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Abstract

Hospital-acquired infections driven by ESKAPEE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, Enterobacter spp., and Escherichia coli) are highly prevalent. Premise plumbing,
sinks and drains, seeds these organisms into patient environments via aerosolization and
subsequent surface contamination. We measured viable ESKAPEE pathogens and overall
microbial communities in and around sinks in two high-burden hospitals in La Paz, Bolivia,
using culture and 16S rDNA sequencing. In a prospective observational study (May—August
2025), we collected 233 surface swabs and 39 air samples across four sink- related surface
categories and in room air. Samples were plated on selective media for ESKAPEE identification
and quantified as colony-forming units (CFU) normalized to 100 cm? or 6000 L. DNA was
extracted, and the full 16S rDNA gene was sequenced on PacBio Revio, analyzed via
DADA2/QIIME2 and R. We detected viable presumptive ESKAPEE pathogens in 74.7% surface
swabs and 74.4% air samples. Sink basins were most contaminated (mean 31CFU/100 cm?, 95 %
CI16-46); concentrations declined with distance from the drain. Klebsiella/ Enterobacter spp.
showed the highest mean concentration across samples; S. aureus was most frequently detected
(54.4% of samples). Hospital-specific differences were evident in culture positivity (Hospital A
85% vs. Hospital B 66.9%) and community composition (PERMANOVA P =0.001; sample
location explained 21.9% vs. 11.7% of variation). 16S profiling confirmed elevated relative
abundances of Klebsiella, Enterococcus, and Enterobacter in basins relative to distant surfaces
and air. The hospitals studied had high levels of ESKAPEE pathogens, underscoring the need for

control measures.

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.
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Introduction

Hospital Acquired Infections (HAIs) are a problem worldwide. Low- and Middle-Income
Countries (LMICs) bear even more of the burden compared to High Income Countries(1).
Antimicrobial Resistant (AMR) bacteria are a serious threat to public health, and many AMR
infections are amplified in healthcare facilities. A specific group of bacteria, the ESKAPEE
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, Enterobacter spp., and Escherichia coli) (2) are the

leading cause of HAIs, and are associated with high levels of multidrug resistance.

Premise plumbing, including sinks, basins, drains, and p-traps--the bend in a drain where water
stands--are reservoirs for ESKAPEE pathogens (3). Bacteria are seeded in the p-trap via liquid
disposal, and the conditions allow for multiplication (4). Sinks may present a risk of pathogen
transmission to patients, as multiple outbreaks have been traced to bacteria originating in sinks
(3, 5-19). Transmission from the drain is possible because when the faucet is turned on, the p-
trap water is mechanically agitated and bacteria are aerosolized, creating the potential for aerosol

transport that may result in inhalation or settling on surfaces and fomites (20).

The established sink transmission pathway presents a clear hazard in hospital settings,
particularly those in LMICs, where ESKAPEE pathogens are abundant. Bolivia is a country in
which there are many AMR HALIs, but the source of these infections is often unclear due to
limited surveillance and diagnostic capacity (21). Therefore, we sought to identify and quantify
the ESKAPEE pathogens in and around sinks in two Bolivian hospitals. We hypothesized that
ESKAPEE pathogens would be variably present in and around hospital sinks, detected by both

culture and 16S methods.
Methods
Setting and Design

We conducted a prospective observational study of ESKAPEE pathogens in and around sinks in
two hospitals in the metropolitan area of La Paz, Bolivia, where HAIs are highly prevalent (21,
22). Hospital A is smaller with a higher density, while Hospital B is larger, with more space for
separate patient care. Most of the sampled sinks were in common rooms and mostly used by

medical and cleaning staff. Our primary objective was to identify and quantify the ESKAPEE
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pathogen presence in and around hospital sinks, with some additional environmental samples
collected opportunistically. These samples were collected as a baseline for a disinfection

intervention in the two hospitals(23).
Sample Collection

Sample Collection and Processing. Within each hospital, we collected environmental samples

from patient rooms, preparation rooms, cleaning rooms, and reception spaces. We grouped the
swab sample locations in four distinct categories: (1) basin interior, the inside of the sink basin,
(2) sink surfaces, the remaining surfaces of the sink excluding the basin interior (e.g. sink
handles and sink edge), (3) near- sink surfaces, the surfaces less than 1m from the basin, and (4)
high touch surfaces, which were located more than 1m away from the sink and which the
hospital staff indicated is higher risk for pathogen transmission due to high contact. The area of

each sample varied but was measured and recorded. We collected air samples from each room.

Surface Samples. We swabbed each surface of interest with an Isohelix Swabs (Cat No. SK-3S),

pre-wet with sterile Dey-Engley (DE) Neutralizing Buffer (Cat No. D3435). Following sampling,
we eluted each swab into 1 mL of sterile DE Buffer and transported at 4°C until sample
processing. Upon receipt in the laboratory, we vortexed swabs for 30 seconds. From the eluate,
we plated 100 uL onto duplicate agar plates of CHROMagar Orientation (Cat No. RT412),
CHROMagar ESBL (Cat No. ESRT2), CHROMagar Acinetobacter (Cat No. AC092), and
CHROMagar Pseudomonas (Cat No. PS832). We incubated all agar media at 37°C for 24 hours,
except CHROMagar Pseudomonas at 30°C. From the remaining eluate we stored 500 pL in 2X
DNA/RNA Shield (Zymo, Cat No. R1200).

