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a b s t r a c t 

Swimming pools represent a unique aquatic environment, with continuous bacterial inoculation from swimmers 

and high disinfectant levels to control microbial growth. Whether, how, and which groups of bacteria can survive 

this strong disinfectant stress and pose a potential threat to swimmer health remain poorly understood. This 

study leveraged the unique opportunity of a newly opened swimming pool to address these questions. Analysis 

of bacterial community structures in water revealed that disinfectants substantially and temporarily simplified 

bacterial communities, with only a few dominant specialized groups surviving under disinfectant stress. Among 

the culturable pathogens, such as Escherichia coli, Staphylococcus , and Acinetobacter , only specific strains possessing 

genetic adaptations, such as stress-tolerant plasmids, persisted. Although most of the isolated strains did not 

exhibit high levels of antibiotic resistance, the presence of resistant pathogens was confirmed, one of which carried 

a unique complex Class I integron. This study demonstrates how bacteria emerge and persist in heavily managed, 

disinfected aquatic environments, such as swimming pools. Consequently, there is an urgent need to shift focus 

from merely reducing bacterial populations to developing sustainable strategies for managing persistent bacteria 

to protect public health. 
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. Introduction 

Swimming pools are one of the most common water bodies shared

y people. In most cases, it is accessible to non-specific individuals with

imited restrictions. It also has a high population density compared to

ther water bodies. Therefore, swimming pools can have a high mi-

robial content, making them a potential pathway for transmitting in-

ectious diseases. A growing body of evidence from diverse geographi-

al regions has documented that recreational water bodies, particularly

wimming pools, are associated with an elevated risk of bacterial infec-

ion [ 1–3 ]. To address this issue, high concentrations of disinfectants

re routinely added to swimming pools, which generally perform well

n killing pathogens in swimming pool water. Nevertheless, pathogens,

uch as Escherichia coli, Pseudomonas aeruginosa , and Cryptosporidium can

till be detected in swimming pools [ 4 , 5 ]. Moreover, there have been re-

orts of methicillin-resistant Staphylococcus aureus strains isolated from

wimming pool water [ 6 ]. 
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Advancements in sequencing technologies have facilitated compre-

ensive research on swimming pool microbiota. Although traditional

ulture-based methods are effective in detecting cultivable pathogens,

hey provide limited insights into the overall microbial community

tructure and miss unculturable microorganisms [ 7 ]. To overcome these

imitations, high-throughput sequencing, including 16S rRNA amplicon

equencing, enables the comprehensive profiling of microbial composi-

ion and community structure in water samples [ 7 , 8 ]. However, this

pproach alone does not reveal the genetic determinants of the in-

ividual strains. Whole-genome sequencing (WGS) addresses this gap

y allowing the precise characterization of genetic features, such as

tress-response genes, virulence factors, and antibiotic resistance genes

ARGs), which underlie microbial persistence in challenging environ-

ents [ 9 ]. Thus, the integration of high-throughput sequencing with

GS offers a powerful strategy for elucidating the composition and

unctional attributes of bacterial populations in environmental settings.

owever, such studies have rarely been conducted using swimming pool
cn (M. Wang) . 
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ater. Among a limited number of reports, Ma et al. described the

etagenomic and resistomic changes in microbes in laboratory-scale

astewater studies before and after chlorination, mimicking the con-

entration used in swimming pools and drinking water [ 10 ], focusing

n changes in ARGs. Other related environments such as children’s pad-

ling pools have also been studied [ 11 ]. These studies have primarily

elied on high-throughput metagenomic sequencing to investigate mi-

robial population dynamics. While the aforementioned studies primar-

ly focused on global shifts in microbial populations, the behavior and

haracteristics of individual bacteria in swimming pools remain largely

verlooked. 

