflux (efflux pumps) may theoretically be able to infer cross-resistance.

In this section, we review the literature, exploring potential linkages between biocide
use and a causal relationship to antibiotic cross-resistance. The majority of the literature
is focused on QACs, bisbiguanides (chlorhexidine), and phenolics, while comparatively
less information was found on metals, chlorine-releasing agents, fixatives (glutaraldehyde
and formaldehyde), peroxygens (hydrogen peroxide and peracetic acid), alcohols, and
iodine. We have summarized the major findings for each of these biocide categories in
the subsections below. Since no relevant information was found for bronopol, DDBSA,
ethylene oxide, or isothiazolinones, these biocides are not discussed further.

The literature was found to be divided into two major types of studies. Much of
the literature focused on studies in which bacteria strains were subjected to increasing
sub-inhibitory concentrations of biocide over multiple generations with the goal of eliciting
an adaptive response leading to increased biocide tolerance. At the end of this process,
the bacteria with increased biocide tolerance were then assessed to see if a corresponding
antibiotic resistance could be measured. Another less explored area of research has been
the assessment of bacterial isolates from environmental samples such as hospital surfaces,
food processing areas, wastewater, mines, agriculture, and lakes. The goal of this type
of study is to acquire more “real-world” evidence as to whether bacteria are tolerant to a
biocide and then assess if they are cross-resistant to one or more antibiotics.

One challenge in reviewing the literature is that completely different methods are
used to determine the in-use concentrations of antibiotics and of biocides [88]. The in-use
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concentration for antibiotics are related to the therapeutic dose used to treat a bacterial in-
fection in vivo. Antibiotics are designed for use in live tissues to enable the immune system
of the host to gain control over the infection. The bacterial susceptibility or resistance to a
particular antibiotic is generally assessed by inoculating a bacterial isolate with different
concentrations of the antibiotic to determine the minimum inhibitory concentration (MIC)
through standardized protocols. The experimentally measured MIC is then compared to
standardized breakpoints established by standards organizations like the European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST) and the Clinical and Laboratory
Standards Institute (CLSI) to determine if the isolate is clinically susceptible, clinically
intermediate, or clinically resistant [89,90]. In contrast, while MICs can be determined for
biocides, they are not used as the basis for in-use concentrations. Unlike antibiotics, the
purpose of biocides is to kill bacteria swiftly, and relying on MIC measurements can be mis-
leading. Biocide effectiveness is assessed either by time-kill procedures or determination
of the concentration that produces a certain log reduction [91,92]. Where possible in our
analysis, we considered increased MIC values measured for particular biocides related to
recommended in-use concentrations.

4.1. Quaternary Ammonium Compounds (QACs)

Several studies focused on inducing QAC tolerance in the laboratory by growing
strains at low/subinhibitory concentrations of different QACs spiked into growth media.
Although increased QAC tolerance could be induced, in many cases the QAC concentra-
tions remained below the recommended in-use concentration suggested by manufacturers.
A few examples were identified in which bacteria were subjected to increasing concentra-
tions of QACs (e.g., benzalkonium chloride—BAC) and eventually developed tolerance
that exceeded the recommended BAC in-use concentrations for some applications, e.g.,
in an alcohol-free hand sanitizer (1000 mg/L or 0.1%), but not others (e.g., diluted sham-
poo (5000 mg/L or 0.5%)) [93,94]. The bacteria in this study included Salmonella enterica
serovar Typhimurium (3000 mg/L), Pseudomonas aeruginosa (2500 mg/L), Enterobacter spp.
(1500 mg/L), Escherichia coli, and Staphylococcus saprophyticus (1000 mg/L). Multiple stud-
ies using adaptive evolution techniques with subinhibitory concentrations to develop
increased tolerance to QACs (e.g., 2-fold to over 100-fold higher MICs) and also reported
cross-resistance or elevated antibiotic MICs to some antibiotics [74,95–109]. However,
not all of the studies measured antibiotic resistance before adaptive evolution, and oth-
ers showed increased susceptibility to certain antibiotics after adaptation. Furthermore,
the induced cross-resistance to antibiotics was not necessarily stable and could return to
wild-type values after continued passages in the presence of the QAC [101].

In studies that identified the development of antibiotic cross-resistance in bacteria toler-
ant to QACs, efflux pumps were suggested as a possible mechanism of regulation [104,110].
Various efflux genes have been shown to be upregulated after exposure to BAC and other
biocides under laboratory conditions; however, there is conflicting evidence as to whether
efflux pumps are the main driver of antibiotic cross-resistance [104,105].

Several articles described bacteria that were isolated directly from environments that
commonly use QAC-based disinfection. These isolates were first tested for tolerance to
specific QACs, and then the identified strains were challenged with antibiotics. Little to
no correlation with antibiotic resistance was observed with Listeria monocytogenes, E. coli,
and Staphylococcus aureus isolated from food processing plants, fish farms, poultry feces,
and clinical settings [111–116]. For P. aeruginosa isolated from clinical samples, veterinary
samples, and wastewater, 23 out of 147 isolates were classified as “resistant” to BAC
using an author-derived epidemiological cut-off value of 128 mg/L (0.01% w/v). The
isolates originating from wastewater were more resistant to BAC and demonstrated cross-
resistance for fluoroquinolones and multi-dug resistance than those found from other
ecological niches [117]. In another study, 87 isolates from seafood were assessed for BAC
tolerance, and 5.75% were designated as having high tolerance (≥250 mg/L or 0.02%
w/v) [118]. However, in both of these cases, the concentrations are significantly below
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in-use concentrations [93,94]. In Condell et al., 189 Salmonella strains were tested in seven
food industry biocide formulations at in-use concentrations, and only one isolate, S. enterica,
survived; however, the phenotype was unstable, and the isolate became susceptible with
more testing [119]. We did not identify any in-depth comparisons of the fitness of adapted
wild-type strains in our review, which may be an important factor in the environment.

Although in vitro studies with QACs have demonstrated the possibility of biocide-
induced antibiotic cross-resistance in bacteria, there continues to be a lack of in vivo or
in situ studies definitively reporting such a link. Nonetheless, the evidence from in vitro
studies demonstrates that antibiotic cross-resistance can be induced under particular labo-
ratory conditions.