Air Samples. We collected air samples with the AirPrep Cub Sampler (Innovaprep, Drexel, MO)
for 30 min at 200 L min™'. We transported cassettes at 4°C until sample processing. Upon receipt
in the laboratory, we eluted bioaerosols from the cassette into 6 mL of InnovaPrep FluidPrep
EasyElute Elution Buffer (Cat No. HC08018-T). We added equal parts DE Neutralizing Buffer,
spun down to concentrate, and eluted the supernatant for a final volume of 1mL. We plated 100
uL of the concentrated sample onto duplicate agar plates of CHROMagar Orientation,
CHROMagar ESBL, CHROMagar Acinetobacter, and CHROMagar Pseudomonas as described
above. We incubated all agar media at 37°C for 24 hr, except CHROMagar Pseudomonas at
30°C. From the remaining eluate, we stored 500uL in 2X DNA/RNA Shield.
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Culture Analysis

Detection of ESKAPEE Pathogens by Culture. Following incubation, we examined agar plates

for Acinetobacter spp., E. coli, Enterococcus spp., Klebsiella/ Enterobacter spp., P aeruginosa,
and S. aureus based on colony color and morphology, as stated in manufacturer guidelines. We
recorded the CFUs and presence or absence of presumptive ESKAPEE pathogen for each swab
and air sample analyzed. The morphology of Klebsiella spp., Enterobacter spp. and Citrobacter
spp. are identical on CHROMagar Orientation and ESBL media. Therefore, any reference of

Klebsiella/ Enterobacter spp. via culture could presumptively be any one of the three genera.

Analysis was completed in R (v4.4.1). All surface samples were normalized to 100cm? while all
air samples are analyzed at the collected 6000 LPM. All means are arithmetic. Positivity rates are

a simple percentage of positive samples in each category.
Molecular Analyses.

Nucleic Acid Isolation. We transported eluates preserved in DNA/RNA shield at ambient

temperature to the laboratory at the University of North Carolina at Chapel Hill. We isolated
DNA from the samples using the ZymoBIOMICS DNA/RNA Mini Prep Kit (Zymo, Cat No.
R2002).

16S Library Preparation and Sequencing. We submitted isolated nucleic acids to the Duke

Microbiome Core Facility for library preparation and long-read sequencing of the full 16s rDNA
gene on PacBio. Total DNA extracted from each sample was quantified via Qubit and
normalized to 1ngul™ for each sample. 2ng of total DNA was subject to PCR amplification of the
full-length 16S rRNA gene as outlined in the PacBio Kinnex 16S kit (PacBio, Cat No. 103-072-
100), using Phusion Plus PCR Master Mix (Thermoscientific, Cat No. F631L), and 27F-1492R
universal primer set (5'-AGRGTTYGATYMTGGCTCAG-3' and 5'-
RGYTACCTTGTTACGACTT-3", respectively) containing unique barcodes and Kinnex adaptors
at a final concentration of 0.3uM. The cycling conditions were: 30 seconds at 98°C; 30 cycles of
denaturation at 98°C for 10 seconds, annealing at 57°C for 20 seconds, and extension at 72°C for
75 seconds; a final extension at 72°C for 5 minutes.

Completed PCR reactions were visualized on an E-Gel (Invitrogen) to ensure that amplicon size

was correct (~1500bp), and that each sample amplified appropriately. Amplicon libraries were
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subsequently pooled at different volumes based on gel band intensity (0.5, 1.25, 2.5, 5, or 10ul
per reaction). Each library pool was cleaned and concentrated using 1.1x volume of SMRTbell®
cleanup beads (PacBio, Cat No. 103-306-300) and eluted in 100ul of Low TE Elution Buffer
(PacBio, Cat No. 102-178-400). Cleaned libraries were stored at -20°C prior to Kinnex PCR for
concatenation and circularization, performed according to the PacBio Kinnex 16S kit’s published
protocol with no modifications. Size selected and cleaned libraries were loaded onto a PacBio
SMRT® Cell and sequenced on the Revio system (PacBio) in the Duke Sequencing and

Genomic Technologies Shared Resource.

16S Analysis. We analyzed demultiplexed reads of the 16S rRNA amplicon sequencing with
DADA? and QIIME2 following the developers’ instructions (24). We performed denoising,
dereplication, ASV inference, and chimera removal with DADA2 PacBio long reads
pipeline(25). We assigned taxonomy with QIIME2 feature classifier using the GTDB database
(release 220). We normalized taxonomic abundance to correct for different sequencing depth as
previously described (26). We performed statistical analyses with R (4.3.1). We computed beta-
diversity using Bray-Curtis dissimilarity and visualized with principal coordinates analysis
(PCoA) using R function ‘capscale’ in the package ‘vegan’. We analyzed the differences in
microbial community profiles between groups with PERMANOVA test using function ‘adonis2’
in the same package with 999 permutations. We used the Shannon index for analyzing alpha-
diversity. We analyzed differential abundance of individual taxa between groups using non-
parametric Wilcoxon rank sum test. We corrected p-values for multiple hypothesis testing using

the Benjamini-Hochberg method.
Results
Microbial Culture

Between May 2025 and August 2025, we collected a total of 272 samples in two hospitals during
12 separate sampling episodes. Of these samples, 39 were air samples, 233 were surface swabs.
Surface swab samples were one of four locations: sink basin (n=37), sink surfaces (n=89), near-

sink surfaces (n=39), and high touch (n=68).