This work attempted to carry out an extensive study on microbes

n a full-scale, well-operated swimming pool, taking advantage of mod-

rn sequencing technologies and taking the opportunity to open a new

wimming pool at the Qingdao Campus, Shandong University. It has

arely been observed how microbes change from a pristine, unused

wimming pool to a pool affected by continuous human activity. This

s one of the first studies to determine whether and how certain bacte-

ial groups survive the strong disinfectant stress present in swimming

ools. Persistent bacteria and their genetic determinants can function

s novel microbial indicators for environmental monitoring, analogous

o the human-specific biomarker coprostanol used for data normaliza-

ion in wastewater surveillance [ 12 ]. These indicators are critical for

ssessing the gap in disinfection efficacy and potential health risks in

wimming pools. Therefore, monitoring these specific persistent bacte-

ia rather than relying solely on total bacterial counts could provide a

ore precise and efficient early warning strategy for water safety. As

his study was conducted in a well-operated pool with strict disinfec-

ion protocols, it demonstrates that a potential infection threat can per-

ist even in environments deemed safe, and introduces a novel concept

or environmental monitoring. 

. Materials and methods 

.1. Sample collection and bacterial isolation 

Samples were collected from the swimming pool of the gymnasium

t Shandong University, Qingdao Campus. Between January 10th and

pril 13th, 2024, 12 water samples were collected weekly. Sample col-

ection nearly reached the full operational cycle of the pool, defined as

he first sample collected on the opening day before swimmer use, while

he final sample was collected immediately prior to routine drainage.

wimming pool water sampling and bacterial collection were performed

s previously described [ 13 ]. 

All samples were collected in sterile sealed plastic buckets with a to-

al capacity of approximately 18.4 liters. The samples were collected at

 point approximately 10 cm away from the pool edge and a depth of

0 cm and then transferred to the laboratory for further analysis. The

ater samples were filtered using a sand core filter (1000 mL) and a mi-

roporous membrane with a pore size of 0.22 𝜇m. Microporous mem-

ranes containing the filtered bacteria were cut into small pieces and

mmersed in 0.01 M phosphate-buffered saline (pH 7.2) for approxi-

ately 2.5 h at room temperature (20–25 °C). After vortexing for 10

in, 200 𝜇L of the supernatant was plated on Luria-Bertani (LB) agar

lates and incubated overnight at 37 °C, with the remainder used for

ubsequent genomic extraction. Individual colonies with different mor-

hologies were selected for subsequent experiments. 

.2. Genome extraction and sequencing 

The genomic DNA of the isolated bacterial strains was extracted us-

ng a TIANamp Bacteria DNA Kit (TIANGEN BIOTECH, Beijing, China).

 Qubit dsDNA HS Assay Kit (Invitrogen, Waltham, MA, USA) was used

o quantify the genomic DNA concentration. A Rapid Barcoding Kit 96

14 (SQK-RBK114.96, Oxford Nanopore Technologies, Oxford, UK) was
2

sed to construct a DNA library. A Nanopore P2solo sequencer (Oxford

anopore Technologies, Oxford, UK) was used for genome sequencing. 

Total genomic DNA was extracted from water samples using a

IANamp Soil DNA Kit (TIANGEN BIOTECH, Beijing, China). Ampli-

on sequencing of the 16S rDNA V4 region was performed by Novogene

o., Ltd. (Beijing, China). Sequencing was conducted on an Illumina No-

aSeq sequencer (Illumina, Inc., San Diego, CA, USA) in PE250 mode. 

.3. Filtering, assembly, and annotation of sequencing data 

Raw 16S rDNA amplicon sequencing data were analyzed using Quan-

itative Insights into Microbial Ecology 2 (QIIME 2). Flye v2.9.2-b1786

as used for Nanopore sequence genome assembly [ 14 ], and Medaka

1.11.3 ( https://github.com/nanoporetech/medaka ) was subsequently

sed for error correction. QUAST v5.0.2 [ 15 ], CheckM2 v1.0.2 [ 16 ],

nd BUSCO v5.2.2 [ 17 ] were used to evaluate the quality and com-

leteness of the genome assembly. GTDB-Tk v2.1.1 was used for the

axonomic annotation of the assembled genome [ 18 ]. Gene prediction

nd annotation were performed using PGAP v6.7 (build 7555, released

uly 18, 2024) [ 19 ], and Prokka v1.14.6 [ 20 ]. ARGs were predicted

sing AMRfinder v3.11.1, with database version 2023–04–17.1 [ 21 ]

nd RGI ( https://card.mcmaster.ca/analyze/rgi ), whereas plasmid typ-

ng was performed using PlasmidFinder [ 22 ]. The plasmids were further

onfirmed using a BLAST search against the GenBank NT database. The

ontig circularity and copy number were calculated using the Flye soft-

are. Comparison of genomes and identification of mutations was per-

ormed with Snippy v4.6.0 ( https://github.com/tseemann/snippy ) and

ubbins v3.3.1 [ 23 ]. 

