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in the clinical setting.
Methods: Three cleaning regimes (disinfectants, detergents, and probiotics) were applied subsequently
in nine independent patient rooms at a neurological ward (Charité, Berlin). Weekly sampling procedures

Editor: EJ. Kuipers included three different environmental sites: floor, door handle, and sink. Characterization of the
environmental microbiota and detection of antibiotic resistance genes (ARGs) were performed by 16S

Keywords: rRNA sequencing and multiplex Tag-Man qPCR assays, respectively.

Antibiotic resistance Results: Our results showed a displacement of the intrinsic environmental microbiota after probiotic

Hygiene sanitization, which reached statistical significance in the sink samples (median 16S-rRNA copies = 138.3;

&??ci;ailome IQR: 24.38—379.5) when compared to traditional disinfection measures (median 16S rRNA copies = 1343;

IQR: 330.9—-9479; p < 0.05). This effect was concomitant with a significant increase in the alpha-diversity
metrics in both the floor (p < 0.001) and the sink samples (p < 0.01) during the probiotic strategy. We did
not observe a sanitization-dependent change in relative pathogen abundance at any tested site, but there
was a significant reduction in the total ARG counts in the sink samples during probiotic cleaning (mean
ARGs/sample: 0.095 + 0.067) when compared to the disinfection strategy (mean ARGs/sample:
0.386 + 0.116; p < 0.01).
Discussion: The data presented in this study suggest that probiotic sanitization is an interesting strategy
in hospital hygiene management to be further analyzed and validated in randomized clinical studies.
Tilman E. Klassert, Clin Microbiol Infect 2022;s:1
© 2022 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology
and Infectious Diseases. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Hospital-associated infections (HAIs) remain one of the main
challenges in healthcare worldwide [1]. In Europe, an annual inci-
dence of 3 million HAIs leads to more deaths in acute care hospitals
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multiresistant Staphylococcus aureus (MRSA) [2]. A median annual
burden of over 148 000 MRSA-HAIs in the EU/EEA leads to over
7000 deaths every year [2].

Contamination of the hospital environment is a highly debated
issue in hospital hygiene; it remains unclear to what extent
different surfaces might represent a potential reservoir for clini-
cally relevant pathogens and provide a potential source for the
transmission of HAIs [3—8]. Thus, sanitization programs for the
clinical environment are monitored as essential steps for the
prevention and control of hospital infections [9]. However,
traditional disinfectants have shown several major limitations. On
one hand, they are not effective against recontamination of the
cleaned surface (i.e. disinfection is highly limited in time). Such
recontamination phenomena have been reported as early as
within the first 30 minutes after disinfection [10]. On the other
hand, disinfectants may lead to the selection of resistant bacterial
strains, not only against the disinfectant itself [11] but also against
diverse antimicrobial agents [11—13]. These limitations translate
into persistence of contamination over time with a concomitant
increase in resistant microbes in the clinical environment. In
addition, disinfectants have a hazardous effect on the environ-
ment [14].

In recent years, the health of hospital surfaces has been
rethought, driven by the urgent need for an effective and sus-
tainable solution for hospital sanitization. A new concept of sur-
face health is based on the hypothesis that replacement of bacteria
with beneficial microbes might be more effective for the control of
pathogens than disinfection measures [15,16]. Thus, a sanitization
approach based on eco-sustainable detergents with probiotic
Bacillus spores has been investigated recently for its potential
application to healthcare-related surfaces [7]. The first studies
have reported a significant improvement in pathogen control on
surfaces when compared to traditional disinfection measures
[17,18]. Moreover, probiotic sanitization was demonstrated to be
safe for patients [19] and did not select for resistant bacteria
strains [7]. A multicentre interventional study could further sup-
port the clinical effectiveness of this approach, as the use of pro-
biotic sanitization translated into a significant decrease of
nosocomial infections [8].

Although the benefits of such probiotic strategies have been
demonstrated, it is still unclear to what extent the massive inocu-
lation of particular bacterial species affects the microbial structures
and ecological balance of the environment. Moreover, the compo-
sition of the environmental microbiome upon different sanitation
strategies has not been investigated in the clinical setting. Most
microbiological studies addressing infection control strategies have
relied on culture-dependent methods, which are not capable of
covering the full diversity of the environmental microbiome [20]. In
this study, we used 16S rRNA gene sequencing approaches to char-
acterize the bacterial microbiota on different surfaces of the hospital
environment. The longitudinal data were then subjected to
comprehensive comparisons between different sanitation strategies
(disinfectants, detergents, and probiotics) to measure their potential
effect on the microbial community structures and on the incidence of
antibiotic resistance determinants in the hospital microbiome.