Overall, 74.7% (174/233) of swab and 74.4% (29/39) of air samples were positive for at least

one viable, presumptive ESKAPEE pathogen. Basin interior samples were the most
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contaminated across both hospitals, with an overall mean concentration of 31 CFU/100 cm?,
95% CI: 16-46. The least contaminated samples were air samples (mean concentration of 1
CFU/100 cm?, 95% CI: 0-2). S. aureus was present in most samples (54.8%, 149/272), but
Klebsiella/ Enterobacter spp. was the most concentrated when analyzed across all samples (mean
100 CFU/100 cm?, 95% CI: 60-200). Table 1 reports the concentration of the ESKAPEE
pathogens in each sample type, per hospital. Table 2 reports the binary outcome of presence or

absence of ESKAPEE pathogens.

Of all swab samples taken, Hospital A swabs were 85% (85/100) and Hospital B samples were
66.9% (89/133) positive via culture methods. Air sample positivity was more comparable;
Hospital A 73.7% (14/19) and Hospital B 75% (15/20) positive via culture methods. In Hospital
A, basin interior samples had the highest quantity of ESKAPEE pathogens, mean 165
CFU/100cm?, 95% CI: 0-348. However, sink surface and near- sink samples had higher rates of
ESKAPEE pathogen detection, both 92% (23/25). In Hospital B, sink surface samples contained
the most culturable ESKAPEE pathogens (mean 118 CFU/100cm?, 95% CI 0-236), but high

touch samples (83.3%, 30/36) were the most frequently contaminated.

Mean (95% Cl) for each presumptive ESKAPEE pathogen by sample type and hospital

Surfaces: per 100cm2, Air: per 6,000 liters

Hospital A Hospital B

Basin Interior  Sink Surfaces Near- Sink Surfaces High Touch Air Basin Interior  Sink Surfaces Near- Sink Surfaces High Touch Air  All Samples
Acinetobacter 133 (84, 182) 173 (135, 211) 0(0,0) 0(0,0) 0(0,0) 25 (0, 58) 177 (158, 195) 0(0,0) 1(0,1) 0(0,00 70(30, 100)
E. coli 18 (9, 28) 4(4,5) 72 (49, 95) 0(0,0) 0(0,0) 2(0,5) 3(3.3 0(0,0) 3(24) 00, 1) 10(0, 20)
Enterococcus 44 (27, 60) 35 (10, 59) 00, 1) 00,00 0(00) 0(0,0) 1(1,1) 0(0,0) 0(0,0) 0(0,0 6 (0, 10)
Klebsiella/ Enterobacter | 435 (369, 502) 266 (221, 310) 73(47,99) 54(36,72) 1(0, 3) 57 (7,106) 138 (122, 154) 32 (30, 34) 6(3,8) 1(0,3) 100 (60, 200)
Pseudomonas 264 (206, 322) 65 (30, 99) 0(0,0) 16(10,22) 0(0,0) 15 (0, 30) 227 (205, 249) 0(0,0) 2(0,3) 0(0,0) 80 (40, 100)
S. aureus 93 (58, 128) 68 (59, 77) 151 (137, 165) 50 (43,58) 7(1,14) 39 (11, 67) 164 (150, 178) 59 (50,68) 84(75,93) 6(2,9) 90(60, 100)
Any ESKAPEE pathogen 165 (0, 348) 102 (0, 230) 49(0,132) 20(0,65 1(0,4) 23(0,66) 118(0, 236) 15(0,50) 16(0,38) 1(0,3) NA

Table 1. Arithmetic Man (95%CI) of ESKAPEE pathogen Colony Forming Units (CFUs) by
hospital and sample type.
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Presumptive viable ESKAPEE pathogens by hospital and sample type

Percent of samples positive (% (n/N))

Hospital A Hospital B
Basin Sink Basin
Interior Surface  Near Sink  High Touch Air Interior Sink Surface  Near Sink  High Touch Air All Samples
27.8% 21.1% 20.3% 12.5%
Aci % 4% (1 % % 1 % 14 % %
cinetobacter (5/18) 36% (9/25) 4% (1/25) 0% (0/32) 0% (0/19) 4/19) (13/64) 0% (0/14) 5.6% (2/36) 0% (0/20) (34/272)
22.2% 10.5% 7.1% 22.2% 10.7%
E. col 20% (5/25) 8% (2/25 0% (0/32) 5.3% (1/19 7.8% (5/64 5% (1/20,
o (418) 0% (5/20) 8% (2/25) b (0/32) 6 {1719) (2/19) 6 (5/64) (1/14) g o120 (29/272)
22.2%
Enterococcus (4/18) 4% (1/25) 4% (1/25) 0% (0/32) 0% (0/19) 0% (0/19) 3.1% (2/64) 0% (0/14) 2.8% (1/36) 0% (0/20) 3.3% (9/272)
Klebsiella/ 72.2% 68% N 5 31.6% 31.6% 34.4% 21.4% 30.6% o 38.2%
Enterobacter (13/18) (17/25) 36% (9/25)  25% (8/32) (6/19) (6/19) (22/64) (3/14) (11/36) 45% (3/20) (104/272)
55.6% L., . o ; 26.3% 203% ., . . 143%
Pseudomonas (org) 2% (B/25) 0% (0/25) 31%(1/32) 0% (0/19) (5/19) (1364 O%(0/14) 56%(2/36) 0% (0/20) (39/272)
<. aureus 22.2% 44% 76% 68.8% 68.4% 26.3% 35.9% 64.3% 77.8% 70% 54.4%
’ (4/18) (11/25) (19/25) (22/32) (13/19) (5/19) (23/64) (9/14) (28/36) (14/20) (148/272)
Any ESKAPEE 83.3% 92% 92% 75% (24/32) 73.7% 52.6% 60.9% 64.3% 83.3% 75% 74.3%
pathogen (15/18) (23/25) (23/25) 7" (14/19) (10/19) (39/64) (9/14) (30/36) (15/20) (202/272)

Table 2. Positivity rates for presumptive ESKAPEE pathogens amongst each sample type for
each hospital.