.4. Antimicrobial susceptibility tests 

Antimicrobial susceptibility tests were performed on isolates of E.

oli, Staphylococcus , and Acinetobacter using the K–B disk diffusion

ethod, following Clinical Laboratory Standards Institute procedures. 

.5. Data analysis 

Alpha-diversity was computed in QIIME2, and statistical trends

cross samples were assessed via linear regression in R. A phylogenetic

ree was constructed using FastTree [ 24 , 25 ] and visualized with iTOL

 26 ]. Plasmid visualization was performed using SnapGene v8.0.1. Plas-

id replicon types were predicted using the PlasmidFinder software.

obile genetic elements (MGEs) on the plasmids were identified using

OB-suite. The homologous sequences in the database were searched

sing BLAST. Comparative visualization of plasmid homology was per-

ormed using Easyfig. Fig. 5 was created using https://BioRender.com . 

.6. Genomic sequence data deposition 

All genomic sequence data were deposited in GenBank under the

ccession number PRJNA1211488. The accession numbers for the indi-

idual strains are listed in Table S1. 

. Results 

.1. Sampling of swimming pool water 

Water samples were collected from the swimming pool of Shandong

niversity, Qingdao Campus. This swimming pool was opened on Jan-

ary 10th, 2024, providing a unique opportunity to observe changes in

icrobial communities in pool water resulting from anthropogenic ac-

ivities and disinfection, as well as the evolution of pathogenic potential

ithin the swimming pool. 

Water samples were collected from the swimming pool in the morn-

ng approximately every week. Twelve samples were collected from Jan-

ary 10th to April 13th, 2024. The first sample was taken on January

https://github.com/nanoporetech/medaka
https://card.mcmaster.ca/analyze/rgi
https://github.com/tseemann/snippy
https://BioRender.com
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Fig. 1. Swimming pool operation statistics. 

(a) Number of swimmers, (b) addition of dis- 

infectants, (c) residual chlorine. The red ar- 

rows indicate sampling dates. The gray area 

indicates the Spring Festival vacation period 

when the gymnasium was closed. The addition 

of CuSO4 was noted in (b). TCCA, trichloroiso- 

cyanuric acid. 
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0th, before the swimming pool was officially opened to the public. This

eriod also included the Spring Festival (Chinese New Year) when stu-

ents were on vacation and swimming activities were low (Table S1). 

The number of swimmers in the pool showed a general increasing

rend since its opening ( Fig. 1 a). An obvious gap was seen during the

pring Festival vacation when the swimming pool was closed, which led

o a ‘break’ in both swimming activities and disinfection. Routine disin-

ection was performed through the daily addition of trichloroisocyanuric

cid (TCCA) ( Fig. 1 b). CuSO4 was also added monthly. Residual chlo-

ine remained at a healthy level between 0.4 and 0.8 mg/L ( Fig. 1 c),

omplying with the Chinese standard range of 0.3–1.0 mg/L (National

tandards of the People’s Republic of China, GB 37,488–2019), suggest-

ng effective disinfection. In general, this is a well-operated, reasonably

opulated, and routinely disinfected swimming pool that can be consid-

red representative of a typical swimming pool during opening. 

.2. Simplification of bacterial communities and persistence of 

etabolically specialized groups 

The characteristics of the overall bacterial community structure were

tudied using 16S rDNA amplicon sequencing. In general, Proteobacte-

ia was the dominant phylum ( Fig. 2 a), although a small fraction of

icrobes before and soon after the opening of the swimming pool be-

onged to other phyla. 

Quick and effective removal of human-related bacteria was observed

n the swimming pool water following the opening of the pool and the

pplication of disinfectants. Prior to the opening of the swimming pool,
3

he pool bacterial community was primarily composed of human-related

icrobes including Escherichia-Shigella, Pseudomonas , and Acinetobacter ,

long with the denitrifying bacteria Hyphomicrobium [ 27 ] ( Fig. 2 b). This

omposition drastically changed following the opening of the swimming

ool, with quick, near-complete elimination of human-related bacteria

 Fig. 2 b), consistent with the purpose of disinfection. 