Methods
Study design and sample collection

This study was designed to investigate the impact of three
different sanitization protocols on the environmental microbiome
of a neurology ward at the Charité—Universititsmedizin Berlin.
The following cleaning regimes were applied subsequently for 3-
month periods each: disinfectants, detergents, and probiotics

(details are shown in Fig. S1). The surfaces were cleaned daily
using specific products: Incidin Pro 0.5% (ECOLAB) for disinfec-
tion; Brial Top 0.5% (ECOLAB) as detergent; and bacilli-containing
detergents 0.5% (CHRISAL) as probiotics (see Table S1 for strain
details). Microbial sampling was performed once a week in nine
independent patient rooms and included three different envi-
ronmental sites and surface materials: floor (linoleum), door
handle (steel), and sink (ceramic). Patient material sampling
included nasal and rectal swabs. All patients gave written
informed consent in accordance with the Declaration of Helsinki
and the local ethics committee (Ethikausschuss Campus Char-
ité—Mitte; approval EA1/387/16).

DNA extraction and 16S rRNA gene quantification

The DNA of all samples was extracted with the innuPrep Bac-
teria DNA + Lysis Booster Kit (Analytik, Jena, Germany) following
the manufacturer's instructions. This validated DNA extraction
method [21] without mechanical lysis procedures was chosen to
minimize the impact of the extrinsic bacilli spores contained in the
probiotic products (Fig. S2). This way, the intrinsic environmental
microbiome could be characterized in a comparable manner across
all three sanitization protocols. The bacterial biomass in the sam-
ples was measured by quantification of the 16S rRNA gene copies
using a qPCR approach as described elsewhere [21]. Detailed
methods can be found in the supplementary material.

16S rRNA gene amplicon sequencing

The library construction and sequencing were performed as
described elsewhere [21—23]. Resulting Fastq files were demulti-
plexed with QIIME v1.9.1 scripts [24] and filtered for the removal of
potential contaminants, as described elsewhere [21,25]. Taxonomic
assignment was performed using the SILVA REF NR 99 (release 132)
database [26]. Co-occurrence network analyses to measure
nonrandom interactions between bacteria were performed
with SparCC software v.0.1.0 [27]. Pathogenicity status of the bac-
teria was defined in accordance to their reference in the KEGG
Pathogens and ISID databases (see also Table S2). The data sets
generated for this study are available at the SRA database under the
accession number PRJNA774945 (https://www.ncbi.nlm.nih.gov/
sra/PRINA774945).

Antibiotic resistance gene detection

The presence of 12 antibiotic resistance genes (ARGs) (Table S3)
conferring resistance to B-lactams, quinolones, or polymyxins was
analyzed throughout the course of the study. The following de-
terminants were addressed: blaKPC, blaNDM, blaOXA48, blaVIM,
blaCMY, blaGES, blaSHV, blaTEM, blaCTX-M1, qnrB1, mcr1, and mecA.
For their detection, custom multiplex Tag-Man assays were per-
formed as described previously [21].

Statistics

All comparative analyses (ANOVA, Permanova, and Kruskal-
Wallis tests) of the sanitization protocols targeted only the last
7 weeks of each cleaning regime to allow the microbiota to adapt
to the different sanitization products during the first 6 weeks after
regime change. This time frame was chosen based on previous
observations of environmental microbiota dynamics [21]. Statis-
tical analyses and graphic presentations were performed using
GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA).
Statistical tests and settings are detailed in the supplementary
material.
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Results

Impact of surface sanitization protocols on the bacterial community
structures

The bacterial load was quantified on the different environ-
mental sites using 16S rRNA qPCR. In agreement with our pre-
vious findings [21], the sink samples showed the highest
bacterial load, followed by the door handle. The lowest biomass

>

was detected on the floor (Fig. S3). When the bacterial biomass
was compared among different cleaning regimes, a slight
decrease in the intrinsic microbiota was observed after probiotic
sanitization measures (see Table S4). This effect was most pro-
nounced in the probiotics-cleaned sink samples (median 16S
rRNA copies = 138.3; IQR: 24.38—379.5), reaching statistical
significance when compared to the sinks during traditional
disinfection (median 16S rRNA copies = 1343; IQR: 330.9—9479;
p < 0.05; Fig. 1A).
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Fig. 1. Quantitative and compositional analysis of the bacterial communities of floor, door handle, and sink during different sanitization strategies. (A) Quantitative analysis of the
bacterial biomass across different cleaning regimes (DET, detergents; DIS, disinfectants; PRO, probiotics). Shown are the 165 rRNA gene copies in each sample (median + IQR;
*p < 0.05). (B) Taxonomic summary of the compositional changes of each environmental site after different sanitization protocols. Shown are the relative abundance of the collapsed