168 Amplicon Sequencing

Microbial community compositions of surface sample

We used full length sequencing of 16S rRNA gene (PacBio) to characterize the microbial

communities of the surface and air samples.

In Hospital A, the PCoA plots indicated that sink surface and basin interior samples clustered
separately and were distinct from the other sample types (Fig. 1A). By contrast, at Hospital B,
the clusters of sink surface, basin interior and high touch samples are overlapping with each
other but distinct from near-sink surfaces and air samples, indicating that these samples were less
differentiated by surface type around the sink (Fig. 1B). PERMANOVA tests indicated that the
microbial compositions were significantly associated with sample locations (P=0.001) in both
hospitals, but locations explained 21.9% variation in Hospital A samples and 11.7% in Hospital

B samples.
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A bar plot of genus-level average taxonomic composition highlighted differences between
sample types and between hospitals (Fig. 1C). Hospital A basin interior samples had a higher
proportion of Pseudomonas spp., whereas Hospital B basins showed more Streptococcus spp.

and near-sink surfaces showed more Staphylococcus spp.
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Figure 1. Principal Coordinates Analysis (PCoA) and average microbial composition of surface
and air samples. (A) and (B) PCoA plots of Bray-Curtis dissimilarity at the genus level colored
by sample type in Hospital A and Hospital B. Eclipses indicate 95% confidence limits. (C) The
bar plot illustrates the average genus-level taxonomic composition of microbial communities

grouped by surface category and air.

Presence of ESKAPEE Pathogens in 16S data

In examining the ESKAPEE pathogens across the surface and air samples, we found differential
abundance depending on the location and the hospital (Fig. 2). Sink surface and basin interior
samples generally harbored higher levels of Pseudomonas spp., Klebsiella spp., and
Enterobacter spp. compared to other surfaces and air samples, but they showed lower levels of
Staphylococcus spp. Difterences were also evident between the two hospitals: the Hospital B had
a greater abundance of Acinetobacter baumannii Staphylococcus spp., whereas Hospital A

showed higher levels of Pseudomonas spp.


https://doi.org/10.64898/2026.03.13.26348341
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.03.13.26348341; this version posted March 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Pseudomonas_E Staphylococcus Klebsiella
,-,9 AB —_— AS
B B B
fo 8o &o —
E E E -
£ g g
=] o o
§ § . éé[ﬁj . é'ﬁ
o of - . H] é:ﬁ.
BN NN R A B B ISR I R I I B (N I R B N B
T 3 & & c 3 & & r 3 @ s &8 3 & T & 3 @ :c 3 & @
a4 = = £ g8 E = s 2 £ 0§ g2 ¥ ¥ 5 g ¥ ¥ 5 a8 ¥ £ 5
@ @ T '§ @ (.g é @ @ é @ @ T é @ I3 'f é @ @ gi E
I I I z I I
[ J 1 J i J L J [ J J
L L T L] T
Hospital A Hospital B Hospital A Hospital B Hospltal A Hospital B
Enterobacter Acinetobacter_baumannii Enterococcus_faecalis
.—9 ,..9 .-.9
T o T
] g E
Zs —_ 3 -
E g — g
5 5 s T 5 .
= £ £ .
=] S .. =1
B3 Bs B .o
_ E & _ ' . _ - . :
S T Y A
o o —— — —_ —_—— e
5 & 3 & = 5 3 8 8 = 5 T 2 = &5 & 2 5 & § 8§ = 3 % B
%5‘*%§5‘ HBEENEEEEE NS
i 2 2 ¢ i 2 % ¢ s ¢ % ¢ s ¢ % ¢ 5 2 ¢ ¢ s 2 2 2
LI B L LA 253 G L LEE A
i ¥ i ¥ i % i 2 i F ]
1 J v J L J L J 1 J v J
Ll
Hospital A Hospital B Hospital A Hosnltal B Hospital A Hospital B
Pseudomonas_B Pseudomonas
9 9
+ ?
5 <
] s
EL 8s
E
) H:llf][ﬁ :. ﬁﬁﬁ .
oéa S Nl
8 3 - E -3 - 1 -] 3
REEREREEEE P EFEE P EEEC
c 4 & & S & & & s & &4 & : & & &
g £ £ 35 : = g g £ £ g g = £ 05
L @ (if § @ @ 3 2 @ @ T 2 & ] af 2
1 J L J L J \ J
L] L] Ll Ll
Hospital A Hospital B Hospital A Hospital B

Figure 2. ESKAPEE pathogen abundance across sample types. Species level was used when
classified, otherwise genus level abundance was visualized. Statistical analyses were performed
with pairwise Wilcoxon rank-sum tests, restricted to same-hospital or same-sample-type pairs. P-
values were corrected using the Benjamini-Hochberg method to correct for multiple comparisons

(*** FDR < 0.001, ** FDR < 0.01, * FDR < 0.1).
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Discussion

In this study, we have described an integrated approach to identifying and quantifying microbial
communities in a high-transmission setting, highlighting the potential utility of applying both
culture and sequencing methods to more fully characterize microbial hazards. The presence and
viability of ESKAPEE pathogens in and around sink areas suggests potential for transmission to
patients and staff occupying these spaces. The hospitals in this study exhibit higher prevalences
of ESKAPEE pathogens in and around sinks in comparison to other similar studies, even when

resistant infections are known(9, 11, 12, 15, 17, 27).

