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Shower systems create conditions conducive to the growth of opportunistic pathogens, but the timing and
location of associated risks are poorly understood. In this study, we constructed 48 full size shower units with six
incubation periods (4, 10, 16, 22, 30, and 40 weeks) and four water heater temperature (39, 45, 51, and 58 °C) to
examine the dynamics of microbial growth and pathogen distribution. Results showed that during the initial
stage (4 weeks), peak biomass was observed for all biofilms, ranked as shower hose (SHE) > cold-water pipe
(CWP) > hot-water pipe (HWP), followed by a sharp decline by the 10th-week. At the 4th-week, the biofilm was
loose and easily detached into the water, possibly promoted by leached organic carbon from plastic material,
fostering the growth of specific microorganisms. The impacts of stagnation and temperature became more
pronounced in CWP and HWP over time. Legionella pneumophila appeared in biofilms at the 4th-week, dis-
appeared, and reappeared in large numbers since the 22nd-week. Differently, Mycobacterium spp. emerged in
large numbers after 30 weeks. Both pathogens were notably enriched in showerheads and shower hoses. This
study highlights critical periods of higher risk in shower systems, particularly in the early stages (4 weeks) and
after 22 weeks, suggesting that risks can be mitigated by pre-soaking pipes or regularly cleaning (e.g., heat shock
flushing) and replacing showerheads and hoses.

1. Introduction Whiley et al., 2015). For instance, Legionella spp. was found in 31 % of
home shower samples in the UK (Collins et al., 2017), and 70 % of
showerheads in the US contained NTM (Feazel et al., 2009). Aerosols

containing these pathogens can cause respiratory infections when

Waterborne diseases are a significant public health concern, with
widespread global attention (Kunz et al., 2024; Pouey et al., 2021;

Samuelsson et al., 2023). In 2014, the United States reported 1.13
million cases of waterborne infections linked to drinking water, result-
ing in 47,700 hospitalizations, 3300 deaths, and $1.39 billion in direct
healthcare costs (Gerdes et al., 2023). From 2015 to 2020, 87 % of
outbreaks associated with drinking water were due to biofilm patho-
gens, such as Legionella spp. and nontuberculous mycobacteria (NTM)
(Kunz et al., 2024). Shower systems, with long stagnation times, low
residual chlorine levels, high surface-to-volume ratios, and abundant
nutrients, promote biofilm growth and are hotspots for opportunistic
pathogens (Cordes et al., 1981; Proctor et al., 2018; Shen et al., 2022;

inhaled during showering, making shower systems a potential infection
source (Schoen and Ashbolt, 2011; Shen et al., 2022; Whiley et al.,
2015). Thus, understanding microbial dynamics in shower systems is
crucial for managing microbiological risks.

Shower systems are complex, consisting of hot- and cold-water pipes,
shower hoses, showerheads, shower valves, and other components. Most
field studies focus on easily accessible components, like showerheads
and hoses, while the hot and cold pipes remain underrepresented
(Cordes et al., 1981; Feazel et al., 2009; Proctor et al., 2018; Soto-Giron
et al., 2016). The impact of temperature on biofilms, particularly in hot
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water systems, has received limited attention. In some simulation
studies, water temperature in hot water systems was gradually increased
by 2.5 to 7 °C every 5 to 12 weeks in the same simulated device (Proctor
etal., 2017; Rhoads et al., 2015). However, the influence of temperature
on biofilms under the same similar incubation times in hot water system
is underexplored. Therefore, a comprehensive study on microbial and
pathogen dynamics across all shower system stages is necessary to fully
assess the risk profile.

Although biofilm dynamics in drinking water pipes have been
studied, focusing on materials, hydraulic conditions, and biomass
(Douterelo et al., 2018; Manuel et al., 2007; Martiny et al., 2003; Rochex
et al., 2008), most research has concentrated on cold water pipes, with
limited data on biofilms in warm- and hot-water systems. Showers often
use plastic pipes (e.g., shower hoses), which release dissolved organic
carbon (DOC) that promotes biofilm growth (Learbuch et al., 2021;
Romera-Castillo et al., 2018). Pathogens prefer biofilm environments;
for example, Legionella spp. correlates with the age of the house
(Hayes-Phillips et al., 2019), and L. pneumophila colonizes later in bio-
film development (Abu Khweek and Amer, 2018), while NTM readily
attaches to pipe surfaces (Pereira et al., 2020). Despite studies exam-
ining the impacts of temperature, pipe material, disinfectant, and water
age on pathogen colonization (Falkinham, 2011; Farhat et al., 2012;
Moritz et al., 2010; Wang et al., 2012), the dynamics of opportunistic
pathogen growth in biofilms remain poorly understood. Understanding
these dynamics could help reduce the risk of shower infections by
identifying temporal and spatial hot spots of potential risks, and more
importantly, a better understanding of such dynamics allows for the
identification of effective control measures.

