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Abstract: This systematic review aimed to sum up the evidence gathered by molecular biology
methods on the transmission of bacterial clones from sinks/sink drains environmental sources to
intensive care unit (ICU) patients. Forty-five reports meeting inclusion/exclusion criteria were
identified. Most were retrospective cohort studies on Gram negative multidrug resistant bacteria,
with P. aeruginosa and S. marcescens being the most frequent species (26.7% and 17.8% of the studies,
respectively). The reports using pulse field gel electrophoresis were the most numerous (44.4%) and
found a common clone between clinical and sink/sink drains isolates in 80% of the cases. Over the
last 5 years, the use of whole genome sequencing became more frequent and linked sink/sink drains
isolates to clinical ones in 50% of the cases. Precise positivity timelines mostly pointed towards a
patient-to-sink/sink drain transmission while only 8 reports provided back up for the sink/sink drain-
to-patient. To better appraise the role of sinks/sink drains as a reservoir for nosocomial acquisition of
bacteria in ICU, future reports should strive to give a precise timeline for the retrieval of isolates as
well as the cut-off criteria used to assign isolates to a given clone (information lacking in 66.7% and
42.2% of the studies, respectively).

Keywords: sink; sink drain; bacterial dissemination; hospital acquired infection; outbreak; intensive
care unit; molecular typing; pulse field gel electrophoresis; rep-PCR; whole genome sequencing

1. Introduction

Patients hospitalized in intensive care units (ICUs) are acknowledged as having a
higher risk of healthcare-associated infections (HAIs) than other patients [1,2]. This higher
risk has been linked with multiple risk factors such as length of stay, inadequate and/or
long-term antibiotic administration, assisted-ventilation, or catheters [3,4]. Moreover, those
HAIs are often caused by multidrug resistant (MDR) bacteria, leading to struggles in
efficiently tackling those infections in already critically ill patients and even sometimes
to therapeutic dead-ends [1,5]. It is therefore of utmost importance to better understand
how bacterial HAIs are acquired by ICU patients to try and prevent their occurrence. Two
main routes of contamination are classically described: (i) autoinfection where patients
are contaminated by bacteria they themselves brought in the healthcare facility (in their
intestinal or nasal microbiota, for example) and (ii) cross-contamination where bacteria
are acquired directly or indirectly from other patients, healthcare workers, the environ-
ment, and/or medical devices [6]. Regarding cross-contaminations, recommendations
and guidelines have been published worldwide to mitigate this known route of transmis-
sion, especially through hand hygiene good practices [6,7]. However, direct or indirect
cross-contamination via the environment (e.g., through water, air, or high-touch surfaces)
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is not so readily recognized as an important transmission route [8]. Amongst possible
environmental sources of contamination, sinks and more specifically sink drains have been
pointed out but their role is still debated [9,10]. One of the major hurdles in assessing
the importance of this contamination source is the ability to assign bacteria isolated from
patients and the presumed environmental source to a same bacterial clone and, taking
into account the chronology, establish a cause-effect link. Phenotypic characters, including
antibiotic resistance profiles, are not discriminatory enough to ascertain that isolates belong
to a same clone, as previously demonstrated [11]. Molecular biology techniques are more
suited to this purpose. The most frequently used mainly rely on (i) comparison of DNA
electrophoretic profiles obtained from either native/restriction enzyme-treated DNA (e.g.,
Restriction Endonuclease Analysis, Pulsed-Field Gel Electrophoresis), or PCR amplified
DNA (e.g., Random Amplified Polymorphic DNA, Repetitive element palindromic-PCR)
and (ii) partial (MultiLocus Sequence Typing) or complete (Whole Genome Sequencing)
genome sequencing of the isolates followed by comparison of sequences against online
databases and/or between isolates. This review therefore analyzed the available data
on HAIs (especially outbreaks) in ICUs linking an environmental “sink” source to in-
fected patients through molecular biology methods to help clarify the importance of this
contamination source.