4.2. Bisbiguanides

Research on bisbiguanides’ potential to induce antibiotic cross-resistance has been
focused on chlorhexidine (CH). Despite its common and long history of use, only 14 ar-
ticles were identified that directly investigated CH’s ability to induce cross-resistance
to antibiotics. A few studies demonstrate that various bacteria species were adapted to
increase CH tolerance by passaging them in subinhibitory CH concentrations in growth
media. The CH concentrations were kept constant or they increased with each passage.
Under these conditions, antibiotic cross-resistance was identified in the CH-adapted bacte-
ria [13,104,115,119–121]. The investigators studied Enterococcus faecium, Salmonella, Klebsiella
pneumoniae, and S. aureus and showed new antibiotic cross-resistance to daptomycin, tetra-
cycline, ampicillin, chloramphenicol, cefpodoxime, vancomycin, ciprofloxacin, levofloxacin,
and gatifloxacin after CH exposure. Generally, the tolerance to chlorhexidine could be
increased 2-fold to 200-fold of the pre-exposure MIC. Similar to the adaptive evolution
experiments with QACs, mixed results were reported, in which some strains showed an
increase in MICs to antibiotics, while others showed a decrease [97,98].

Two studies evaluated isolates of Salmonella and S. aureus from different sources,
including clinic, food, environment, and water settings. Two out of seven Salmonella strains
were identified to be tolerant to CH, with a 26- to 51-fold increase in MIC values after
several rounds of in vitro selection [119]. However, they were still susceptible to seven food
industry biocide formulations at 50% of the manufacturers’ in-use concentration in growth
media. A second study looked at 1632 S. aureus strains isolated from humans. No bivariate
correlations were found between CH exposure and antibiotic cross-resistance [122].

Overall, the body of scientific literature provides evidence that bacteria exposed
to subinhibitory CH concentrations in a lab environment can result in antibiotic cross-
resistance. However, freshly isolated bacteria from environments with common biocide
usage were found to still be susceptible to in-use CH activity without cross-resistance to
antibiotics, unless they were adapted in vitro.

4.3. Phenolics

Reports investigating the potential development of phenolic tolerance and an associ-
ated cross-resistance to antibiotics have focused on triclosan. It has been suggested that
because triclosan has a targeted mode of action, it is more likely to induce cross-resistance to
antibiotics that share the same targets [28]. However, the importance of laboratory studies
where triclosan is used to induce cross-resistance to antibiotics is still debated. Examples of
induced cross-resistance to antibiotics, induced sensitivity to antibiotics, and of the lack
of correlation between triclosan and antibiotic resistance are all described in the literature.
It should also be noted that triclosan is no longer widely used as an active ingredient in
biocides, in part due to being banned by the US Food and Drug Administration (FDA) in
2016 for use in antimicrobial soaps used at home by the general population [123].

Several authors have described studies of triclosan-induced bacterial strains or triclosan-
tolerant bacterial isolates that have cross-resistance to multiple antibiotics. In the study by
Curiao et al., triclosan exposure was used to create triclosan-tolerant strains of E.coli and
K. pneumoniae. Subsequently, the differential expression of efflux pumps in the triclosan
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tolerant strains as compared to the susceptible strains was studied, and the genes acrAB,
acrF, and marA were identified as being upregulated [13]. These genes have been associated
with MDR strains of Salmonella [124]. In Aiello et al., 7 of 11 studies reviewed, demon-
strated cross-resistance to at least one antibiotic, but the authors concluded that there was
no correlation between the use of triclosan products and the presence of antibiotic-resistant
bacteria among household members and their environment [125]. In a different review,
clinical samples of methicillin-resistant S. aureus (MRSA) were effectively killed by tri-
closan; however, Mycobacterium smegmatis developed inhA mutations, which is also known
to afford resistance to isoniazid. Additionally, P. aeruginosa and E. coli showed elevated
resistance to several antibiotics [58,69].

Interestingly, other studies have shown that triclosan can potentiate the action of some
antibiotics. Studies on Rhodospirillum rubrum show evidence that low levels of triclosan
decreased the innate resistance to ampicillin and tetracycline but increased resistance to
chloramphenicol and carbenicillin [126]. When an MDR Acinetobacter baumannii isolate was
converted to a triclosan-tolerant strain, it exhibited increased sensitivity to minocycline,
levofloxacin, and phosphonomycin (fosfomycin) [127].

Finally, additional research has been published in which S. aureus and Enterococci grown
in subinhibitory concentrations, as well as S. aureus clinical isolates, showed no correlation
between triclosan tolerance and the development of antibiotic resistance [57,73,115].

4.4. Metals

Cross-resistance has been described in the literature for strains exposed to low concen-
trations of metal salts, as well as in environmental and clinical isolates. In one example,
cross-resistance to ciprofloxacin was described in E. coli that was exposed long-term to
increasing concentrations of silver nitrate, although ciprofloxacin resistance was only
identified in 1 out of 84 strains tested [74]. Additionally, cross-resistance has also been
demonstrated in clinical and environmental isolates. Rojo-Bezares et al. observed metal
tolerance in macrolide and/or lincosamide-resistant Streptococcus agalactiae strains isolated
from pregnant women [128]. Timkova et al. identified antibiotic resistance in environmental
isolates from a mine. These isolates showed metal tolerance to copper and antibiotic resis-
tance to ampicillin and chloramphenicol [78]. Cross-resistance to ampicillin has also been
described by Miloud et al., who isolated environmental species selected for ampicillin and
observed resistance with other antibiotics in addition to silver and copper tolerance [77].

4.5. Chlorine-Releasing Agents

The literature shows a discrepancy in whether chlorine-releasing agents can induce
antibiotic resistance. Lin et al. observed cross-resistance in E. coli exposed to a simulated
low level of chlorination used in water treatment. The authors observed that cells were
in a viable but non-culturable state, exhibiting reduced metabolic activity and enhanced
viability when exposed to different antibiotics [129]. Cross-resistance to ciprofloxacin has
also been observed in K. pneumoniae tolerant to sodium hypochlorite. Physiological changes
were observed in the strains exposed to subinhibitory concentrations. On the other hand,
other authors did not observe cross-resistance to antibiotics when laboratory-adapted E.
coli and Salmonella enteritidis food isolates were exposed to sodium hypochlorite [104,130].
Similarly, Oggioni et al. investigated cross-resistance in 1600 clinical S. aureus isolates and
observed no statistically significant correlation between susceptibility profiles for sodium
hypochlorite and antibiotics [115].