main taxa (>0.5%) at family level for each week.
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In a next step, we analyzed whether the sanitization-dependent and wash regime blocks. In general, the community structures were
biomass variability was associated with structural changes in the highly site specific and consistent across time (Fig. 1B). The floor
microbial communities. The analysis at family level revealed only was dominated by Moraxellacea, the door handle samples by
limited variation in the community composition across the weeks Enterobacteriaceae and Staphylococcaceae, and the sink by
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Fig. 2. Diversity metrics of the environmental microbiota upon different sanitization strategies. (A) Alpha diversity of each environmental site after different sanitization strategies.
Shown is the Shannon index (mean + standard error of the mean, *p < 0.05; **p < 0.01; ***p < 0.001, ANOVA). (B) Principal coordinates analysis of the beta diversity using weighted
Unifrac distances. Shown are pairwise comparisons between different sanitization strategies. Statistical significance was calculated by Permanova (*p < 0.05; **p < 0.01;
wxp < 0,001).
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Streptococacceae and Veillonellaceae (Fig. 1B). However, analysis of
the alpha diversity revealed significant differences in the
community-associated Shannon indices between different saniti-
zation strategies. The disinfectant protocol led to the lowest di-
versity values of the environmental microbiota at all three tested
sites. The probiotic strategy showed the highest diversity on the
floor and in the sink, which was significantly increased in com-
parison to the disinfection strategy (p < 0.001 and p < 0.01,
respectively; Fig. 2A). For the door handle, both the probiotic and
detergent protocols showed an increased diversity, although only
the latter reached statistical significance when compared to con-
ventional disinfection measures (p < 0.05; Fig. 2A).

The observed differences were further supported by the results
obtained after pairwise comparisons of the beta diversity metrics in
a PCoA space (Fig. 2B). Permanova analyses revealed differences in
the PCoA distribution among sanitization strategies, especially
between disinfectant-treated and probiotic-treated samples, as
shown by significant segregation for all three tested surfaces
(Permanova; p < 0.001 for floor and door handle, p < 0.01 for the
sink samples). In contrast, the samples from the patients who
occupied the tested rooms did not show any significant
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stratification among the different cleaning regimes (Fig. S4). Thus,
the alpha- and beta-diversity metrics suggest a significant impact
of the sanitization protocol on the bacterial community structures
in the hospital environment. To specifically address these differ-
ences, further analyses at lower taxonomic levels were performed.

Selective effect of sanitization strategies on specific bacterial taxa

At the genus level, the most representative taxa on each surface
type did not significantly change their relative abundance across
different sanitization strategies (Fig. 3A). Kruskal-Wallis testing was
then applied on the relative abundance data to detect those taxa
with significant differences between cleaning regimes (Table S5).
The top significantly changed taxa are shown in Fig. 3B. These
included, among others, a reduced abundance of Pseudomonas on
all tested surfaces during the probiotic cleaning and an increase in
Anaerococci observed in door handle and sink samples during the
same sanitization strategy (Fig. 3B). Overall, a very limited number
of taxa showed any significant changes across cleaning regimes.
Moreover, the overall bacterial community structures did not
change significantly across sanitization strategies, as measured by
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Fig. 3. Relative abundance of specific bacterial taxa after different sanitization strategies. (A) Relative abundance changes over time of the most abundant genera. Bubble size
represents the proportional abundance across different sanitization strategies. (B) Relative abundance dynamics of the top significantly changed taxa (genus level, with >0.5%

relative abundance) across the different cleaning regimes.
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modularity indices (Fig. S5).

To determine whether the relative abundance of specific path-
ogens changed across different sanitization strategies, sequencing
data were analyzed using the subclassifying genus option imple-
mented in the SILVA database. Only three frequent pathogens
(present in more than 20% of the samples) could be identified in the
sequencing data at the species level: Staphylococcus aureus,
Enterococcus faecalis, and Escherichia coli. However, we could not
detect any significant change in their relative abundance across the

different cleaning regimes (Fig. S6).

Influence of cleaning regimes on ARG dissemination

In line with our previous study [21], the highest amounts of

Discussion

antibiotic resistance determinants were detected in the floor

samples. This observation was consistent across all nine tested
rooms (Fig. S7). In total, nine of the ARGs were detected in any of
the samples tested. Among these ARGs, mecA was ubiquitously
found on all surfaces. Other ARGs were mainly detected on a spe-
cific surface type, such as blaVIM and blaNDM on the floor and
blaCMY in the sink samples (Fig. 4A). When the ARG occurrence was
compared between different sanitization regimes, a significant
reduction in the ARG counts was observed in the sink samples
during both probiotic (mean ARGs/sample: 0.095 + 0.067) and
detergent (mean ARGs/sample: 0.127 + 0.037) sanitization strate-
gies when compared to the disinfection strategy (mean ARGs/