2. Materials and Methods

This systematic review was performed according to the PRISMA guidelines [12] using
Pubmed, EMBASE, and LILACS databases. As this work did not perform a systematic
assessment of human intervention clinical trials or a meta-analysis per se, it was not regis-
tered online in a repository. The search strategy was (“sink” [All fields]) AND (“intensive
care unit” [All fields]) AND (“outbreak” [All fields]). Original studies were eligible if
published between 1 January 1990 and 30 November 2021. The search was last run against
the databases on 29 December 2021. The other inclusion criteria were: any type of study de-
sign (randomized clinical trials, cohort studies, case-control studies, observational studies,
outbreak investigations) and use of a molecular biology technique to attribute a bacterial
isolate to a given clone. Studies with an English abstract were eligible when published
in English, French, or Spanish. Publications were not eligible if they consisted in reviews,
commentaries and other opinion papers, reported on outbreaks of viral, fungal, or parasitic
pathogens, were held in healthcare settings other than ICUs or did not include a molecular
biology technique for the identification of bacterial isolates at the clonal level. The primary
outcome is the identification of the same clone in environmental sink samples (sink, sink
drain, sink trap, sink bowl, sink tap/faucet) and in patient samples. The secondary outcome
is the chronology between retrieval of isolates from environmental and clinical samples.

After retrieval of results from database searches, each reviewer independently screened
the papers on the basis of the title and abstract to see if they could answer the purpose
of this review. Discrepancies in the list of papers to be included in the full-text article
evaluation were then discussed and a common final decision was taken. Similarly, the list
of selected studies was also jointly reappraised after reading the full texts of those full-texts.

The following information were sought and registered whenever available: type of
study, type of ICU (neonatal/pediatric intensive care unit (NICU/PICU) or adult intensive
care unit), species of bacteria involved, molecular biology technique used for the typing of
isolates and decision criteria to attribute strains to a clone, sampling chronology, number
of clinical samples included, number of environmental samples included, length of the
outbreak, and mitigation interventions.

3. Results
3.1. Identification and Selection of Studies

Once the selection process was completed, 45 full-text entries were included in the
analysis (Figure 1). An increase in the number of papers published on this subject is
observed, with the last decade being the most prolific (Figure 2).
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Figure 2. Number of published papers reporting molecular biology identification of bacterial isolates
retrieved from clinical and sink samples in ICUs. The dotted red line represents the computed trend
curve of the number of publications over the 1990–2021 period.

Most of these studies were observational, retrospective, and monocentric, being held
after an outbreak (35/45, 77.8%) (Table 1). Only a few were fully prospective (5/45,
11.1%) [11,13–16] and a single retrospective cohort study was bicentric (2.2%) [17]. One
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report did not include sufficient information to categorize the study design [18] while three
others mixed retrospective with prospective acquisition of data [9,19,20].

3.2. Main Characteristics of the Selected Studies

These characteristics are summarized in Table 1. Overall, 16 studies (35.6%) were held
in NICU/PICU. Their durations ranged from 2 weeks [17] up to 11 years [21].

Table 1. Main characteristics of the studies included in the review.

Reference Setting Type of
Study

Duration
(Outbreak and/

or Study)

Molecular Biology
Technique(s)

Species/Group of
Species Investigated

McGeer et al. [11] NICU 1 Prospective 8 months REA 1 Serratia marcescens

Orr et al. [22] ICU 1 Retrospective 19 days Pyrolysis Mass
Spectrometry

Stenotrophomonas
maltophilia

Döring et al. [13] ICU 1 Prospective 3 months Exotoxin A DNA
probe Pseudomonas aeruginosa

Kerr at al. [23] ICU 1 Retrospective 3 months RAPD 1 Pseudomonas aeruginosa

Verweij et al. [24] NICU 1 Retrospective 3 months RAPD 1 Stenotrophomonas
maltophilia

Su et al. [25] PICU 1 Retrospective Not provided
Infrequent restriction

site PCR 1

PFGE 1
Klebsiella pneumoniae

Hoque et al. [26] NICU 1 Retrospective 21 months PFGE 1 Elizabethkingia
meningoseptica

van Dijk et al. [27] NICU 1 Retrospective 11 months AFLP 1

Rep-PCR 1 Enterobacter cloacae

Wagenlehner et al. [18] ICU 1 Retrospective 19 months PFGE 1 Enterobacter spp.

Milisavljevic et al. [17] NICUs 1 Retrospective 2 weeks (NICU 1 A)
1 month (NICU 1 B) PFGE 1 Serratia marcescens

Kac et al. [28] ICU 1 Retrospective 16 months RAPD 1 ESBL 1-producing
enterobacteria

Maragakis et al. [29] NICU 1 Retrospective 5 months PFGE 1 Serratia marcescens
Hota et al. [30] ICU 1 Retrospective 28 months PFGE 1 Pseudomonas aeruginosa

LaForgia et al. [31] ICU 1 Retrospective 10 months REA 1 Acinetobacter baumannii
Longtin et al. [21] PICU 1 Retrospective 30 months PFGE 1 Pseudomonas aeruginosa