We found viable presumptive ESKAPEE pathogens in all sample types across both hospitals.
Basin interior samples were the most contaminated. As the swab sample categories increased in
distance from the sink, the concentration of culturable ESKAPEE pathogens generally decreased.
This trend is consistent with sink drains being a reservoir for pathogen growth(5, 28, 29).
Klebsiellal Enterobacter spp. was the most frequently isolated ESKAPEE pathogen and was

found across all sample types.

The similarity between the 16S sequencing results differed between the hospitals. PCoA plots
showed the basin interior and sink surfaces to be significantly different from the other samples in
Hospital A, whereas Hospital B showed these clusters overlapping. The high relative abundance
of Klebsiella spp. in the 16S results aligned with the high presence in the culture data. However,
the low levels of Staphylococcus spp. in the 16S data conflict with the high levels of presumptive
S. aureus in the culture data. These discrepancies are consistent with other studies, which have

observed significant differences in bacterial detection when using both methods (30, 31).

Our data suggests the prevalence of ESKAPEE pathogens is different between the hospitals. The
two settings differ in economic resources, which may affect the availability of cleaning staff,
maintenance, and other factors that could contribute to effective control measures that reduce
HAISs or environmental transport of pathogens generally. A dedicated cleaning team is present in
Hospital B, while the responsibility to disinfect is on nurses in Hospital A. Previous studies have
specified that environmental disinfection schedules, techniques, and distinct cleaning staft
significantly impact pathogen load in environmental samples(6, 32, 33). Alternatively, the
differences in microbial and molecular profiles may be attributed to the sink material or source

water. Hospital A had more porcelain sinks, while Hospital B had more stainless steel; a wide
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range of bacterial survivorship has been reported on both materials (34, 35), potentially
contributing to the differences in sink microbiomes. Factors such as distance- from- source,

water temperature, and water aeration can significantly affect the water microbial concentrations

(36).

Country- level data on the burden of AMR HAISs in Bolivia is limited. One study examined
hospital acquired blood infections in Bolivia found Klebsiella pneumoniae to be the most
frequently isolated bacteria, and Enterobacter spp. the third most isolated (21). Enterococcus
spp. was also on the list of most isolated bacterium. This is consistent with our findings, as
Kelbsiella/ Enterobacter spp. were both found in the highest concentrations when analyzed via
culture. This pattern highlights a consistency of viable bacteria in the environment and those that
are confirmed to cause HAIs, confirming a higher risk of patient infection per established models
(37). As the sink- to- patient transmission pathway is well established, our results present a
higher risk of ESKAPEE pathogen infection when compared to hospitals in other regions, such
as the United States (37-42).

Our work underscores the need for developing novel solutions to control ESKAPEE pathogen
transmission in this and similar settings. A range of mitigation strategies for limiting plumbing-
associated infection transmission have been attempted, with variable success (43-45). These
include chemical disinfectant treatments (44, 46, 47), mechanical cleaning (27), vibration and
heat (43) or heat combined with disinfectant (48), bacteriophage treatment (49), and other
measures, though recolonization of sinks and even horizontal transmission between sinks and
drains in a plumbing network (50, 51) has been shown to occur rapidly and repeated treatments
are usually necessary once a drain network has been colonized. Other well-characterized
methods for reducing biofilm-associated risks — like the addition of bacteriostatic or biocidal
metals (copper, silver, selenium compounds) (52), quorum sensing (53), and probiotic treatment
(e.g., with Bacillus) (54) have been proposed but have not been widely evaluated. Sink
replacement, drain replacement, and point of use filtration have been proposed but are not
considered effective long-term strategies; maintaining sterility is also not feasible (55). New
facilities can be colonized quickly (27) and quick response to known colonization may be key
(27) in excluding pathogens from drain networks, but repeated cleaning is usually needed and

even that may not be effective over time (45).
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Limitations

These results should be interpreted alongside the limitations of our sample collection methods
and analysis. Air samples were the least contaminated, which may be a result of limited
aerosolized pathogens. However, the AirPrep sampler is known to be more suited for
sequencing- based analysis than culture- based detection, and the viability of pathogens may
have been compromised while using this method. Sample collection was not coordinated with
cleaning schedules, which may have affected bacterial presence. The culture and 16S resolution
are not consistently granular to the species level, only the genus level. More information on the
species and antimicrobial resistance gene presence could be provided through molecular
characterization. Specifically for Acinetobacter spp., Enterococcus spp., Klebsiella/ Enterobacter
spp., and Pseudomonas spp., the culture methods can only identify bacteria to the genus level.
For these reasons, we suspect our samples contain common, non-pathogenic bacteria which

belong to the ESKAPEE genus classifications, in addition to true ESKAPEE pathogens.
Conclusion

We report the prevalence and concentration of ESKAPEE pathogens in environmental samples
from two hospitals in Bolivia. Both culture-based and molecular methods demonstrate the sinks
harbor epidemiologically important pathogens, such as Klebsiella, Acinetobacter, Enterococcus,
Pseudomonas, and S. aureus. Considering the growing threat of AMR HAISs in Bolivia and
globally, our findings highlight the need to mitigate the transmission of ESKAPEE pathogens

from sinks, surfaces, and air to vulnerable patients.
Acknowledgements

The authors appreciate the hospital administrators, doctors, nurses, and cleaning staff for
cooperation and access to sampling sites. This work was supported primarily by the Engineering
Research Centers Program of the National Science Foundation under NSF Cooperative
Agreement No. EEC-2133504. This research was funded in part by a grant from the NIH
(T32ES007018).

Conflict of Interest

The authors have no personal, financial, or professional conflict of interest to declare.