In addition to the removal of human-related pathogenic bacteria,

implification of the bacterial community in pool water was observed.

ollowing the opening of the swimming pool, the 𝛼-diversity exhib-

ted a significant overall decline (Shannon index: –0.124, Chao1 in-

ex: –22.059 per time unit; both p < 0.05). This decline was particu-

arly pronounced during the initial phase preceding the Spring Festival

 Fig. 3 ). However, this simplified bacterial community is temporary and

epended on the continuous disinfectant pressure. During the Spring

estival of 2024, the 𝛼-diversities were restored due to the reduction

f disinfection frequency ( Fig. 3 ), although the human-mediated inoc-

lation of microbes also stopped. These findings suggest that although

isinfection can lead to simplified bacterial communities in swimming

ools, it is also necessary to maintain this simplified structure. 

Examination of swimming pool bacterial community structures re-

ealed the persistence of specific bacterial groups. Generally, four mi-

robes dominated the microbial communities during the operation of

he swimming pool: genera of the families Hyphomonadaceae and Rhi-

obiaceae, as well as the genera Porphyrobacter and Neviskia ( Fig. 2 b).

efore the Spring Festival, Hyphomonadaceae and Porphyrobacter were

he dominant taxa, whereas after the festival, all four microbial groups,

ncluding Rhizobiaceae and Nevskia , were detected. These groups of
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Fig. 2. Microbial communities of swimming pool samples. The results are shown at the (a) phylum level, (b) genus level, (c) Hyphomonadaceae family level; (d) 

Rhizobiaceae family level, (e) Porphyrobacter genus level, and (f) Nevskia genus level. 

Fig. 3. Alpha indices of the samples. 
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acteria persisted despite routine disinfection, showing that even un-

er strong disinfectant stress, the swimming pool could not completely

emove microbes ( Fig. 2c–2f ). 

The bacterial groups that persisted in the swimming pool were

etabolically specialized. Microbes of the family Hyphomonadaceae are

ommonly found among marine diazotrophic bacteria [ 28 , 29 ]. Bacteria

f the genus Porphyrobacter have been implicated in connection with mi-

roalgae and cyanobacteria [ 30 , 31 ], and were found to be anoxygenic

hototrophic bacteria in seawater [ 32 ]. Nevskia is commonly found in

he soil [ 33 ], and has been shown to degrade complex organic sub-

tances [ 34 ]. Rhizobiaceae are diazotrophic bacteria commonly found
 w  

4

n soil [ 35 ]. Swimming pools are nutrient-scarce environments in which

arbon and nitrogen sources are limited. Therefore, these metabolically

pecialized bacteria have better fitness than the commonly observed

acteria in nutrient-rich environments. 

.3. Persistence of specialized pathogenic bacteria under strong disinfectant

tress 

A swimming pool is an environment with strong disinfectant stress,

specially with the daily application of TCCA and monthly treatment

ith CuSO4 . The ability of pathogenic bacteria to survive strong dis-
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Table 1 

Bacteria isolated in this study. 

Species Isolate number 

Bacillus (38 strains) 

Bacillus cereus 15 

Bacillus velezensis 15 

Bacillus thuringiensis 4 

Bacillus licheniformis 2 

Bacillus safensis 1 

Bacillus subtilis 1 

Staphylococcus (14 strains) 

Staphylococcus saprophyticus 5 

Staphylococcus aureus 4 

Staphylococcus haemolyticus 2 

Staphylococcus epidermidis 1 

Staphylococcus hominis 1 

Staphylococcus lugdunensis 1 

Acinetobacter (9 strains) 

Acinetobacter lwoffii 9 

Others (22 strains) 

E. coli 19 

Kocuria palustris 1 

Neobacillus sp. 005154805 1 

Priestia zanthoxyli 1 
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nfectant stress was studied using a culture approach. A total of 83

acterial isolates belonging to 17 species and 7 genera were isolated

rom swimming pool water samples ( Table 1 ). The four most common

enera were Bacillus, Escherichia, Staphylococcus , and Acinetobacter . Al-

hough Bacillus is commonly found among environmental bacteria, other

enera are often found in humans. Forty-nine isolates (59 % of all iso-

ates), including E. coli and Staphylococcus aureus , are well-known op-

ortunistic pathogens. Whole-genome sequences of 83 bacterial isolates

ere obtained and annotated, using 3rd generation Nanopore sequenc-

ng, which can generate near-perfect genomic assemblies. Plasmids were

dentified and sequenced using this approach. 