Lucero et al. [32] NICU 1 Retrospective 12 months Rep-PCR 1 Burkholderia cepacia
complex

Guleri et al. [33] ICU 1 Retrospective 5 months Variable Number
Tandem Repeat Pseudomonas aeruginosa

Diederen et al. [34] ICU 1 Retrospective 61 months
Unspecified

molecular biology
typing

Pseudomonas aeruginosa

Maltezou et al. [35] NICU 1 Retrospective 34 months PFGE 1 Serratia marcescens
Lowe et al. [36] ICU 1 Retrospective 54 months PFGE 1 Klebsiella oxytoca

Starlander et al. [37] ICU 1 Retrospective 7 months PFGE 1 Klebsiella pneumoniae
Kotsanas et al. [38] ICU 1 Retrospective 33 months PFGE 1 CPE 1

Landelle et al. [39] ICU 1 Restrospective 17 months PFGE 1 Acinetobacter baumannii
Vergara-Lopez et al. [40] ICU 1 Retrospective 33 months PFGE 1 Klebsiella oxytoca

Wendel et al. [19] ICU 1 Retro- &
Prospective 11 years MLST 1 Pseudomonas aeruginosa

Davis et al. [41] PICU 1 Retrospective 4 months Rep-PCR 1

WGS 1 Pseudomonas aeruginosa

Umezawa et al. [42] ICU 1 Retrospective 1 month Rep-PCR 1

MLST 1 Acinetobacter baumannii

Zhou et al. [14] ICU 1 Prospective 8 months PFGE 1 Pseudomonas aeruginosa
Salm et al. [43] ICU 1 Retrospective 28 months Rep-PCR Pseudomonas aeruginosa

De Geyter et al. [44] ICU 1 Retrospective 8 months PFGE 1 CPE 1
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Table 1. Cont.

Reference Setting Type of
Study

Duration
(Outbreak and/

or Study)

Molecular Biology
Technique(s)

Species/Group of
Species Investigated

Herruzo et al. [45] NICU 1 Retrospective 5 months Rep-PCR 1 Klebsiella oxytoca

Cantero et al. [46] ICU 1 Retrospective 6 weeks PFGE 1 Chryseobacterium
indologenes

Regev-Yochay et al. [47] ICU 1 Retrospective 17 months PFGE 1 Serratia marcescens

Martischang et al. [48] ICU 1 Retrospective 2 consecutive
summers WGS 1 Serratia marcescens

Eveillard et al. [9] ICU 1 Retro- &
Prospective 5 years PFGE 1 Klebsiella pneumoniae

Avaness et al. [49] ICU 1 Retrospective 3 months Plasmid analysis CPE 1

Jung et al. [50] ICU 1 Retrospective 6 months PFGE 1 CPE 1

Yeo et al. [51] NICU 1 Retrospective 4 months Rep-PCR 1

WGS 1 Serratia marcescens

de Man et al. [52] ICU 1 Retrospective 10 months WGS 1 CPE 1

Qiao et al. [15] ICU 1 &
NICU 1 Prospective 6 months WGS 1 Klebsiella oxytoca &

Klebsiella pneumoniae
Lemarié et al. [16] ICU 1 Prospective 12 months PFGE 1 CPE 1

Gideskog et al. [53] ICU 1 Retrospective 1 month WGS 1 Stenotrophomonas
maltophilia

Blanc et al. [20] NICU 1 Retro- &
Prospective 4 months WGS 1 Pseudomonas aeruginosa

Catho et al. [54] ICU 1 Retrospective 31 months WGS 1 Pseudomonas aeruginosa
Bourdin et al. [55] NICU 1 Retrospective Not provided HiSST 1 Serratia marcescens

1 Abbreviations used in this table: AFLP = Amplified Fragment Length Polymorphism; CPE = Carbapenemase-
Producing Enterobacteria; ESBL = Extended Spectrum Beta-Lactamase; HiSST = High-throughput Short Sequence
Typing; ICU = Intensive Care Unit (adults); MLST = MultiLocus Sequence Typing; NICU = Neonatal Intensive
Care Unit; PCR = Polymerase Chain Reaction; PFGE = Pulsed-Field Gel Electrophoresis; PICU = Pediatric
Intensive Care Unit; RAPD = Random Amplified Polymorphic DNA; REA = Restriction Endonuclease Analysis,
Rep-PCR = Repetitive element palindromic-PCR; WGS = Whole genome sequencing ± in silico MultiLocus
Sequence Typing.