4.6. Fixatives

Limited information was found on the evidence of cross-resistance of glutaraldehyde
or formaldehyde-tolerant bacteria with antibiotics. Roedel et al. reported that in a panel
of 93 E. coli isolates from broiler fattening farms, isolates with reduced formaldehyde
susceptibility were rarely found, and that biocide tolerance was not interlinked with
antibiotic resistance [111]. Piovesan et al. reported cross-resistance to chloramphenicol in
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an E. coli strain that showed reduced susceptibility to glutaraldehyde upon exposure to
subinhibitory concentrations [104]. By contrast, other authors have reported that there is
no evidence that glutaraldehyde can trigger cross-resistance with antibiotics [97,98].

4.7. Peroxygens

No cross-resistance to antibiotics has been described in the literature reviewed for
peracetic acid [98,104]. Limited and conflicting information exists on the ability of hydrogen
peroxide to induce cross-resistance with antibiotics. One study showed that some of the E.
coli strains exposed to low concentrations of hydrogen peroxide in the laboratory exhibited
changes in antibiotic susceptibility [104]. Wesgate et al. showed that long-term exposures to
low concentrations of hydrogen peroxide were required to trigger an “unstable resistance”
to ampicillin [131].

4.8. Alcohols

The literature shows limited to no evidence that alcohols lead to cross-resistance
with antibiotics. Piovesan Pereira et al. did not observe cross-resistance to antibiotics
when bacteria were exposed for approximately 500 generations to low concentrations of
ethanol and isopropanol (4.25 and 2.5% v/v, respectively) [104]. Shan et al. studied the
effectiveness of different antibiotics and disinfectants and concluded that alcohols had the
fewest incidents of tolerance in clinically isolated strains of the seven biocides studied [132].

4.9. Iodine

The literature shows limited to no evidence that iodine can lead to cross-resistance
with antibiotics [84,97,133,134]. Only one paper that we identified described some cross-
resistance to medically relevant antibiotics in E. coli strains exposed to low concentrations
of povidone-iodine [104].

5. Discussion

Several common themes emerged over the course of this review, which examined the
state of the science on the impact of biocide use and the development of antibiotic resistance.
First, the baseline logic driving the hypothesis seems to be that since subinhibitory levels
of antibiotics can result in the emergence of antibiotic resistance and cross-resistance, it
follows that subinhibitory levels of biocides may also induce antibiotic cross-resistance.
Second, researchers have debated the relevance of these laboratory experiments to the
real world in light of the variable persistence of biocides in the environment as well as
the relative complexity of real-world environments. Finally, investigators have sought to
understand the mechanisms behind laboratory-induced biocide tolerance and antibiotic
cross-resistance. The main hypothesis for cross-resistance is focused on the function of
efflux pumps, which are transport proteins involved in the export of toxic substances into
their environment.

Substantial effort has been put toward investigating laboratory-induced biocide toler-
ance, followed by an assessment of antibiotic cross-resistance. In the reviewed studies for
QACs, chlorhexidine, triclosan, and some metals, bacteria that acquired the ability to grow
in the presence of increased biocide concentrations were identified after exposure to low
concentrations. Most commonly, bacteria adapted to the biocide in the laboratory using
sequential cultures of bacteria, starting at subinhibitory concentrations with increases in
biocide concentration over time, after which cross-resistance to antibiotics was assessed. In
these experiments, investigators often termed the bacteria as biocide-“resistant” whenever
the biocide MICs increased. However, in many cases, the biocide tolerance level was
still below the in-use concentration, leading to doubt that the biocide was “resistant” in
real-world situations [135,136].

Moreover, the methods differed as to the generation of the biocide-tolerant bacteria
(e.g., in a liquid culture or in a biofilm reactor) and any subsequent characterization. A lack
of standardization of the experimental methods as well as the definition of “resistant” makes
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it challenging to assess the impact (if any) that low levels of biocide tolerance may have
on the emergence or proliferation of antibiotic resistance. Without this standardization,
much of the lab-based work remains difficult to link to a relevant clinical context [88].
Moreover, for bacteria strains that were adapted to increase biocide tolerance, the bacterial
phenotype stability was rarely assessed. Knowing whether the adapted bacteria would be
able to survive non-idealized laboratory conditions, as well as if the changes that confer
biocide tolerance remain after the selection pressure is removed, are important questions
that have not yet been addressed. Additionally, the stability of biocide tolerance varies,
with said tolerance sometimes disappearing when the biocide pressure is removed, while
at other times becoming permanent. In other cases, the biocide-tolerant bacteria may have
a detrimental effect on fitness that would not allow them to compete with other bacteria to
survive outside of a laboratory [13].

Translating the findings of model systems in the laboratory to real-world complexity is
a common challenge in science. The laboratory studies on biocide tolerance and antibiotic
cross-resistance have been conducted under idealized and controlled conditions, including
culturing bacteria in growth media with defined concentrations of a single chemical stressor.
In contrast, the real-world environment is significantly more complex, with bacteria growth
in complicated matrices such as soil, food, wastewater, and in vivo, as well as the fact that
some disinfectants use formulations that combine multiple biocide molecules with different
mechanisms of action, making it more difficult for bacteria to develop tolerance [119]. To
gain information about bacteria in their complex environments, researchers will typically
study isolates and extrapolate their laboratory findings to what is understood about the
real-world environment.