To address these gaps, this study constructed 48 full size shower units
with four water heater temperature settings (39, 45, 51, and 58 °C) and
six incubation periods (4, 10, 16, 22, 30, and 40 weeks). While shorter-
term studies (< 4 weeks) are indeed important, this investigation pri-
marily focused on long-term biofilm development dynamics. The
objective was to systematically explore the dynamics of biomass, di-
versity, community composition, and opportunistic pathogens over time
in different components and phases of shower systems. The finding
provides valuable insights into the health risks associated with shower
systems, helping to inform consumers about when and where these risks
may arise.

2. Materials and methods
2.1. Experimental setup and operation

Four identical full-scale shower systems were constructed in a lab-
oratory in Changchun Jilin Province, China. Each system included an
instantaneous water heater, one electric valve, one multifunctional on-
line monitoring meter with two temperature probes and one flow probe,
two switches, and thirteen identical shower units (Fig. S1). A shower
unit consisted of a cold-water pipe (CWP), hot-water pipe (HWP),
shower hose (SHE), showerhead (SHD), check valve, cold/hot-water
switch, solenoid valves, and other components (Figs. S1 and S2). The
CWP and HWP were made of '-inch polypropylene random copolymer
(PPR) pipes, with internal diameters of 1.61 cm and 1.48 cm, and
lengths of approximately 1.1 m and 1.0 m, respectively. The SHE was
made of polyvinyl chloride (PVC) with an internal diameter of 0.85 cm
and a length of 1.45 m. The SHD had a diameter of 9.3 cm and featured
45 silicone holes (internal diameter 1 mm, rain type) and 6 acrylonitrile-
butadiene-styrene (ABS) plastic holes (internal diameter 2 mm, massage
type). In this study, rain-type and massage-type showerhead spray pat-
terns were used. The check valves and switches were made of stainless
steel. The four instantaneous water heaters were set to temperatures of
39, 45, 51, and 58 °C, respectively. Unless otherwise specified, tem-
perature refers to the water heater setting.

The water supply for the shower system was provided by approxi-
mately 30 m of ¥%-inch PPR pipe, connected to a service line in a
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neighboring community. The shower system operated for 40 weeks (W),
from August 2022 to May 2023. Each shower unit was flushed three
times per week, with each flush lasting 8 min at a flow rate of 4.2 + 0.4
L/min and an outlet water temperature of 39 + 2 °C. The backup shower
unit (closest to the water heater) was flushed first for 8 min to purge
stagnant water from the premise plumbing, delivering chlorinated fresh
shower water. Subsequently, the remaining 12 units were flushed
sequentially at 2-minute intervals. The same flushing procedure was
repeated for the 13 shower units at each of the four different tempera-
ture settings, ensuring all temperatures were flushed. The shower units
were flushed automatically by switching the solenoid valves on and off
according to a pre-set program. During periods of stagnation, the shower
systems were allowed to cool to room temperature (19.5 to 25 °C). When
the water heater temperature is set at 39 °C, the hot water heated by the
water heater flows through the hot-water pipe directly into the shower
hose. During this process, no cold water is mixed into the shower hose,
so the cold-water pipe remains stagnant for a long time until the next
sample is taken when the cold-water pipe is replenished with fresh
water. The 39 °C temperature setting simulates the thermostatic anti-
scald safety mode recommended by shower suppliers.

We conducted a 7-day TOC leaching experiment with CWP, HWP,
and SHE, which demonstrated that plastic pipes can leach TOC, partic-
ularly the shower hoses. Notably, the TOC leaching rates decreased with
increasing incubation time. Experimental details and results are pro-
vided in the Supplementary Materials (Text S1 and Figure S3).