Nineteen E. coli isolates were obtained from swimming pool water

etween February 25th and April 13th (Table S2). Surprisingly, phylo-

enetic analysis showed that all E. coli isolates, except for E. coli isolate

p61, were evolutionarily close ( Fig. 4 a). On average, these isolates only

arry 73.4 mutations in comparison with E. coli sp23, much smaller than

he 348 mutations found in E. coli sp61. Considering these mutations, in-

luding single nucleotide polymorphisms, insertion-deletions (InDels),

nd small replacements, without large structural variations or inver-

ions, these isolates can be considered as the same strain. 

Analysis of plasmids in E. coli isolates revealed that all E. coli isolates,

xcept E. coli sp61, carried the same pSPEC-1 plasmid ( Fig. 4 b). pSPEC-1

elonged to the Col replicon type (Table S5). Sequencing showed that

SPEC-1 carried genes encoding AcrA and AcrB, which are components

f the AcrAB-TolC efflux pump. BLAST analysis revealed that the AcrA

nd AcrB of pSPEC-1 had significant homology with a region of the E.

oli 74D chromosome (CP181454.1), suggesting that this plasmid region

ight have been acquired from a chromosomal source (Fig. S1a). The

ncoded AcrA is a C-terminal fragment and AcrB is a variant with a

508P substitution. Furthermore, pSPEC-1 was present at a high copy

umber in these isolates, with an average of 112 copies per cell ( Fig. 4 c),

uggesting that it may function in the efflux of detrimental chemicals,

uch as disinfectants. 

Fourteen Staphylococcus isolates were obtained from swimming pool

ater (Table S5). Most species of this genus are known pathogenic bac-

eria that commonly colonize human skin. They can cause various dis-

ases, including skin infections, tissue infections, and bacteremia [ 36 ].

our S. aureus isolates were obtained on January 22nd and February

9th. On average, 36 mutations were present between S. aureus isolates

nd the earliest isolated S. aureus sp7, suggesting that they are closely re-

ated isolates. In addition, they carried the same pSPSA-1 plasmid, which

elonged to the rep5a replicon type (Table S5). Taken together, these
5

esults suggest that the same S. aureus strain persisted for one month un-

er disinfectant pressure, which is in agreement with the observations

or E. coli . Sequence alignment revealed that pSPSA-1 exhibited 99.69 %

dentity with an unnamed plasmid from S. aureus strain UP_678 (acces-

ion number CP047840.1), suggesting that they are highly conserved

ariants or derivatives of the same plasmid backbone (Fig. S1b). 

Similar to S. aureus , five Staphylococcus saprophyticus isolates were

btained between March 16th and April 13th. The average number of

utations between S. saprophyticus isolates and the earliest isolated S.

aprophyticus sp43 was 25.8. They all contained the same plasmids,

SASAP-1, pSASAP-2, and pSASAP-3 (all belonging to the rep family

eplicon), confirming that they are evolutionarily close isolates, and fur-

her confirming the simplicity of pathogen communities and persistence

f the same pathogenic strain under disinfectant stress. 