The stability of QACs, azoles, chlorhexidine, and metals in the environment has led
to concerns that these biocide classes may persist in wastewater facilities from hospi-
tals and food processing plants, as well as in run-off from agriculture. Several studies
detected low levels of biocidal chemicals in wastewater, food, soil, mines, and other en-
vironmental sources [77,78,110,117,119]. Researchers hypothesize that biocide-tolerant
bacteria rising from low concentration exposure in these niche environments may result in
biocide-mediated antibiotic cross-resistance development in the real world. However, as
discussed in Section 4, isolates with both biocide tolerance and antibiotic resistance have
rarely been found. This may be in part due to the bioavailability of the biocides in these
environments, which are likely quite different than in the laboratory experiments, due
to biocides acting on and/or binding to other organic matter [137]. We did not identify
any studies that considered this aspect. Finally, most bacterial isolates with identified
“resistance” in the literature, as indicated by increased MIC values, remain susceptible to
clinically used concentrations of disinfectants [135,136]. This finding is in contrast with an-
tibiotic resistance, where the increasing bacterial MIC values are caused by concentrations
much closer to the antibiotic dosages being used clinically, rendering certain antibiotics
clinically obsolete [59].

In the investigation of potential mechanisms for cross-resistance, several hypotheses
have gained traction. The most commonly proposed mechanism is the upregulation of gene
expression for efflux pumps or increased efflux pump activity [69,96,98,103,104,110,117].
In studies where the efflux pumps were inhibited, the biocide-adapted, tolerant bacteria
seemed to regain at least some susceptibility, but not in all cases [110]. Increases in efflux
pump systems are used as an explanation for antibiotic cross-resistance in biocide-tolerant
bacteria. Efflux pump regulation is one of the main systems that bacteria use to escape
stressors in their environment, so it seems likely there are other factors involved with
permanent adaptations to biocide tolerance.

When examining the possibility of efflux pumps conferring cross-resistance, it is im-
portant to connect three distinct elements. First, does exposure to a specific biocide result
in the upregulation of an efflux pump gene? Second, are there examples where a specific
bacterial species is shown to display this efflux pump mechanism of biocide resistance?
Third, within the same species of bacteria, is a mechanism of resistance to antibiotics de-
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scribed using the same efflux pump? From our review, we identified efflux genes that met
these three criteria. These genes included AcrAB, CmeABC, EmrE, MdeA, MdfA(Cmr/CmlA),
MepA, MexAB, MexCD, MexEF, NorA, NorB, QacABE, and QacEΔ1 [97,138–142]. By sat-
isfying the criteria, these genes could be at higher risk of conferring cross-resistance to
antibiotics after biocide exposure. In these assessments, a fourth dimension should be
evaluated: How do the measured changes in biocide tolerance and/or antibiotic resistance
impact real-use settings? Can bacteria survive the recommended in-use concentrations
of the biocides? Are those biocides used in the clinical context? Do the newly conferred
antibiotic resistances require a change in treatment protocols clinically? These questions
that are related to real-world relevance remain to be thoroughly explored in the literature,
although some analyses along these lines suggest that there is minimal impact on the
hospital environment [135,136].

6. Conclusions

While studies evaluating the linkage between biocide tolerance and antibiotic cross-
resistance were identified, the evidence is not sufficient to establish a causal relationship
between the two. Antibiotic cross-resistance was described for QACs, chlorhexidine, and
metals, but the evidence was mostly based on laboratory experiments using subinhibitory
concentrations significantly below the specified in-use concentrations. Just a few studies
identified rare biocide-tolerant isolates that also showed antibiotic resistance. Conflicting
evidence of antibiotic cross-resistance was found for chlorine-releasing agents, peroxy-
gens, and triclosan. Limited to no evidence of antibiotic cross-resistance was found in
the azoles, alcohols, fixatives, or iodine. No literature was identified that discussed an-
tibiotic cross-resistance in relation to bronopol, ethylene oxide, or isothiazolinones. The
primary mechanism proposed in the literature linking biocide tolerance and antibiotic
cross-resistance is through efflux pumps. However, the link from laboratory studies to
real-world contexts remains unclear, particularly with respect to any detrimental clinical
impact. Moreover, it seems unlikely that a simple cause for such a linkage would exist
since, in real-world situations, antibiotics often exist in complex environments, and the
use of biocides is not expected to be the only or even the primary driving force for the
occurrence of antibiotic resistance. Given the differing modes of action between biocides
and antibiotics, which have highly specific biochemical activities in the target organism, it
is anticipated that the broad-based physicochemical effects associated with most biocides
would present a significantly higher evolutionary hurdle to the development of resistance.
Both biocides and antibiotics are important tools in the arsenal of infection control against
multi-drug-resistant bacteria; thus, the research community should continue to support
studies that enable actionable data to inform policies that preserve these tools.
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Abstract: The overprescribing and misuse of antibiotics have led to the rapid development of
multidrug-resistant bacteria, such as those that cause UTIs. UTIs are the most common outpatient
infections and are mainly caused by Escherichia coli and Klebsiella spp., although some Gram-positive
bacteria, such as Pseudomonas aeruginosa, have been isolated in many cases. The rise of antimicrobial-
resistant bacteria is a major public health concern, as it is predicted to lead to increased healthcare
costs and poor patient outcomes and is expected to be the leading cause of global mortality by
2050. Antibiotic resistance among bacterial species can arise from a myriad of factors, including
intrinsic and acquired resistance mechanisms, as well as mobile genetic elements, such as transposons,
integrons, and plasmids. Plasmid-mediated resistance is of major concern as drug-resistance genes
can quickly and efficiently spread across bacterial species via horizontal gene transfer. The emergence
of extended-spectrum β-lactamases (ESBLs) such as NDM-1, OXA, KPC, and CTX-M family members
has conferred resistance to many commonly used antibiotics in the treatment of UTIs, including
penicillins, carbapenems, cephalosporins, and sulfamethoxazole. This review will focus on plasmid-
mediated bacterial genes, especially those that encode ESBLs, and how they contribute to antibiotic
resistance. Early clinical detection of these genes in patient samples will provide better treatment
options and reduce the threat of antibiotic resistance.