2.2. Water and biofilm sampling

Water and biofilm samples were taken from the duplicate shower
units of four temperature settings (39, 45, 51, and 58 °C) at 4th, 10th,
16th, 22nd, 30th, and 40th week of incubation. For the water samples,
the freshwater (FHW) samples were collected at the tap on the main inlet
pipe after sterilizing the tap with 75 % alcohol. Following a 5-min
flushing, 2.2 L of FHW was collected in a sterilized glass bottle. After
stagnation of 48 h, stagnant water (SGW) was sampled. To ensure suf-
ficient SGW sample originated from the pipe, 250 mL (39 °C) or 500 mL
(45, 51, and 58 °C) were collected (Table S1). After flushing the shower
for 5 min, 2.2 L of shower water (SHW) sample was collected. Both SHW
and SGW samples were collected from the showerhead.

Before biofilm sampling, the pipe surfaces, and surrounding envi-
ronment were disinfected with 75 % alcohol. For biofilm in showerheads
(SHD), a sterile rayon swab (Copan, Brescia, Italy) was used to scrape all
holes in the showerheads. For biofilm in shower hose (SHE), the shower
hose was removed and cut into four 30 - 40 cm and one 5 cm section.
Biofilm in the 30 to 40-cm sections was collected using a biofilm sampler
consisting of a silicone plug matching the internal diameter of the pipe
and a 50-cm stainless steel rod (Fig. S4). The sampler was rinsed with
phosphate buffer solution (PBS, pH = 7.2), and the rinse solution was
collected. This process was repeated three times. Four sections of shower
hose biofilm were collected in the same sterile 50 mL centrifuge tube
(pooled as one sample), and the final biofilm suspension volume was 50
mL, which was thoroughly vortexed and shaken for further microbio-
logical analysis. For the 5 cm section used for biofilm morphology study,
the two open ends were sealed with sterile plugs, and the tube was filled
with PBS. It is important to mention that the biofilm sampling for SHD
was different. The biofilm from SHD were sampled on cotton swab, DNA
was extracted for further analysis, but no subsequent biomass mea-
surements nor biofilm characterization were performed.

Similarly, the cold-water pipe (CWP) and hot-water pipe (HWP) were
cut into three 30 - 40 cm sections (pooled as one sample in the end) and
one 5 cm section. The above-mentioned sampling steps were performed.
Biofilm samples were collected in duplicates for SHD, SHE, CWP, and
HWP at each temperature setting. All samples were stored at 4 °C and
processed within 24 h of collection.

In total, over the period of 40 weeks (W), 312 samples were
collected, including 120 water samples and 192 biofilm samples. For
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water samples, n = (4 temperatures x 6 sampling times x [(2 water
types x 2 replicates) + 1 fresh water] = 120; while for biofilm samples, n
= (4 temperatures x 6 sampling times x 4 biofilm types x 2 replicates)
=192.

2.3. Water physicochemical analysis

For all water samples, residual chlorine and total chlorine were
measured immediately after sampling using a DR300 spectrophotometer
(HACH). Temperature was measured with a multifunctional online
monitoring meter. The disinfectant and temperature of the water sam-
ples at each sampling event are summarized in Table S2. For FHW
samples, total organic carbon (TOC) was determined using a TOC
analyzer (Shimadzu, Japan). The concentrations of calcium (Ca) and
magnesium (Mg) were analyzed by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Shimadzu, Japan). The concentrations
of iron (Fe), manganese (Mn), and aluminum (Al) were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS, Thermo Fisher
Scientific, USA). The concentrations of chloride (CI’), sulfate (SO?{), and
nitrite (NO3) ions were analyzed by ion chromatography (IC, Dionex,
USA). The concentration of bicarbonate ions (HCO3) was determined by
titration with an acid-base indicator. The physicochemical characteris-
tics of the FHW samples at each sampling event are summarized in
Table S3.

2.4. Adenosine triphosphate (ATP) and total cell count (TCC)

Total adenosine triphosphate (ATP) concentrations were quantified
to assess the active biomass (Yao et al., 2024). Flow cytometry (FCM)
was used to determine total cell counts (TCC) in the water and biofilm
suspensions (Neu et al., 2018; Proctor et al., 2018). Detection methods
are detailed in Supporting Information (Text S2).