Twenty different plasmids were identified in Staphylococcus iso-

ates, including 11 previously reported plasmids and 9 newly identi-

ed strains. Two of the three shared plasmids in S. saprophyticus iso-

ates, pSASAP-1 and pSASAP-2, were previously observed, as they ex-

ibited high sequence coverage (93 % and 83 %, respectively) and near-

omplete nucleotide identity ( > 99.9 %) with known plasmids deposited

n public databases (Table S5 and Fig. S1). Comparative analysis re-

ealed that pSASAP-3 shared only 53 % sequence coverage with its

losest known plasmid, CP003673.1, suggesting a previously uncharac-

erized plasmid backbone (Table S5 and Fig. S1e). Further analysis re-

ealed that both pSASAP-1 and pSASAP-3 contained a substantial num-

er of genes involved in heavy metal detoxification, particularly cop-

er ( Fig. 4 d). The genes copZ and copB encode copper transporters that

ffectively reduce the impact of copper on bacteria [ 37 ], the remain-

ng proteins encoded by the plasmid also participate in the transport

f heavy metals. This may explain the persistence of the same S. sapro-

hyticus strain for over a month in the swimming pool, as the carriage

f these two plasmids can increase tolerance to CuSO4 , which was used

lso as a disinfectant in the pool in this study. 

Nine Acinetobacter lwoffii isolates were obtained from January 10th

o March 30th. Phylogenetic analysis showed that all isolates, except

. lwoffii sp72, were phylogenetically close ( Fig. 4 e), suggesting that

hey were the same strain. An average of 66.9 mutations were present

etween the Acinetobacter isolates and the earliest isolated A. lwoffii sp4

train. All these A. lwoffii isolates carried a large number of plasmids;

or instance, A. lwoffii sp36 harbored eight plasmids. 

The isolation of pathogenic bacterial strains clearly demonstrates

hat pathogens can survive in a well-operated and disinfected swimming

ool. However, only specific strains containing specific genetic determi-

ants can persist under disinfectant challenge, including a novel efflux

ump-encoding plasmid in E. coli and heavy-metal-resistant plasmids in

. saprophyticus . Genetic and phylogenetic analyses of each pathogenic

pecies suggested that only one strain was able to persist across all

athogenic species, E. coli, S. aureus, S. saprophyticus , and A. lwoffii ,

hereas the other strains were eliminated. This finding indicates the

pecificity of the strains capable of surviving in well-disinfected swim-

ing pools. 

.4. Identification of a new mobile antibiotic resistant complex class I 

ntegron in Acinetobacterlwoffii sp72 from a swimming pool 

Antimicrobial susceptibility tests showed that six strains were

ntimicrobial-resistant (Table S5): A. lwoffii sp4 was piperacillin-

esistant, A. lwoffii sp36 was imipenem-resistant, E. coli sp47 was

rimethoprim-sulfamethoxazole resistant, E. coli sp50 was kanamycin-

esistant, A. lwoffii sp72 was ceftazidime-resistant, and S. saprophyticus

p77 was resistant to both azithromycin and trimethoprim. 

Analysis of ARGs led to an interesting finding for A. lwoffii sp72: the

-lactam resistant blaPER-1 gene, which is most likely responsible for its

eftazidime resistance phenotype, is located in a plasmid-harbored com-

lex Class I integron ( Fig. 4 f). This integron also carries the rifamycin

esistance aar-3 gene and aminoglycoside resistance gene aac(6 ′ )-Ib4 .
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Fig. 4. Characterization of the strains and plasmids identified in this study. (a) Phylogenetic analysis of E. coli . (b) Schematic map of plasmid pSPEC-1. (c) Copy 

numbers of pSPEC-1 per cell. (d) Plasmids in S. saprophyticus . (e) Phylogenetic analysis if A. lwoffii strains. (f) Schematic map of pSAPL-1 identified in A. lwoffii strain 

sp72. (g) Gene organization of the complex Class I integron located on plasmid pSAPL-1. 
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n the ISCR1-flanking gene cassette, this integron also carried the glu-

athione S-transferase-coding gene gst , the ABC transporter ATP-binding

rotein-coding gene orf1 , a hypothetical protein-coding gene orf2 , the

embrane protein-coding gene orf3 , and orf4 , which encodes a puta-

ive secreted protein ( Fig. 4 g). To our knowledge, this is a new complex

lass I integron in A. lwoffii , given the limited number of reports on

uch elements in this nosocomial pathogen. In addition, it is intriguing

o find that this integron is located on the pSPAL-1 plasmid. pSPAL-1

arbored an uncharacterized replication system and showed high over-

ll homology with plasmid CP042547.1, despite the presence of gene

earrangement regions (Table S5). Notably, their complex Class I in-

egron regions were not fully aligned, suggesting structural variation

nd likely independent evolution of the integron-associated accessory

egion (Fig. S1f). Genetic analysis further revealed that pSPAL-1 carried

 MOBP-type relaxase and putative conjugation-related genes ( Fig. 4 f).

herefore, this integron has significant mobility potential, as it can be

ransferred with a conjugative plasmid, which may also aggravate the

hreat of antimicrobial resistance. 