Keywords: antibiotic resistance genes; urinary tract infection; bacterial genetics; molecular diagnostics;
antimicrobial resistance genes; polymicrobial infections; UTI; multiplex PCR

1. Antimicrobial Resistance

Antimicrobial resistance (AR) is a global threat to human health, healthcare systems,
and the availability of effective treatments for deadly pathogens. AR is projected to be the
leading cause of global mortality by 2050 due to the diminishing utility of current antibiotics
and the lack of new antibiotics in the market [1]. Anthropogenic factors that contribute to
antimicrobial resistance include overuse and misuse of antibiotics, incorrect diagnoses, and
the prophylactic use of antibiotics in animal husbandry. The increase in multidrug-resistant
bacterial strains is a major public health concern, as antibiotics are used routinely in clinical
settings for the treatment of bacterial infections. Among the ~3 million infections caused
by multidrug-resistant bacteria in the US are a growing number of urinary tract infections
(UTIs) that can no longer be treated with the most common antibiotics. UTI-related
symptoms lead to almost 10 million office visits and around 3 million emergency visits per
year in the US [2]. UTIs are mainly caused by Escherichia coli and Klebsiella spp., although
other bacteria, including Gram-positive microorganisms, such as Pseudomonas aeruginosa,
have been isolated in some cases [2]. AR genes can disseminate quickly and efficiently
across bacterial species, warranting further attention to curb the spread of resistance. To
counteract AR, coordinated efforts by various healthcare settings are being made to improve
the selection, dosing, duration, and route of administration of antibiotics, a concept known
as antibiotic stewardship [3]. Global eradication of AR requires, at a minimum, large-scale
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programs that educate and inform healthcare workers and patients about the appropriate
dispensation and use of antimicrobial drugs. Additionally, a better understanding of
genetic factors in bacteria that contribute to AR will aid in better diagnostic screenings to
provide optimal care for patients. This review will focus on various classes of antimicrobial
agents, genetic resistance mechanisms that bacteria have evolved to evade them, and how
this knowledge can be exploited for more effective patient care and antibiotic stewardship.

2. Mechanisms of AR in Bacteria

Intrinsic and acquired resistance mechanisms enable the transfer of AR in bacterial
species. Intrinsic resistance is the phenomenon by which bacteria become transiently refrac-
tory to an antibiotic due to phenotypic characteristics. Intrinsic resistance to antibiotics can
extend the duration of treatment, cause treatment failure, and promote the generation of
acquired resistance in treated patients [4]. Acquired resistance mechanisms are those that
are acquired in response to drug exposure, such as drug target modification, drug efflux,
uptake reduction, and inactivation/degradation of the compound. Gram-negative bacteria
have been known to use any of these mechanisms in acquiring AR, while Gram-positive
bacteria are less likely to affect drug uptake or efflux [5]. Drug target modification is
frequently observed across several drug classes. For instance, Gram-positive bacteria can
become resistant to β-lactams by alteration of penicillin-binding proteins (PBPs), which are
essential for bacterial cell wall synthesis. Bacteria can inactivate drugs either by degrad-
ing them or adding chemical modifications to them. For example, aminoglycosides are
frequently inactivated by the transfer of a phosphoryl or AMP group [6]. Drug uptake can
be altered via changes in porins, which are channels through which hydrophilic molecules
can enter the cell. For example, resistance to carbapenems by members of Enterobacteriaceae
is established by reducing the number of porins [7,8]. Genes for efflux pumps are chro-
mosomally encoded and function to rid a bacterial cell of toxic substances. Some bacteria
inherently possess or can acquire multidrug resistance (MDR) efflux pumps, which pump
out antibiotics from the cell, making the cell resistant to its effects.

Mobile genetic elements promote intra- and intercellular DNA mobility and play a
key role in AR dissemination. Several types of these elements play a role in promoting
AR in bacteria, such as transposons, integrons, and plasmids. Composite transposons are
mobile genetic elements consisting of two insertion sequences flanking DNA that often
contain AR genes. Integrons are bacterial genetic elements able to promote the acquisition
and expression of genes embedded within gene cassettes [9]. A gene cassette is a < 1
kb mobile element that contains 1–2 genes and an attC recombination site. Plasmids are
extrachromosomal mobile genetic elements that are thought to drive the evolution of
AR [10]. Plasmid-mediated resistance is of major concern as resistance genes can quickly
and efficiently spread across bacterial species via horizontal gene transfer. Within mobile
genetic elements are factors that mediate AR (Table 1) by a variety of mechanisms, some of
which are discussed below.

Table 1. Overview of bacterial antibiotic resistance mechanisms for uropathogens.

Resistance
Mechanism/Enzyme

Examples Genes
Prominent Example

Uropathogenic Organism(s)
Example Resistance Profile

β-lactamases CMY-2, FOX Enterobacteriaceae

penicillins, second and
third-generation

cephalosporins and
cephamycins
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Table 1. Cont.

Resistance
Mechanism/Enzyme

Examples Genes
Prominent Example

Uropathogenic Organism(s)
Example Resistance Profile

Carbapenemases

blaKPC Klebsiella pneumoniae
penicillins, cephalosporins,

monobactams, and
carbapenems

IMP, VIM, NDM Enterobacteriaceae, P. aeruginosa carbapenems, penicillins,
carbapenems (varies)

OXA Acinetobacter spp. (especially
A. baumannii)

penicillins, cephalosporins
(varies), carbapenems,

ESBLs CTX-M Enterobacteriaceae penicillins, cephalosporins,
monobactams

mecA mecA Methicillin-resistant S. aureus
(MRSA)

methicillins and several other
β-lactams

Glycopeptide resistance genes vanA Enterococci vancomycin

Macrolide resistance genes ermB Enterobacteriaceae macrolides, lincosamides, and
streptogramins

Fluoroquinolone resistance
genes qnr Enterobacteriaceae fluoroquinolones

3. Bacterial Genes That Contribute to Antimicrobial Resistance

3.1. β-lactamases

β-lactamases make up a family of >2800 enzymes that evolved as a mechanism
against naturally occurring β-lactams and have since become a focus of pharmaceutical
research. These enzymes are produced by some bacteria and provide resistance to β-lactam
antibiotics, such as penicillins, cephalosporins, cephamycins, and carbapenems. Since the
discovery of penicillin in the early 20th century, β-lactams have played a fundamental role
in the treatment of bacterial infections. This class of antibiotics is continuously undergoing
development and improvement to combat the AR trend and remains the most prescribed
class of antibiotics [11].