3.3. Risk of Bias and Quality Assessment of the Selected Studies

No readily available tool for assessment of risk of bias and quality, be it a scale or
a check list, was found that could match this systematic review purpose, which focused
on molecular biology investigation of bacterial isolates. Therefore, a simple checklist
including four criteria deemed essential for a valid use of molecular biology techniques
and establishing a link between clinical and environmental (sink/sink drains) isolates was
set up to assess the quality of studies included in this review (Table 2). The study design
was also included to account for risk of bias inherent to each one of the study designs. An
overall quality score was then calculated, the maximum score value being of 7 (Table 2).
The median quality score calculated was of 3 and scores ranged between 1 and 6. The
quality score was classified as low for 42.2% (19/45), fair for 46.7% (21/45), and good for
11.1% (5/45) of the studies, respectively (Table 2).

3.4. Bacterial Species Involved

Reports on enterobacteria were the more numerous, representing 57.8% (26/45) of the
studies analyzed while the 21 remaining reports dealt with Gram negative non-fermentative
bacteria (Table 3). No studies linking Gram positive bacteria outbreaks to sinks/sink drains
were retrieved with the search strategy employed for this review. At the species level,
Pseudomonas aeruginosa garnered the most reports (12) followed by Serratia marcescens (8)
(Table 3).
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Table 2. Quality assessment of the included studies regarding timeline and molecular biology
technique reporting.

Reference Study Design 1

Precise
Clinical and

Environ-
mental

Positivity
Timeline 2

Molecular
Biology

Technique
Cut-Off

Threshold
Provided 2

Molecular
Biology

Analysis of
All Isolates
Reported 2

External
Control

Strain(s) 2

Overall
Score 3

McGeer et al. [11] Prospective 1 0 0 0 4
Orr et al. [22] Retrospective cohort 0 1 0 1 3

Döring et al. [13] Prospective 1 0 0 0 4
Kerr at al. [23] Retrospective cohort 0 1 1 1 4

Verweij et al. [24] Retrospective cohort 1 1 1 1 5
Su et al. [25] Retrospective cohort 0 1 1 1 4

Hoque et al. [26] Retrospective cohort 1 0 0 0 2
van Dijk et al. [27] Retrospective cohort 0 0 0 1 2

Wagenlehner et al. [18] Retrospective cohort 0 1 0 1 3
Milisavljevic et al. [17] Retrospective cohort 0 1 1 0 3

Kac et al. [28] Retrospective cohort 0 1 1 0 3
Maragakis et al. [29] Retrospective cohort 0 1 0 0 2

Hota et al. [30] Retrospective cohort 0 0 0 0 1
LaForgia et al. [31] Retrospective cohort 1 1 0 0 3
Longtin et al. [21] Retrospective cohort 0 1 0 0 2
Lucero et al. [32] Case-control 0 1 0 0 3
Guleri et al. [33] Retrospective cohort 0 0 0 0 1

Diederen et al. [34] Case-control 0 0 0 0 2
Maltezou et al. [35] Case-control 0 1 1 0 4

Lowe et al. [36] Retrospective cohort 0 0 1 0 2
Starlander et al. [37] Retrospective cohort 0 0 0 0 1
Kotsanas et al. [38] Retrospective cohort 0 1 0 0 2
Landelle et al. [39] Retrospective cohort 1 0 0 0 2

Vergara-Lopez et al. [40] Retrospective cohort 1 0 0 0 2
Wendel et al. [19] Retrospective cohort 4 1 1 0 0 3
Davis et al. [41] Retrospective cohort 1 1 0 0 3

Umezawa et al. [42] Retrospective cohort 0 1 1 0 3
Zhou et al. [14] Prospective 1 1 1 0 6
Salm et al. [43] Case-control 0 1 1 0 4

De Geyter et al. [44] Retrospective cohort 0 0 0 0 1
Herruzo et al. [45] Retrospective cohort 1 0 1 0 3
Cantero et al. [46] Retrospective cohort 0 0 0 0 1

Regev-Yochay et al. [47] Retrospective cohort 0 0 0 0 1
Martischang et al. [48] Retrospective cohort 0 0 0 0 1

Eveillard et al. [9] Retrospective cohort 4 0 1 0 0 2
Avaness et al. [49] Retrospective cohort 0 0 0 0 1

Jung et al. [50] Case-Control 1 0 0 0 3
Yeo et al. [51] Retrospective cohort 1 1 1 1 5

de Man et al. [52] Retrospective cohort 0 0 0 1 2
Qiao et al. [15] Prospective 1 1 1 0 6