2.5. Biofilm structure analyses with SEM and CLSM

Biofilm structure was visualized by scanning electron microscopy
(SEM; FEI Quattro S, USA) (Yao et al., 2024). The distribution of
extracellular polymeric substances (EPS) within biofilms was charac-
terized in situ using confocal laser scanning microscopy (CLSM; TCS SP8
CSU, Leica, Germany), as previously described (Chen et al., 2007; Yang
et al., 2022). The detailed methodology for biofilm structural analysis is
provided in the Supporting Information (Text S3, Table S4).

2.6. Quantitative polymerase chain reaction

The mip gene of Legionella pneumophila and the atpE genes of Myco-
bacterium spp. were targeted via quantitative real-time polymerase chain
reaction (QPCR) on a Quant Gene 9600 Real-Time PCR instrument
(Bioer, China), following previously published methods (Waak et al.,
2018, 2019). Briefly, the qPCR reactions consisted of 10.0 pL of
SsoAdvanced Universal Probes Supermix (Bio-Rad), appropriate con-
centrations of forward and reverse primers and probes (Sangon Biotech,
China), 2.0 pL of DNA template, and DNase/RNase-free water (TaKaRa)
to a final volume of 20.0 pL. Full primer/probe sequences, PCR reaction
concentrations, and thermoprofiles are provided in Table S5. The oli-
gonucleotides used to create the qPCR standard curves are summarized
in Table S6. Each qPCR run included standard curves (seven serial di-
lutions: 10* copies/pL to 107 copies/pL), negative controls, and samples.
Each standard, negative control, and sample was assayed in triplicate (n
= 3). The limit of quantification (LOQ) for the qPCR reactions targeting
the mip and atpE genes was 10 copies per reaction. Amplification effi-
ciencies, LOQs, and standard curves are summarized in Table S7. The CT
values and the corresponding gene copy number (copies/pL) are sum-
marized in Table S8.
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2.7. DNA extraction and sequencing

For FHW and SHW samples, 2 L of water was filtered through 0.2 pm
polycarbonate membrane filters (Whatman, UK) for DNA extraction,
and 0.2 L of FHW was used for physicochemical and biomass analyses
and 0.2 L of SHW was used for biomass analyses. For SGW samples, 200
mL (39 °C) or 450 mL (45, 51, and 58 °C) of water was filtered for DNA
extraction, and 50 mL of water was used for biomass analyses. For CWP,
HWP, and SHE biofilm samples, 45 mL of biofilm suspension was filtered
for DNA extraction, and 5 mL of biofilm suspension was used for biomass
analysis. The sterile rayon swabs (Copan, Brescia, Italy) were used to
collect biofilms from the holes in the showerhead. The filters and sterile
rayon swabs were stored in sterile centrifuge tubes at —20 °C for sub-
sequent DNA extraction. DNA was extracted using the FastDNA Spin Kit
for Soil (MP Biomedicals, USA), following the manufacturer’s
instructions.

For 16S rRNA gene amplicon sequencing, the V3-V4 regions were
amplified using the primers 341F (5-CCTACGGGNGGCWGCAG-3') and
785R (5-GACTACHVGGGTATCTAATCC-3') (Chen et al., 2022). PCR
products were purified and prepared for sequencing on an Illumina
NovaSeq platform (Shanghai, China) to obtain paired-end 2 x 250 bp
reads. A total of 27 samples showed no PCR product bands and were
therefore not sequenced. The raw sequences were initially processed
with Figaro v1.1.2 to determine trimming parameters (Sasada et al.,
2020). Quality filtering, primer removal, error rate learning, sample
inference, redundancy removal (duplicate sequences), paired read
merging, amplicon sequence variant (ASV) table construction, and
chimera removal were performed using DADA2 v1.21.0, resulting in the
final ASV table (Callahan et al., 2016). Taxonomic classification was
conducted using SILVA 138.1 (Quast et al., 2013), and phylogenetic
reconstruction was performed with QIIME2 2021.1 (Bolyen et al., 2019).
The sequencing data were deposited in the NCBI database under the
reference code PRJINA1249929.

2.8. Statistical analysis

Alpha and beta diversity. Alpha diversity was assessed using the
Observed and Shannon indices. Principal Coordinates Analysis (PCoA)
was performed based on the Bray-Curtis dissimilarity metric to analyze
bacterial community composition. Significant differences in community
composition among different groupings were evaluated using permu-
tational multivariate analysis of variance (PERMANOVA) (p < 0.05).