3.1.1. AmpC β-lactamases

AmpC β-lactamases are cephalosporinases that confer resistance to many bacte-
rial isolates, especially Enterobacteriaceae [12,13]. Microorganisms overexpressing AmpC
β-lactamases are clinically problematic as they are usually resistant to all β-lactam drugs,
except cefepime, cefpirome, and carbapenems. AmpC β-lactamase resistance can arise
via chromosomally encoded ampC or by the acquisition of a plasmid or transferable ge-
netic element with ampC. The latter mechanism leads to constitutive AmpC production,
which results in increased resistance and more serious clinical outcomes. Enterobacter spp.
and K. aerogenes are the top pathogens with the highest prevalence of AmpC β-lactamase
induction [14]. To date, there are >180 AmpC genes across six families; detection of plasmid-
mediated ampC β-lactamase gene families via multiplex PCR or other high throughput
assays can aid in prescribing the proper antibiotic regimen [15,16].

CMY-2

The most common plasmidic ampC gene reported in Enterobacteriaceae, including
E. coli, is blaCMY-2 [17,18]. CMY-2 plasmids are proposed to have undergone transfer
between different bacterial species and may have been transmitted between livestock,
such as cattle and swine, and humans [19]. This cross-species transmission is largely
enabled by the spread of IncA/C and IncI1 plasmids among E. coli from humans, animals,
and environmental sources [20,21]. Further, the chromosomal blaCMY-2 transfer from
E. coli into a small endogenous ColE1-like plasmid via insertion sites, ISEcp1, has been
demonstrated [22].
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FOX

FOX-type enzymes are plasmid-encoded AmpC β-lactamases that are especially active
against cefoxitin. FOX-1 was originally identified in K. pneumoniae, though it was recently
shown to have evolved from Aeromonas allosaccharophila, a fish pathogen [23,24]. To date,
11 FOX variants have been reported.

3.1.2. Carbapenemases

Carbapenems are considered one of the most effective antibacterial agents and are
generally reserved for the treatment of multidrug-resistant (MDR) bacterial infections.
However, with the rapid and extensive spread of carbapenem-resistant Enterobacteriaceae,
carbapenems have become less effective against their targets. Resistance is mainly mediated
by the production of carbapenemases.

Class A Carbapenemases

Klebsiella pneumoniae carbapenemases (KPC)
KPCs are the most prevalent of the class A carbapenemases and are encoded by

the blaKPC gene. The blaKPC gene is carried on a mobile genetic element and confers
resistance to all β-lactam agents [25]. Plasmids carrying blaKPC are related to resistance
factors for other antibiotics, which makes them, especially concerning due to interspecies
transfer, which can increase the polymicrobial infectious state [26]. K. pneumoniae is the
most prevalent bacterial species carrying KPCs, but other Gram-negative bacilli have been
shown to carry the enzyme as well [27]. Its location in the Tn4401 transposon makes the
blaKPC gene more likely to spread across different types of Gram-negative bacteria [28].
KPC producers have been identified worldwide, and most cases have been linked to
hospitalized patients [29].

Class B Carbapenemases

Class B carbapenemases are resistant to most β-lactamase inhibitors, are inhibited by
metal chelating agents, and have one or more zinc atoms in their active site. The genes
encoding many class B carbapenemases, such as those presented below, are located within
a variety of integron structures and incorporated in gene cassettes [30].

(1) IMP

IMP-type carbapenemases are one of the two most widely distributed carbapenem-
resistant Enterobacteriaceae β-lactamases, with the other being VIM. IMP-1 is encoded by the
transferable blaIMP gene and confers resistance to imipenem, a broad-spectrum intravenous
β-lactamase. IMP-1 was first detected in a P. aeruginosa isolate in Japan in the 1990s [31].
Since then, clinical isolates of many bacteria harboring the IMP genes, such as K. pneumoniae,
P. aeruginosa, and S. marcescens, have been identified worldwide [32–35]. A clinical isolate
of ertapenem-resistant E. cloacae identified in a Chinese gastric cancer patient in 2009 was
the first report of an IMP-1-producing Enterobacteriaceae in China and was found to carry
the blaIMP-1, blaCTX-M3, and qnrS genes on three different plasmids [36].

(2) VIM

Verona integron-encoded metallo-β-lactamases (VIM) were originally identified in
Italy in 1997 [37]. To date, 23 VIM variants have been reported, and these enzymes mostly
occur in P. aeruginosa, though they have also been identified across other bacteria. It
was proposed that ceftazidime is a selective pressure that drives the evolution of VIM-
Type carbapenemases [38]. A recent study that sought to investigate the prevalence of
VIM-producing A. baumannii from patients with severe UTIs in India found that across
1000 patients, 73 A. baumannii isolates were found, of which 34% had detectable blaVIM [39].
Another study conducted across hospitals in Egypt found that ~80% of Gram-negative
bacilli were found in urine specimens, with E. coli being the predominant isolate; 2/3 of the
bacterial isolates carried blaVIM. Despite their extensive spread across several countries,
especially in East India, VIM carbapenemases are relatively rare in the United States.
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However, a few cases that have emerged across the US have led to a call for national
surveillance [40,41].

(3) NDM

New Delhi metallo-β-lactamases (NDM) were originally identified in New Delhi,
India, in 2009 [42]. Currently, most NDM producers are concentrated in Asia, with ~60% of
NDM-1 variants in China and India. In addition, eight variants have been described and
identified in this group. NDM genes are dominant in K. pneumoniae and E. coli isolates. The
gene encoding NDM-1, a major variant, is often carried by plasmids and, therefore, easily
moves to other bacterial species via horizontal gene transfer.

Class D Carbapenemases

Class D carbapenemases are serine-β-lactamases that are poorly inhibited by EDTA
or clavulanic acid. Most enzymes in this class have been identified in Acinetobacter spp.,
especially in A. baumannii.

OXA β-lactamases

OXA β-lactamases are mostly detected in Enterobacteriaceae, Acinetobacter spp., and
Pseudomonas spp. Most OXA-type carbapenemases are encoded by chromosomal genes
instead of plasmids and other mobile genetic elements [43]. OXA-23, OXA-24, OXA-51 and
OXA-58 are the most common type of OXA gene family members which are responsible
for carbapenem resistance. Studies have shown that sources of microbes carrying this
enzyme can be environmental, such as in municipal wastewater treatment plants, which
has implications for the broader dissemination of antibiotic-resistance genes [44].