13


https://doi.org/10.64898/2026.03.13.26348341
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.03.13.26348341; this version posted March 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Funding Statement

This work was supported primarily by the Engineering Research Centers Program of the
National Science Foundation under NSF Cooperative Agreement No. EEC-2133504. This
research was funded in part by a grant from the NIH (T32ES007018).

References
1. Allegranzi B, Bagheri Nejad S, Combescure C, Graafmans W, Attar H, Donaldson L,

et al. Burden of endemic health-care-associated infection in developing countries:
systematic review and meta-analysis. Lancet. 2011;377(9761):228-41.

2. Rice LB. Federal funding for the study of antimicrobial resistance in nosocomial
pathogens: no ESKAPE. J Infect Dis. 2008;197(8):1079-81.
3. Gholipour S, Nikaeen M, Mohammadi F, Rabbani D. Antibiotic resistance pattern of

waterborne causative agents of healthcare-associated infections: A call for biofilm control
in hospital water systems. J Infect Public Health. 2024;17(7):102469.

4, Kearney A, Humphreys H, Fitzgerald-Hughes D. Infection prevention and control
policy implementation for CPE: a cross-sectional national survey of healthcare workers
reveals knowledge gaps and suboptimal practices. J Hosp Infect. 2024;145:148-54.

5. Sukhum KV, Newcomer EP, Cass C, Wallace MA, Johnson C, Fine J, et al. Antibiotic-
resistant organisms establish reservoirs in new hospital built environments and are related
to patient blood infection isolates. Communications Medicine. 2022;2(1):62.

6. Inkster T. A narrative review and update on drain-related outbreaks. J Hosp Infect.
2024;151:33-44.

7. Aracil-Gisbert S, Fernandez-De-Bobadilla MD, Guerra-Pinto N, Serrano-Calleja S,
Perez-Cobas AE, Soriano C, et al. The ICU environment contributes to the endemicity of the
"Serratia marcescens complex" in the hospital setting. mBio. 2024;15(5):e0305423.

8. Bourdin T, Benoit M, Monnier A, Bédard E, Prévost M, Charron D, et al. Serratia
marcescens Colonization in a Neonatal Intensive Care Unit Has Multiple Sources, with
Sink Drains as a Major Reservoir. Appl Environ Microbiol. 2023;89(5):e0010523.

9. Volling C, Mataseje L, Grana-Miraglia L, Hu X, Anceva-Sami S, Coleman BL, et al.
Epidemiology of healthcare-associated Pseudomonas aeruginosa in intensive care units:
are sink drains to blame? J Hosp Infect. 2024;148:77-86.

10. Aguilera-Saez J, Andreu-Sola V, Larrosa Escartin N, Rodriguez Garrido V, Armadans
Gil L, Sanchez Garcia JM, et al. Extensively drug-resistant Pseudomonas Aeruginosa
outbreak in a burn unit: management and solutions. Ann Burns Fire Disasters.
2019;32(1):47-55.

11. Catho G, Martischang R, Boroli F, Chraiti MN, Martin Y, Koyluk Tomsuk Z, et al.
Outbreak of Pseudomonas aeruginosa producing VIM carbapenemase in an intensive care
unit and its termination by implementation of waterless patient care. Crit Care.
2021;25(1):301.

12. van der Zwet WC, Nijsen IEJ, Jamin C, van Alphen LB, von Wintersdorff CJH,
Demandt AMP, et al. Role of the environment in transmission of Gram-negative bacteria in

14


https://doi.org/10.64898/2026.03.13.26348341
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.03.13.26348341; this version posted March 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

two consecutive outbreaks in a haematology-oncology department. Infect Prev Pract.
2022;4(2):1002009.

13. Cahill ME, Jaworski M, Harcy V, Young E, Ham DC, Gable P, et al. Cluster of
Carbapenemase-Producing Carbapenem-Resistant Pseudomonas aeruginosa Among
Patients in an Adult Intensive Care Unit - Idaho, 2021-2022. MMWR Morb Mortal Wkly Rep.
2023;72(31):844-6.

14. Chan A, Thure K, Tobey K, Shugart A, Schmedes S, Burks JA, IV, et al. Containment of
a Verona Integron-Encoded Metallo-Beta-Lactamase-Producing Pseudomonas aeruginosa
Outbreak Associated With an Acute Care Hospital Sink—Tennessee, 2018-2020. Open
Forum Infectious Diseases. 2023;10(5).

15. Rath A, Kieninger B, Fritsch J, Caplunik-Pratsch A, Blaas S, Ochmann M, et al.
Whole-genome sequencing reveals two prolonged simultaneous outbreaks involving
Pseudomonas aeruginosa high-risk strains ST111 and ST235 with resistance to quaternary
ammonium compounds. J Hosp Infect. 2024;145:155-64.

16. Rankin DA, Walters MS, Caicedo L, Gable P, Moulton-Meissner HA, Chan A, et al.
Concurrent transmission of multiple carbapenemases in a long-term acute-care hospital.
Infection Control & Hospital Epidemiology. 2024;45(3):292-301.

17. Tsukada M, Miyazaki T, Aoki K, Yoshizawa S, Kondo Y, Sawa T, et al. The outbreak of
multispecies carbapenemase-producing Enterobacterales associated with pediatric ward
sinks: IncM1 plasmids act as vehicles for cross-species transmission. Am J Infect Control.
2024;52(7):801-6.

18. Hamerlinck H, Aerssens A, Boelens J, Dehaene A, McMahon M, Messiaen AS, et al.
Sanitary installations and wastewater plumbing as reservoir for the long-term circulation
and transmission of carbapenemase producing Citrobacter freundii clones in a hospital
setting. Antimicrob Resist Infect Control. 2023;12(1):58.