. Discussion 

Artificial swimming pools are open environments to which human

ctivities continually introduce diverse bacteria. Water disinfection, en-

ompassing both biological and industrial methods, is essential for pub-

ic health [ 38 , 39 ]. Therefore, industrial disinfection serves as the pri-

ary intervention strategy for microbial control and maintenance of

ygienic water quality in swimming pools. Although some studies have

haracterized the microbial composition of swimming pool ecosystems

 13 , 40 ], the temporal dynamics and changes in these microbial commu-

ities remain largely unexplored. To our knowledge, this is the first sys-
6

ematic investigation of microbial dynamics before and after the opening

f a new public swimming pool. 

Continuous sampling and bacterial composition analysis revealed

hat Proteobacteria was the predominant phylum across all samples;

t maintained its predominance even under disinfection pressure. This

nding aligns with previous reports on the ecological dominance of Pro-

eobacteria in aquatic environments [ 41 , 42 ]. The persistence of this

hylum under disinfectant stress may be attributed to two key adap-

ive mechanisms: (1) enhanced biofilm formation capacity, which pro-

ides inherent protection against environmental stressors such as dis-

nfectants [ 38 ], and (2) chlorine resistance through nitrification pro-

esses [ 43 ]. This ecological advantage under disinfectant stress has been

ell-documented, with Proteobacteria demonstrating selective survival

n chlorinated environments [ 44 ]. 

Genus-level bacterial composition analysis revealed distinct shifts in

he microbial communities before and after pool operation. The pre-

peration samples were dominated by Escherichia-Shigella, Pseudomonas,

cinetobacter , and Hyphomicrobium , which are bacteria associated with

umans. Considering that the initial water was from an urban water sup-

ly system, this composition reflects the microbial community in tap wa-

er, which is related to human activities/contamination and wastewater

reatment [ 45 ]. The post-operation samples from the swimming pool

ater were dominated by four groups of environmental bacteria. Hy-

homonadaceae and Porphyrobacter are marine bacteria [ 22 , 24 ], while

hizobiaceae and Nevskia are soil bacteria [ 27 , 29 ]. The swimming pool

nalyzed in this work is located on a campus that is only 500 m from

he Yellow Sea of China, where marine bacteria originate and soil bacte-

ia can be carried by swimmers. It can be observed from these bacterial

roups that human inoculation is a major determinant of the microbial

ommunity structure in swimming pools. 
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Fig. 5. Persistence of specialized bacteria in swimming pools. 
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We discovered a gene encoding the AcrAB subunits in the plasmid

SPEC-1 in E. coli. AcrAB-TolC is a non-specific efflux pump complex

ound in Enterobacteriaceae that pumps antibiotics and other detri-

ental chemicals [ 46 ]. Although plasmid-borne RND pumps, such as

mexCD-oprJ, have been observed in Enterobacteriaceae such as Kleb-

iella pneumoniae [ 47 ], AcrAB-TolC remains exclusively chromosomal

n E. coli . The acquisition of efflux pumps via MGEs represents a key

daptive strategy for rapid environmental adaptation along with other

echanisms, such as enzyme-mediated detoxification [ 48 ]. It needs to

e emphasized here that this novel ‘pump plasmid’ may cause col-

ateral consequences, as the AcrAB-TolC complex is known to con-

er resistance to a broad spectrum of antibiotics, including 𝛽-lactams,

zithromycin, trimethoprim, quinolones, and the last-line antibiotic

igecycline [ 49 , 50 ]. However, in the present study, none of the E.

oli strains harboring AcrAB exhibited significant drug resistance (Table

5). The AcrAB-TolC system alone does not confer high-level resistance,

ecause its effectiveness depends on synergistic interactions with other

esistance mechanisms [ 51 ]. In contrast, the truncation of AcrA and mu-

ations in AcrB may significantly affect drug resistance. 