3.1.3. Extended-Spectrum β-Lactamases (ESBLs)

Many drug-resistant urinary pathogens produce extended-spectrum β-lactamases
(ESBLs), which break down and destroy commonly used antibiotics, including penicillins
and cephalosporins and render them ineffective. ESBLS are a rapidly evolving group
of β-lactamases which share the ability to hydrolyze third-generation cephalosporins
and aztreonam but are inhibited by clavulanic acid. ESBLs are often encoded by genes
located on large plasmids, which also carry genes for resistance to other antimicrobial
agents such as aminoglycosides, trimethoprim, sulfonamides, and tetracyclines [45]. In
fact, ESBL-producing plasmids have also been shown to carry qnr genes, which mediate
fluoroquinolone resistance [46,47]. Thus, very broad antibiotic resistance extending to mul-
tiple antibiotic classes is now a frequent characteristic of ESBL-producing enterobacterial
isolates.

CTX-M enzymes

The CTX-M β-lactamases constitute a rapidly growing family of ESBLs with significant
clinical impact and are the most widespread of all ESBLs. In fact, researchers have dubbed
this global dissemination the “CTX-M pandemic” [48]. CTX-Ms are found in at least
26 bacterial species, particularly in E. coli, K. pneumoniae and P. mirabilis. Furthermore,
phylogenetic analyses suggest that CTX-Ms did not originate from previous plasmid
mediated enzymes but through mobilization of chromosomal bla genes from Kluyvera spp.
by transfer through mobile genetic elements [49].

3.1.4. mecA

All methicillin-resistant S. aureus (MRSA) contains a copy of a mec gene, most com-
monly mecA. The mecA gene is part of a staphylococcal chromosome cassette mec (SCCmec),
a mobile genetic element that often contains factors that encode resistance to non-β-lactam
antibiotics [50]. mecA confers resistance to methicillin and many β-lactams by encoding
PBP2A, which has a low binding affinity to most β-lactams [51]. mecA does not confer
resistance to penicillin G, amoxicillin, ampicillin, ceftobiprole and ceftaroline [52].
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3.2. Glycopeptide Resistance Genes

Glycopeptides are considered antibiotics of last resort for the treatment of life-threatening
infections caused by Gram-positive microbes. This class of drugs targets Gram-positive
bacteria by binding to the growing end of peptidoglycan. Glycopeptide-resistant microor-
ganisms use alternative peptidoglycan monomers that result in reduced antibiotic affinity
for the cellular target [53].

vanA

The vanA gene cluster is the most common mediator of vancomycin resistance in ente-
rococci. Located on Tn1546, vanA often resides on a plasmid in vancomycin-resistant ente-
rococci (VRE) [54]. VRE harboring vanA can spread rapidly through livestock and remain
persistent in the population for decades, even after stopping the use of vancomycin [55,56].
The use of flavophospholipol, an antimicrobial used as a feed additive for livestock, was
shown to decrease the horizontal transfer of vanA among animals [57].

3.3. Macrolides Resistance Genes

ermB

The ermB gene confers resistance to macrolides, lincosamides, and streptogramins.
ermB encodes a methyltransferase that causes ribosomal methylation, resulting in reduced
susceptibility to macrolides [58]. In a study that examined the presence of the ermB gene in
62 clinical isolates of erythromycin-resistant S. pneumoniae, ~60% of which carried ermB [59].

3.4. Fluoroquinolones Resistance Genes

Fluoroquinolones are broad-spectrum antibiotics that are generally well tolerated due
to their high oral bioavailability and large volume of distribution [60]. The most frequently
used fluoroquinolones include ciprofloxacin, levofloxacin, norfloxacin, and ofloxacin [61].
Fluoroquinolones target bacterial type II topoisomerases and convert them into cellular
toxins [62]. Resistance against fluoroquinolones emerged mainly due to mutations in
genes encoding subunits of DNA gyrase and topoisomerase IV and in genes that affect the
expression of diffusion channels as well as multidrug-resistance efflux systems [63].

Qnr genes

Plasmid-mediated quinolone resistance is mediated by the qnr genes, composed of
the major groups qnrA, qnrB and qnrS. qnrA was the first plasmid-mediated quinolone-
resistance gene that was identified in a clinical strain of K. pneumoniae isolated in 1998 [46].
qnrB and qnrS have subsequently been observed in other enterobacterial species, including
E. coli, Enterobacter spp., Salmonella spp., and K. pneumonia [64]. In a study that sought to
identify the prevalence of qnr genes among E. coli isolated from UTIs of patients in Iran,
<90% of isolates tested positive for qnrS by PCR, and ~60% of isolates were resistant to
nalidixic acid, a quinolone antibiotic [65].

4. Ways to Mitigate Antimicrobial Resistance

Antibiotics have been in use since the early twentieth century and are the most
commonly prescribed drugs today. Over the course of the past several decades, however,
bacteria have developed AR mechanisms that have led to an ongoing arms race. The rising
trend of AR amplifies morbidity, mortality, and economic burden associated with bacterial
infections. In addition, the overuse of antibiotics drives the evolution of resistance, as
studies have demonstrated a direct relationship between the use of antibiotics and the
emergence of resistant bacteria strains [66]. Inappropriate prescribing also significantly
contributes to resistant bacteria; incorrect diagnoses or drug regimens were reported in as
many as 30% to 50% of cases [67]. In the treatment of uncomplicated UTIs, for example,
clinicians often prescribe long-course broad-spectrum antibiotics when only a short course
of narrow-spectrum antibiotics is needed [68]. Thus, more conscious prescribing practices
are needed among healthcare workers to improve the global burden of AR. Another major
contributor to AR is the prophylactic use of antibiotics in animal husbandry. AR genes
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have been repeatedly shown to jump the species barrier and enter human food sources,
which has introduced new resistant bacterial strains [69]. To better regulate this, the World
Health Organization (WHO) made the global recommendation to stop the preemptive
use of antibiotics in livestock [70]. Collectively, the adoption of these mitigation strategies
would significantly improve the incidences of AR bacteria.