Lemarié et al. [16] Prospective 0 1 1 0 5
Gideskog et al. [53] Retrospective cohort 0 1 1 0 3

Blanc et al. [20] Retrospective cohort 4 0 1 1 0 3
Catho et al. [54] Retrospective cohort 1 1 0 1 4

Bourdin et al. [55] Retrospective cohort 0 1 0 1 3

Overall reporting
frequency

33.3%
(15/45) 57.8% (26/45) 35.6%

(16/45)
22.2%
(10/45)

1 Scores for designs were 3 for prospective studies, 2 for case-control studies, and 1 for retrospective cohort studies.
2 For each item, a “yes” answer was scored 1 and a “no” answer scored 0. 3 The overall score was calculated by
adding up the scores obtained for individual criteria, with a possible maximum value of 7. A study report was
evaluated as of (i) good quality for an overall score ranging from 5 to 7, (ii) fair quality for overall scores of 3 or 4 and
(iii) low quality for scores ranging from 0 to 2. 4 Prospective acquisition of data was also carried out in these studies.
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Table 3. Bacterial species/groups found in HAIs with a possible sink origin.

Group/Species Antibiotic Resistance Profile Possible Link 1,2 No Proven Link 2

Non-fermentative
Gram-negative bacteria

Acinetobacter baumannii
MDR 3 REA 3 [31] -

PFGE 3 [39] -
AM, CIP 3 MLST 3 & Rep-PCR 3 [42] -

Burkholderia cepacia
complex Not reported Rep-PCR [32] -

Chryseobacterium indologenes Not reported PFGE [46] -
Elizabethkingia meningoseptica MDR PFGE [26] -

Pseudomonas aeruginosa

Not reported

Intrinsic resistance only

Exotoxine A DNA probe [13]
PFGE [14]

RAPD 3 [23]
PFGE [21]

Rep-PCR & WGS 3 [41]

-

WGS [20]

GIM 3-1 carbapenemase MLST [19] -

MDR PFGE [30]
Rep-PCR [43]

Variable number
tandem-repeat [33]

VIM 3 carbapenemase WGS [54] Unspecified molecular typing
method [34]

Stenotrophomonas maltophilia Susceptible to TMP-SFX 3 WGS [53] WGS [53]

Not reported RAPD [24] Pyrolysis mass spectrometry
[22]

Enterobacteria OXA 3-48 carbapenemase - PFGE [16]
VIM carbapenemase - WGS [52]

Carbapenemase-producing PFGE [50] PFGE [38,44]
Plasmid analysis [49]

ESBL 3 RAPD [28] -
Citrobacter freundii OXA-48 carbapenemase PFGE [44] -
Enterobacter spp. Variable PFGE [18] -

Enterobacter cloacae ESBL - Rep-PCR [27]
Klebsiella oxytoca VIM carbapenemase - Rep-PCR [45]

IMP 3-8 carbapenemase PFGE [40] -
Carbapenem-resistant WGS [15] -

ESBL PFGE [36] -
Klebsiella pneumoniae OXA-48 carbapenemase PFGE [9] -

Carbepenem-resistant WGS [15] -
ESBL PFGE [37] -

Variable PFGE [25]

Serratia marcescens

Not provided HiSST [55] Rep-PCR and WGS [51]
Intrinsic resistance only PFGE [35] PFGE [29]

MDR - PFGE [17]
Variable REA [11] WGS [48]

OXA-48 carbapenemase PFGE [47] -
1 A link was considered as possible when the same genotype/clone was isolated from at least a clinical sam-
ple and a sink sample. 2 The method used to assign isolates to a clone is specified for each reference in the
column. 3 Abbreviations used in this table: AM = Amikacin, CIP = Ciprofloxacin, ESBL = Extended-Spectrum β-
Lactamase, GIM = German Imipenemase, HiSST = High-throughput Short Sequence Typing, IMP = Imipenemase,
MDR = Multidrug Resistant, MLST = MultiLocus Sequence Typing, OXA = Oxacillinase, PFGE = Pulsed-
Field Gel Electrophoresis, RAPD = Random Amplified Polymorphic DNA, REA = Restriction Endonucle-
ase Analysis, Rep-PCR = Repetitive element palindromic-PCR, TMP-SFX = Trimethoprim-Sulphamethoxazole,
VIM = Verona Integron-Encoded Metallo-β-Lactamase, WGS = Whole genome sequencing ± in silico MultiLocus
Sequence Typing.