Phylogenetic analysis of the isolated bacteria revealed that only

dentical strains persisted under continuous disinfectant pressure. No-

ably, even for highly prevalent species, such as E. coli and S. aureus ,

o strain diversity was observed in the surviving populations. How-

ver, two transient isolates ( E. coli sp61 and A. lwoffii sp72) with dis-

inct genomic architectures were uniquely detected during the March

0 sampling (subsequent samples were culture-negative). We hypoth-

sized that the transient detection of E. coli sp61 and A. lwoffii sp72

n this sampling time may be attributed to the sustained high swim-

er load prior to sampling, which likely increased the microbial inputs

rom swimmers. No A. lwoffii strains (including sp72) were detected in

he subsequent analyses, confirming that A. lwoffii sp72 is a transient

uman-introduced strain. In contrast, although later samples remained

ositive for E. coli , the specific strain sp61 was lost. Given that pool dis-

nfectants exert persistent selective pressure [ 52 ], we propose that the

bsence of E. coli sp61 resulted from a lack of specialized genetic deter-

inants (efflux pumps or copper resistance-conferring plasmids), ren-

ering it noncompetitive under these conditions. Because bacteria with

pecific genetic determinants are continuously enriched through repro-

uction under selective pressure, they eventually occupy the ecological

iches of E. coli sp61, leading to its failure to be detected in subsequent

ample tests. This ecological succession pattern aligns with the classic

selection-sieving ” model observed in disinfectant-stressed aquatic en-

ironments [ 44 , 52 ], the composition and abundance of bacteria change

ith the use of disinfectants, which is the same as the results of our

tudy. 

This study represents the first comprehensive time-series analysis of

icrobial community dynamics in swimming pools, revealing the crit-
7

cal role of disinfectants in shaping the microbial structure. Our find-

ngs demonstrate that reduced disinfectant stress rapidly restores com-

unity complexity and facilitates microbial rebalancing, thereby high-

ighting the resilience of the system. Our findings also describes how

etabolically specialized, uncommon microbes persist in this unique

cosystem. However, this study had several limitations that highlight

uture research directions. The main limitation of our study stems from

ts reliance on bacterial culture and 16S rRNA gene sequencing. This ap-

roach restricted our ability to fully characterize anaerobic and uncul-

urable microorganisms and perform detailed genetic analyses, particu-

arly regarding the numerous plasmids we observed, whose ecological

ignificance remains to be fully elucidated. Consequently, a powerful

trategy for future research in this area would be to employ shotgun

etagenomics to reconstruct metagenome-assembled genomes (MAGs).

his would not only provide a more comprehensive taxonomic and func-

ional profile of uncultured taxa but also enable direct plasmid char-

cterization. Similarly, our findings generated specific hypotheses re-

arding disinfectant tolerance mechanisms that require direct exper-

mental validation. Unlike the broad ecological insights from MAGs,

 paramount future goal is to perform targeted phenotypic assays to

onfirm the functions of the identified genetic elements in the isolated

trains. This orthogonal approach is crucial to establish causative links

eyond genomic correlations. 

. Conclusions 

The bacterial content of swimming pool water was studied in a newly

pened swimming pool by following the bacterial community struc-

ures and genomics of the isolated bacteria through time. The disin-

ection process has a significant impact on the bacteria in pool water by

early eliminating pathogenic bacteria and drastically and temporar-

ly simplifying the bacterial community. It was found that specialized

acteria can persist in swimming pools despite very strong disinfec-

ant stress ( Fig. 5 ); metabolically specialized environmental bacteria can

ersist under nutrient- and disinfectant-stressed conditions, and geneti-

ally specialized pathogenic bacteria can persist due to the acquisition

f unique plasmids. A new complex Class I integron, which may have

ntibiotic consequences, was also found in a pathogenic bacterium. This

nderscores its potential public health risk, as these elements can serve

s reservoirs for the capture and dissemination of ARGs. This study de-

cribes the microbial community in swimming pool water, a common

et rarely studied public water body, and provides insights into the sur-

ival of environmental and pathogenic bacteria in this harsh environ-

ent. Our study demonstrated that a management strategy based solely

n disinfection is insufficient; it must be supplemented with new pro-

ocols to specifically monitor and address persistent bacterial and ARGs

n water. 
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