19. Warren BG, Smith BA, Barrett A, Graves AM, Nelson A, Gettler E, et al. Identification
of carbapenem-resistant organism (CRO) contamination of in-room sinks in intensive care
units in a new hospital bed tower. Infection Control & Hospital Epidemiology.
2024;45(3):302-9.

20. Kotay S, Chai W, Guilford W, Barry K, Mathers AJ. Spread from the Sink to the
Patient: In Situ Study Using Green Fluorescent Protein (GFP)-Expressing Escherichia coli To
Model Bacterial Dispersion from Hand-Washing Sink-Trap Reservoirs. Appl Environ
Microbiol. 2017;83(8).

21. Rodriguez D, Equilia S, Roca C, Ludi E, Espada G, Garcia Z, et al. Antimicrobial
Resistance in Hospital-acquired Bloodstream Infections among Children in a Pediatric
Hospital in Bolivia. J Glob Infect Dis. 2025;17(1):10-6.

22. Soleto L, Pirard M, Boelaert M, Peredo R, Vargas R, Gianella A, et al. Incidence of
surgical-site infections and the validity of the National Nosocomial Infections Surveillance
System risk index in a general surgical ward in Santa Cruz, Bolivia. Infect Control Hosp
Epidemiol. 2003;24(1):26-30.

23. Saber LB, Rojas M, Anderson DM, Anderson DJ, Claus H, Cronk R, et al. The effects
of Far-UVC irradiation on the presence and concentration of ESKAPEE pathogens on
hospital surfaces: study protocol for a multi-site, double-blinded randomized controlled
trial in La Paz, Bolivia. 2026.

15


https://doi.org/10.64898/2026.03.13.26348341
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.03.13.26348341; this version posted March 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

24, Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al.
Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2.
Nat Biotechnol. 2019;37(8):852-7.

25. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: High-
resolution sample inference from Illumina amplicon data. Nat Methods. 2016;13(7):581-3.
26. Jones RB, Zhu X, Moan E, Murff HJ, Ness RM, Seidner DL, et al. Inter-niche and inter-
individual variation in gut microbial community assessment using stool, rectal swab, and
mucosal samples. Scientific Reports. 2018;8(1).

27. Warren BG, Smith BA, Barrett A, Graves AM, Nelson A, Gettler E, et al. Identification
of carbapenem-resistant organism (CRO) contamination of in-room sinks in intensive care
units in a new hospital bed tower. Infect Control Hosp Epidemiol. 2024;45(3):302-9.

28. Kizny Gordon AE, Mathers AJ, Cheong EYL, Gottlieb T, Kotay S, Walker AS, et al. The
Hospital Water Environment as a Reservoir for Carbapenem-Resistant Organisms Causing
Hospital-Acquired Infections—A Systematic Review of the Literature. Clinical Infectious
Diseases. 2017;64(10):1435-44.

29. Mathers AJ, Crook D, Vaughan A, Barry KE, Vegesana K, Stoesser N, et al.
<i>Klebsiella quasipneumoniae</i> Provides a Window into Carbapenemase Gene
Transfer, Plasmid Rearrangements, and Patient Interactions with the Hospital Environment.
Antimicrobial Agents and Chemotherapy. 2019;63(6).

30. An N, Wang C, Dou X, Liu X, Wu J, Cheng Y. Comparison of 16S rDNA Amplicon
Sequencing With the Culture Method for Diagnosing Causative Pathogens in Bacterial
Corneal Infections. Translational Vision Science &amp; Technology. 2022;11(2):29.

31. Holmgaard DB, Nebrich L, Uslu B, Schouw CH, Dargis R, Pedersen HP, et al.
Comparison of Cultures and 16S/18S Amplicon-Based Microbiome Analyses for
Diagnosing Nosocomial Pneumonia in Patients Admitted to the Intensive Care Unit-An
Exploratory Study. Diagnostics (Basel). 2025;15(24).

32. Verhougstraete M, Cooksey E, Walker JP, Wilson AM, Lewis MS, Yoder A, et al.
Impact of terminal cleaning in rooms previously occupied by patients with healthcare-
associated infections. PLoS One. 2024;19(7):e0305083.

33. Duller S, Kumpitsch C, Moissl-Eichinger C, Wink L, Koskinen Mora K, Mahnert A. In-
hospital areas with distinct maintenance and staff/patient traffic have specific microbiome
profiles, functions, and resistomes. mSystems. 2024;9(8):e0072624.

34. Gupta M, Bisesi M, Lee J. Comparison of survivability of Staphylococcus aureus and
spores of Aspergillus niger on commonly used floor materials. Am J Infect Control.
2017;45(7):717-22.

35. Jablonska-Trypuc A, Makula M, Wlodarczyk-Makula M, Wolejko E, Wydro U, Serra-
Majem L, et al. Inanimate Surfaces as a Source of Hospital Infections Caused by Fungi,
Bacteria and Viruses with Particular Emphasis on SARS-CoV-2. IntJ Environ Res Public
Health. 2022;19(13).

36. Falkinham J, Pruden A, Edwards M. Opportunistic Premise Plumbing Pathogens:
Increasingly Important Pathogens in Drinking Water. Pathogens. 2015;4(2):373-86.

37. Ryan MO, Haas CN, Gurian PL, Gerba CP, Panzl BM, Rose JB. Application of
quantitative microbial risk assessment for selection of microbial reduction targets for hard
surface disinfectants. AmJ Infect Control. 2014;42(11):1165-72.