3.5. Molecular Typing Methods Used for Attribution of Bacterial Isolates to Clones
3.5.1. Random Amplified Polymorphic DNA (RAPD)

Three (6.7%) studies reported results using this method [23,24,28]. It was used to dis-
criminate strains belonging to P. aeruginosa [23] and Stenotrophomonas maltophilia species [24]
while the last work focused on extended spectrum beta-lactamase (ESBL) producing en-
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terobacteria and used RAPD to discriminate Citrobacter freundii isolates. The criteria to
distinguish between clones were not similar in two of the studies: while one attributed
isolates to a single clone when RAPD profiles showed a difference of less than three
bands [28], the other stated that genotypes were characterized as identical (identical band-
ing pattern), highly related (one mismatch in banding pattern) or unrelated (two or more
mismatches) [24]. The third report did not specify their strategy to assign isolates to
clones/genotypes [23].

3.5.2. Restriction Endonuclease Analysis (REA) and Pulse Field Gel Electrophoresis (PFGE)

REA and PFGE were used to assign bacterial isolates to clones in 22 out of the 45 studies
analyzed (48.9%). REA was used in only two studies on S. marcescens and Acinetobacter
baumannii, respectively [11,31]. No cut-off for discriminating between clusters/clones was
provided in the first one [11] while the second proposed a similarity index of at least 90%
to attribute two isolates to a same clone [31]. PFGE was used in 20 studies on various
microorganisms (4 studies for S. marcescens; 3 for carbapenem-producing enterobacteria
and P. aeruginosa; 2 for Klebsiella pneumonia and K. oxytoca; 1 for Chryseobacterium indologenes,
C. freundii, A. baumannii, Enterobacter spp., Elizabethkingia meningoseptica and Burkholderia
cepacia complex, respectively). However, the cut-off criteria employed for the assignment
of an isolate to a clone could vary from one report to another. Nine papers directly or
indirectly reporting cut-off criteria referred to the ones proposed by Tenover et al. [56] with
strains classified as indistinguishable when restriction patterns show the same number
of bands with the same apparent sizes, closely related when a maximum difference of
three bands is registered, possibly related when a four to six band difference in patterns is
witnessed and unrelated when seven or more band differences are found. Three reports
either stated that isolates with identical profiles were part of a same clone [14], or used
a Dice index superior to 90% [39], or stated that Tenover criteria were too stringent for a
proper clonal assignment and used a biometric software instead without providing a cut-off
value [30]. The remaining reports did not present cut-off values [26,32,36,40,44,46,47,50].

3.5.3. Repetitive Element Palindromic-PCR (Rep-PCR)

Seven occurrences (15.6%) of its use were found in the analyzed studies, 2 for P. aerugi-
nosa typing [41,43] and one for each of the following species or complexes: S. marcescens [51],
K. oxytoca [45], A. baumannii [42], E. cloacae [27] and B. cepacia/B. cenocepacia complex [32].
Profile similarity percentages of 94% [51] or at least 95% [42,43] were set as cut-offs to
discriminate between clones. However, some of the reports only stated the name of the
software used to delineate clones [45] and/or did not specify the values they used for
cut-offs [27,32,41].

3.5.4. MultiLocus Sequence Typing (MLST)

Actual MLST (as opposed to in silico MLST following Whole Genome Sequencing, cf.
3.2.4.) was only reported twice for the attribution of P. aeruginosa [19] and A. baumannii [42]
isolates to Sequence Types (STs) previously described in existing MLST schemes.

3.5.5. Whole Genome Sequencing (WGS) and In Silico MLST

Nine of the more recent papers report the use of WGS. S. marcescens [48,51,55] and
P. aeruginosa [20,41,54] were each investigated in three studies while S. maltophilia [53], K.
oxytoca and K. pneumoniae [15] as well as VIM-producing enterobacteria [52] were each the
focus of one report. For this technique, the cut-off values to separate clones are expressed
as the number of Single Nucleotide Polymorphisms (SNPs) present between genomes. This
cut-off value can vary from one bacterial species to the other, depending on the estimated
genome mutation rate for each species. For example, Qiao et al. [15] chose a cut-off value of
21 SNPs to define isolates belonging to a same clone of K. pneumoniae while Yeo et al. [51]
validated an upper threshold of 6 SNPs for S. marcescens isolates to belong to a same clone.
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Core genome-sequencing also allows for the in silico determination of ST when an MLST
scheme exists, which has been performed in eightstudies out of nine studies.