A

Fig. 4. Antibiotic resistance gene (ARG) detection in the hospital environment after different sanitization protocols. (A) Bar chart depicting the ARG expression across all envi-
ronmental samples analyzed. Bars represent percentage of samples with positive ARG detection. (B) ARG detection across different sanitization strategies. Shown are the mean ARG
counts detected in each of the nine rooms analyzed during the different sanitization windows. (C) Chart depicting the percentage of positive mecA samples detected during each
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sample: 0.386 + 0.116; p < 0.01; Fig. 4B). This was especially striking
during the probiotic protocol, as seven of the nine analyzed rooms
did not show the presence of any of the tested ARG during this
particular sanitization window. When each specific ARG incidence
was analyzed independently, significant differences between
cleaning regimes were only detected for mecA (Fig. S8). When
compared to conventional disinfection measures, the probiotic
approach led to a reduction in mecA at all surfaces, reaching sta-
tistical significance for the sink samples (Fig. 4C). As measured by
rectal and nasal swabs, the probiotic cleaning-dependent reduction
of ARGs in the environment was only partially detected in patient
samples and did not reach statistical significance across sanitiza-
tion protocols (Fig. S9).

This study comprehensively characterizes the compositional
changes of the microbiome in the clinical environment upon
different sanitization protocols. Overall, the microbial community
structures of the hospital environment were stable during the
whole study; the most representative taxa of each surface type
remained unchanged across the different sanitization protocols.
Only minor genera changed their relative abundance across the
different cleaning regimes, and these did not include any of the
three most abundant pathogens detected in this study. However,
our results showed that the probiotic strategy led to a displacement

of the absolute biomass of the intrinsic microbiota and a
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concomitant increase in its alpha diversity metrics. These effects
reached statistical significance in the sink samples of the tested
rooms. In addition, our data showed a significant reduction of the
total ARG counts in the sink samples during probiotic cleaning
when compared to traditional disinfection strategies. In particular,
the mecA prevalence could be significantly reduced upon applica-
tion of probiotic cleaning protocols.

The concept of using nonpathogenic microorganisms to
counteract the growth of other bacterial species was introduced
over a decade ago and called biocontrol [28]. Although the efficacy
of probiotics in critically ill patients is not conclusive [29], its
application to water systems [30] or breeding farms [31] has been
reported as successful. In recent years, several in vitro and inter-
ventional studies have suggested its application to hospital en-
vironments as a promising alternative to disinfection measures
[8,18] and reported it to be safe for patients [19]. However, the
impact of such biocontrol measures on the microbial structures
and the ecological balance of the hospital environment had not
yet been analyzed. Our results on probiotics-mediated displace-
ment of the intrinsic environmental microbiota by Bacillus spp.
are in line with mechanistic in vitro studies showing a selective
reduction in specific taxa based on the competitive exclusion
principle [18,32]. As a consequence of such displacement, the
absolute number of specific bacterial taxa, including potential
pathogens, might be reduced and replaced by nonpathogenic
bacteria. Although the absolute intrinsic microbial biomass is
decreased, our study shows that the community structure and
relative abundances of its members remain mainly unaltered.
Furthermore, the community fitness did not change significantly
across different cleaning strategies, as assessed by network ana-
lyses. It might be speculated, however, that the increased biodi-
versity upon probiotic cleaning might translate into an improved
resilience of the environmental ecosystems [33].

Among the taxa that showed significant variation among
cleaning regimes, Pseudomonas and Anaerococcus were the most
abundant genera. In general, Anaerococci are mostly commensals
of the human microbiome [34], whereas the genus Pseudomonas
includes several pathogenic and opportunistic species [35]. Inter-
estingly, when comparing different sanitization windows, Anaero-
coccus showed the greatest presence during probiotic cleaning,
whereas Pseudomonas was most prominent upon disinfection. This
might be associated with the reported ability of Pseudomonas spp.
to adapt and develop resistance to diverse disinfectants [36,37].
However, in this study we did not detect any significant
sanitization-dependent increase in relative pathogen abundances
when screening the sequencing data at the species level. Interest-
ingly, the search for specific antibiotic resistance determinants
allowed the identification of the mecA gene as significantly reduced
in the clinical environment upon probiotic treatment. This gene is
responsible for methicillin resistance and widely disseminated in S
aureus populations [38]. The reduction in mecA might be partially
explained by the probiotics-triggered competitive exclusion prin-
ciple, as the significant reduction of biomass in the sink samples
might also translate into a decrease in the total S aureus counts and
thus correlate with the reduced mecA detection in these samples.

Our study has some limitations, which include the inability to
discriminate between live and dead bacteria and a limited number
of ARGs that were tested. Furthermore, the data were generated
from one ward of a single healthcare centre.

The data presented in this study suggest that probiotic saniti-
zation is an interesting strategy in hospital hygiene management
and should be further analyzed in larger multicentre studies. In
addition, randomized clinical studies with the endpoint of noso-
comial infections are required to further validate the impact of our
observations.
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