16


https://doi.org/10.64898/2026.03.13.26348341
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.03.13.26348341; this version posted March 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

38. Dieter L, Bowie K, Luhung |, Healy HG, Roberts SC, Mathew T, et al. Aerosol-based
Exposure to Opportunistic Pathogens Originating from Hospital Sink Drains. Am J Infect
Control. 2025.

39. McCallum GE, Hall JPJ. The hospital sink drain microbiome as a melting pot for AMR
transmission to nosocomial pathogens. npj Antimicrobials and Resistance. 2025;3(1).

40. Gestrich SA, Jencson AL, Cadnum JL, Livingston SH, Wilson BM, Donskey CJ. A
multicenter investigation to characterize the risk for pathogen transmission from
healthcare facility sinks. Infection Control & Hospital Epidemiology. 2018;39(12):1467-9.
41. Fucini GB, Hackmann C, Gastmeier P. Sink interventions in the ICU to reduce risk of
infection or colonization with Gram-negative pathogens: a systematic review of the
literature. J Hosp Infect. 2024;143:82-90.

42. Denissen J, Reyneke B, Waso-Reyneke M, Havenga B, Barnard T, Khan S, et al.
Prevalence of ESKAPE pathogens in the environment: Antibiotic resistance status,
community-acquired infection and risk to human health. International Journal of Hygiene
and Environmental Health. 2022;244.

43. de Jonge E, de Boer MGJ, van Essen EHR, Dogterom-Ballering HCM, Veldkamp KE.
Effects of a disinfection device on colonization of sink drains and patients during a
prolonged outbreak of multidrug-resistant Pseudomonas aeruginosa in an intensive care
unit. J Hosp Infect. 2019;102(1):70-4.

44, Smolders D, Hendriks B, Rogiers P, Mul M, Gordts B. Acetic acid as a
decontamination method for ICU sink drains colonized by carbapenemase-producing
Enterobacteriaceae and its effect on CPE infections. J Hosp Infect. 2019;102(1):82-8.

45, Kotsanas DW, W. R.; Korman, T. M.; Gillespie, E. E.; Wright, L.; Snook, K.; Williams,
N.; Bell, J. M.; Li, H. Y.; Stuart, R. L. “Down the drain”: carbapenem-resistant bacteria in
intensive care unit patients and handwashing sinks. The Medical journal of Australia.
2013;198(5):267-9.

46. Mathers AJ, Vegesana K, German Mesner |, Barry KE, Pannone A, Baumann J, et al.
Intensive Care Unit Wastewater Interventions to Prevent Transmission of Multispecies
Klebsiella pneumoniae Carbapenemase—-Producing Organisms. Clinical Infectious
Diseases. 2018;67(2):171-8.

47. Jones LD, Mana TSC, Cadnum JL, Jencson AL, Silva SY, Wilson BM, et al.
Effectiveness of foam disinfectants in reducing sink-drain gram-negative bacterial
colonization. Infect Control Hosp Epidemiol. 2020;41(3):280-5.

48. Herruzo R, Ruiz G, Vizcaino MJ, Rivas L, Perez-Blanco V, Sanchez M. Microbial
competition in environmental nosocomial reservoirs and diffusion capacity of OXA48-
Klebsiella pneumoniae: potential impact on patients and possible control methods. J Prev
Med Hyg. 2017;58(1):E34-E41.

49, Santiago AJ, Burgos-Garay ML, Kartforosh L, Mazher M, Donlan RM. Bacteriophage
treatment of carbapenemase-producing Klebsiella pneumoniae in a multispecies biofilm:
a potential biocontrol strategy for healthcare facilities. AIMS Microbiol. 2020;6(1):43-63.
50. Jamal R, Mubarak S, Sahulka S, A.Kori J, Tajammul A, Ahmed J, et al. Informing water
distribution line rehabilitation through quantitative microbial risk assessment. Sci Total
Environ. 2020.

17


https://doi.org/10.64898/2026.03.13.26348341
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.03.13.26348341; this version posted March 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

51. Moloney EM, Deasy EC, Swan JS, Brennan Gl, O'Donnell MJ, Coleman DC. Whole-
genome sequencing identifies highly related Pseudomonas aeruginosa strains in multiple
washbasin U-bends at several locations in one hospital: evidence for trafficking of potential
pathogens via wastewater pipes. J Hosp Infect. 2020;104(4):484-91.

52. Muller MP, MacDougall C, Lim M, Ontario Agency for Health P, Promotion Public
Health O, Provincial Infectious Diseases Advisory Committee on Infection P, et al.
Antimicrobial surfaces to prevent healthcare-associated infections: a systematic review. J
Hosp Infect. 2016;92(1):7-13.

53. Coughlan LM, Cotter PD, Hill C, Alvarez-Ordonez A. New Weapons to Fight Old
Enemies: Novel Strategies for the (Bio)control of Bacterial Biofilms in the Food Industry.
Front Microbiol. 2016;7:1641.

54, Caselli E, D'Accolti M, Vandini A, Lanzoni L, Camerada MT, Coccagna M, et al.
Impact of a Probiotic-Based Cleaning Intervention on the Microbiota Ecosystem of the
Hospital Surfaces: Focus on the Resistome Remodulation. PLoS One.
2016;11(2):e0148857.

55. Parkes LO, Hota SS. Sink-Related Outbreaks and Mitigation Strategies in Healthcare
Facilities. Curr Infect Dis Rep. 2018;20(10):42.

18


https://doi.org/10.64898/2026.03.13.26348341
http://creativecommons.org/licenses/by-nc-nd/4.0/