3.5.6. Miscellaneous Techniques

Only one published occurrence was retrieved for several molecular typing techniques
such as: exotoxine A DNA probe [13], pyrolysis mass spectrometry [22], Variable num-
ber tandem-repeat (VNTR) molecular typing [33], and plasmid analysis [49]. Finally, a
new method named high-throughput short sequence typing (HiSST) and based on the
sequence differences obtained from three highly variable loci was recently described for S.
marcescens [55].

3.6. Link between Sink and Patients Isolates

As can be seen in Table 3, these different molecular typing techniques led to the
conclusion of a possible link between environmental and clinical isolates in 31 (68.8%) out
of the 45 studied papers. The study published by Gidesock et al. [53] reported that although
one S. maltophilia clone infecting patients could not be recovered from sink samples, the
other outbreak clone was isolated from a sink sample as well as one patient. This mixed
result generated 16 (35.6%) occurrences out of the 45 studied papers in which the outbreak
clone was not the same as the one isolated from a sink/sink drain sample. Among the most
frequently used molecular biology techniques, the attribution of environmental and clinical
isolates to the same clone was made in 80% (16/20) of the studies using PFGE while it was
only made in 50% (5/10) of the studies using WGS.

It is worth noticing that the chronology of isolation from environmental and patient
samples was not always clearly provided in the 31 studies with a clone found in common
in both types of samples (Tables 2 and 3). Most studies were retrospective and thus
implied that environmental sampling took place after the first isolates were cultured
from clinical samples, without further precision. They were therefore indicative of a
possible transmission of the bacterial clone from patients to sinks/sink drains but not
conclusive for a transmission occurring the other way around. Only eight studies were
prospective and/or provided precise sampling time-points and, based on the positive
sampling chronology, advocated for a possible transmission from sinks/sink drains to
patients [13–15,19,31,32,40,50]. Also, although not providing exact sampling times, Salm
et al. [43] as well as Diederen et al. [34] conducted retrospective case-control studies and
found that staying in a room with a colonized sink was independently linked with an
elevated risk for colonization or infection by a P. aeruginosa outbreak strain.

4. Discussion

Protracted and discontinuous outbreaks of MDR bacteria in absence of a temporal
overlap of clinical cases point to an environment-to-patient transmission rather than a
person-to-person contamination. Environmental investigations are therefore often per-
formed in such contexts. Sinks, sink drains and sink-associated surfaces are frequently
sampled in such investigations due to the propensity of some known bacterial species such
as P. aeruginosa and enterobacteria to persist in these wet environments [57–60]. Indeed, sink
drains in hospitals have long been known to harbor an abundant microbiota comprising
up to 103–105 CFU/mL Gram-negative rods, especially waterborne bacteria [61,62]. It is
noteworthy that although meticillin-resistant Staphylococcus aureus (MRSA) or Vancomycin-
Resistant Enterococci (VRE) outbreaks do occur in ICUs, none of the papers analyzed
in this review related to Gram-positive bacteria. Indeed, very few papers deal with the
contamination of sinks/sinks drains with Gram-positive bacteria as the main mode of
transmission of these pathogens is thought to be a person-to-person transmission [63,64].
However, environment-driven transmission has also already been described as possible for
both MRSA and VRE [65,66].

Going back to sink drains bacterial contamination, getting rid of a bacterial coloniza-
tion in sink drains, especially if the colonizing species is prone to develop biofilms, has
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been described as extremely difficult [16,36,47,60,67]. Nevertheless, the debate on the role
of such reservoirs in the dissemination of MDR bacteria in healthcare settings and their
implication in HAIs is still on-going, especially in patients with multiple risk factors such
as those housed in ICUs. The aim of this work was to review the evidence provided by
molecular biology techniques linking bacterial isolates from sinks/sink drains and ICU pa-
tient isolates. An acknowledged weakness of the chosen search strategy is the inclusion of
“outbreak” as a keyword. This would indeed skew the search results towards retrospective
studies carried out after an outbreak. However, as stated above, sampling the environment
in search of MDR bacteria is mostly done in such cases. In addition, we were still able to
retrieve a few prospective studies on the subject [11,13–16] through this strategy as well as a
couple of studies which started retrospectively but were prolonged prospectively [9,19,20].