In addition to changes in antibiotic regimens and animal husbandry practices, methods
to better identify bacterial genes that confer AR are necessary. The management of bacterial
infections in clinical settings, at a minimum, requires accurate detection of antimicrobial
resistance in order to guide treatment decisions. Identification of bacterial species alone
cannot predict antibiotic susceptibility, which mandates the need for rapid and reliable
diagnostic tools to identify AR genes. The preferred method of AR detection by clinical
laboratories is culture-based antimicrobial susceptibility testing (AST). However, AST re-
quires a 48–72 h turnaround after specimen collection and is limited to the antimicrobial
agents that are included in the panel [71]. These limitations often result in inaccuracies
related to antimicrobial susceptibility, which can consequently lead to poor clinical out-
comes. One method to counteract this is to apply whole genome sequencing (WGS) for
AST (WGS-AST). WGS-AST offers the promise of fast, consistent, and accurate predictions
of every known resistance phenotype for a strain [72]. However, while WGS provides
significantly more information about bacterial genomes, there is not always phenotypic
validation of predictive markers, which leads to poor clinical correlations. Further, costs
associated with whole genome sequencing across all patients in a healthcare system will
likely be prohibitive. Methods based on polymerase chain reactions (PCR) are effective
in identifying known AR genes in a short period of time. PCR is one of the most efficient
and rapid molecular tools for the identification and quantification of bacterial AR genes.
However, routine surveillance or PCR testing for antibiotic resistance genes among many
uropathogens, such as P. aeruginosa, is not regularly practiced. Several studies have suc-
cessfully implemented multiplexed PCRs to simultaneously detect several classes of AR
genes from clinical specimens [73–75]. Given their cost-effectiveness, ease of use, and rapid
turnaround times, multiplexed PCRs provide an excellent diagnostic tool that can assist in
determining optimal clinical treatments. Finally, DNA microarrays are an effective method
to detect many genes simultaneously in a short time. Numerous microarrays for resistance
detection in different species and genera of bacteria have been successfully utilized for
clinical specimens [76–78]. The limiting factor of diagnostic PCRs and microarrays is only
being able to detect known AR genes using designated primers and probes, but these
technologies still offer a great deal of valuable information in a short period of time.

5. Conclusions

Antibiotic resistance (ABR) genes exist, thrive, and spread in both nature and humans.
Selective pressures imposed by the overuse and misuse of antibiotics aggravate the dissem-
ination of virulent bacterial genes that promote resistance. To alleviate this global burden,
clinicians must be more cognizant about prescribing the appropriate treatments at optimal
dosages. In the case of UTIs, clinicians should prescribe less broad-spectrum antibiotics
when necessary and, in some cases, not prescribe any antibiotics when they are not needed.
The use of prophylactic antibiotics in animal livestock must also be decreased to reduce
the rapid spread of AR genes. Many AR genes are carried on plasmids, and the ease of
conjugative transfer of plasmids allows fast and efficient spread, even across species. In
addition, commonly occurring AR genes that encode enzymes such as β-lactamases present
many clinical hindrances and force us to constantly develop more antibiotics, each more
extreme than the last. As described in Table 1, diagnostic screening of AR genes, such as
those that encode ESBLs, mecA, and qnr variants via multiplexed PCR or DNA microarrays,
is necessary for the determination of the appropriate drug regimens. These methods are
also the least financially onerous in hospital settings, do not require extensive training, and
provide information that will be used to improve clinical outcomes, which will ultimately
better the healthcare landscape and contribute towards antibiotic stewardship.
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The incorporation of machine learning technologies for the identification and pre-
diction of antibiotic resistance and susceptibility is on the horizon. Given that plasmid-
mediated transfer of ABR genes can transfer between pathogens, machine learning may
enable early detection and identification of recurrent UTI infections, novel ABR genes, an-
tibiotic resistance drug profiles, drug avoidance protocols, emerging infectious pathogens,
higher risk of disease within certain patient populations, discrete patterns of resistance
that may signal global concern, innate metabolic profiles within patients, immunogenicity
and drug metabolism profiles. Since antibiotic resistance and stewardship are predicated
on the detection of ABR genes, understanding the incidence, frequency and distribution
for global public health is important to combat the evolution of ABR genes. In addition,
the development of novel antibiotics to prevent the accumulation of ABR mechanisms
will be important. Future work may include exploratory analysis for predictions of infec-
tious states in UTIs based on ABR gene detection in addition to novel drug discovery for
antibiotic targets.

Considerations of the polymicrobial nature of UTIs further enhance the gene transfer
mechanisms within genera and species of pathogens. Traditionally, UTI diagnostics in-
volve urine culture followed by AST and minimum inhibitory concentration (MIC) testing.
However, we know now that the polymicrobial nature of UTIs can potentially explain the
recurrent nature of antibiotic-resistant pathogens, given that pathogens are able to share
metabolites. Therefore, products of antibiotic resistance genes (inclusive of the genes via
plasmids and mobile genetics elements) can create a complex architecture of resistance
mechanisms that may confound clinician-guided treatment decisions. A thorough under-
standing of the ABR genes that are involved can help in treatment decisions of current
infectious states while enabling predictive and preventative insights for future infections.
Rapid and early detection of ABR genes is important, especially to guide antibiotic drug
avoidance protocols whereby the clinician can avoid overprescription practices of antibi-
otics that will have no meaningful effect due to resistance. Enabling the stratification of
ABR genes can further allow clinicians to take targeted therapeutic antibiotic approaches
as opposed to broad-spectrum treatments. Overall, this increases the precision medicine
aspects of antibiotic administration while incorporating judicious antibiotic stewardship
practices. In addition to diagnostic models, it is equally important to implement routine
monitoring paradigms to track the evolution of antibiotic resistance over time. Future work
will explore targeted and massively multiplexed detection of antibiotic resistance genes
that cover a wide variety of antibiotic classes via a rapid molecular diagnostic assay for
UTI patient stratification. Such work will benefit clinician decision-making to implement
targeted antibiotic therapy practices and clinical stratification of the various segments
within complicated vs. uncomplicated UTIs and symptomatic vs. asymptomatic UTIs. Col-
lectively, ABR gene detection is important for both diagnostics and monitoring in multiple
infectious disease models.
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