In addition, the information harvested through this investigation enabled us to point
out several facts including the increase in recent reports over the subject (Figure 2) and
the changes in molecular typing methods occurring over time. PFGE was referred to as
the gold standard for clone discrimination from 2000 until the second part of the 2010s.
After a brief incursion into partial genome sequencing through the use of MLST, WGS
is currently taking the front place. This evolution is driven by the now lower cost of
sequencing provided by next generation sequencing techniques and the need for more
discriminatory methods. Apart from MLST, which relies on libraries/schemes available
online to attribute an isolate to a previously described Sequence Type (ST) or a new one,
most of these techniques rely on direct comparison between strains electrophoretic DNA
patterns or DNA sequences. From an epidemiological point of view, this once more raises
the recurring question of cut-off values to assign isolates to a same cluster for each of
these techniques. This parameter is critical and should be described in every study dealing
with the problematic at hands to allow readers to compare study results and make their
own opinion on the relatedness of isolates. Ideally, for a given technique, a consensus
cut-off should be reached and used by all works employing this method. This was partly
the case for PFGE in the 2000s–2010s era with the criteria proposed by Tenover et al. [57],
which were quite readily used by most investigators even though they were found too
discriminatory by others [30]. The issue of cut-off values remains topical with WGS. As
explained above, the number of SNPs indicative of distinct bacterial clones can vary from
one species to another, depending on the estimated genome mutation rate for each species.
This piece of information is therefore crucial for the reader. In this systematic review,
only 57.8% on the papers actually mentioned (directly or indirectly) a cut-off value. This
item was included on the checklist created to overcome another hurdle in this literature
search, i.e., the lack of a tool for quality/risk of bias assessment suitable for our purpose. In
addition to the study design and the reporting of cut-off values, we also included in this
checklist, the completeness of the undertaken molecular investigation (i.e., were all isolates
subjected to molecular typing), the inclusion of an outlier isolate/strain as an external
control and the precise reporting of positivity for environmental and clinical samples. As
for MLST, the cut-off value might not be the most suitable criterion but rather the precise
identification of the scheme used to attribute an isolate to a given ST. Indeed, previous
reports have shown discrepancies between MLST schemes available for a same bacterial
species [68], which could lead to errors when comparing results obtained in papers using
different MLST schemes.

Molecular techniques gave results in agreement with a possible patient-to-sink contam-
ination in about two-third of the reports included in this work. This result can either be seen
as over- or underestimated. On the one hand, the publication bias toward positive results
might lead to an overestimation of this proportion. On the other hand, one could argue
that it is not because sampling did not retrieve the epidemic clone(s) from the environment
that it was not present, hence an underestimation of this contamination route. Indeed,
enrichment of environmental samples was not performed and/or reported in most of the
papers studied. Also, incubation times of up to 10 days have been reported as necessary to
yield positive cultures from environmental samples [69], which is longer than incubation
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times employed in most of the included studies. Only 17.8% (8/45) of the studies provided
direct evidence of sink-to-patient transmission. The main hurdle to reach this conclusion
was a lack of positivity timeline reporting in most studies. Indeed, along with how isolates
are attributed to a same clone, the chronology of isolation is another fundamental crite-
rion to judge the transmission direction. To these eight studies, two case-control studies
could be added where staying in an ICU room with a contaminated sink/sink drain was
identified as a risk factor for acquisition of the given MDR bacterial strain [34,43]. Most
of the time, the sink-to-patient transmission is indirectly advocated for by the success
of mitigation strategies such as (i) tap water-free or waterless care [26,54], (ii) sink drain
decontamination with acetic acid or bleach [26,31,50], (iii) replacement of contaminated
sinks/sink drains [21,26,30,50], (iv) implementation of self-disinfecting sink drains to get
rid of bacterial contaminations [70,71], and (v) removal of sinks from ICUs [72].

Finally, the use of more discriminatory molecular biology techniques could remodel
the landscape of evidence gathered for sink/sink drains as a possible reservoir for outbreaks
of MDR bacteria in ICU. The percentage of studies successfully linking environmental
isolates with clinical ones has indeed been reduced from 80% using PFGE to 50% using
WGS. This decrease is not statistically significant (p = 0.1155, Fisher’s exact test) as is but
could become so with the addition of results from future studies using WGS to discriminate
bacterial clones.

To conclude, the molecular biology evidence gathered in this review quite clearly
underlines that ICU sink/sink drains can be contaminated by MDR bacteria originating
from patients. Whether they can serve as a reservoir for further dissemination to other
patients is less firmly established as most retrieved studies were carried out retrospectively
and/or did not provide a complete and precise timeline for positive isolates. Future
reports dealing with this topic should strive to provide the reader with this pivotal piece
of information. It could for example take the shape of a detailed calendar including the
retrieval date of each isolate, be it environmental or clinical. Along with the cut-off value
used for discriminating bacterial isolates, whatever the technique used, this would help in
comparing results from various origins and get a sharper and more solid image on the wet
environment-to-patient transmission in ICUs.
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