SourceTracker analysis. To quantify the contribution of potential
sources to the sink, the Bayesian-based SourceTracker method was
applied (Knights et al., 2011). In this study, the bacteria in SHW or SGW
at each sampling time were considered sinks, while the communities of
biofilms (CWP, HWP, SHE, SHD) and FHW were defined as potential
sources. Source apportionment was conducted using SourceTracker (V
1.0.1) with default settings, a rarefaction depth of 1000, burn-in of 100,
restart of 10, alphal of 0.001, alpha2 of 0.1, and beta of 0.01. The
analysis was repeated in triplicate, and the average was calculated as
previously described (Fang et al., 2023).

Null model analysis. To infer community assembly processes, we
calculated the mean nearest taxon distance (MNTD) using the picante R
package (Kembel et al., 2010) and applied a null model (1000 permu-
tations) to compute p-nearest taxon index (BNTI) (Stegen et al., 2012;
Zhou and Ning, 2017). Thresholds were interpreted as: pNTI > 2 (var-
iable selection), NTI < —2 (homogeneous selection), and |BNTI| < 2
(stochastic processes). This analytical framework enabled robust dif-
ferentiation between deterministic environmental filtering and sto-
chastic forces shaping microbial community structure.

Other analysis. Variation partitioning analysis (VPA) was con-
ducted using the R package vegan to assess the relative contributions of
temperature, incubation time, freshwater temperature, and residual
chlorine to the bacterial community. Linear discriminant analysis effect
size (LEfSe) was applied to identify the most significantly enriched ASVs



A. Ren et al.

in response to selected factors, with a significance threshold of > 4.
3. Results
3.1. Development of biomass in shower system

The development of biomass in shower systems was shown in ATP
(Fig. 1) and TCC (Fig. S5). In general, all biofilm exhibited high biomass
at 4th-week, followed by significant decreases and another wave of in-
creases, with the highest biomass observed in shower hoses (SHE: 455.1
+381.3 pg ATP/cm? 3.0 + 2.4 x 10° cells/cm?), followed by cold-water
pipes (CWP: 7.6 + 2.0 pg ATP/cm? 2.0 + 1.1 x 10* cells/cm?), and hot-
water pipes (HWP: 3.5 & 3.7 pg ATP/cm?; 2.0 + 1.1 x 10* cells/cm?).
This trend of peak biomass at the early stage (4th-week) and the
following sharp decreases may be because the leaching of organic matter
from plastic pipe material promoted the fast growth of attached mi-
crobes, which faded away and washed out accompanied by the observed
decrease of biomass (Fig. S3).

Specifically, for CWP, the biomass decreased from 4th-week to 10th-
week (8.5 + 1.7 to 5.2 & 1.6 pg ATP/cm?), steadily increased till 30th-
week, and then decreased till 40th-week (Fig. 1A). For HWP, the
biomass dropped from 4th-week to 16th-week (4.9 + 3.1 to 2.0 &+ 2.0 pg
ATP/cm?), gradually increased till 30th-week, and then decreased till
40th-week (Fig. 1B). For SHE, the biomass decreased from 4th-week to
10th-week (711.6 + 324.4 to 153.1 4+ 52.7 pg ATP/cm?), steadily
decreased till 22nd-week, then sharply increased at 40th-week (969.5 +
143.4 pg ATP/cm?) (Fig. 1C).

For heating temperatures, contrary influences were observed for
CWP and HWP. The biomass was the lowest at 39 °C in CWP (5.2 + 1.3
pg ATP/cm?) and increase with the increase of temperature. This phe-
nomenon may be attributed to prolonged stagnation in CWP when the
water heater temperature was set at 39 °C, which prevented nutrient
replenishment from fresh water. For HWP, the highest biomass was
observed at 39 °C (9.2 & 2.3 pg ATP/cm?), which decreased with the
decrease of temperature. It can be explained by the inhibition of biofilm
by heating. Interestingly, the biomass was the lowest in SHE with
heating temperature set at 45 °C, with the rest of the temperatures not
significantly different from each other, indicating 45 °C might be an
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optimal heating temperature from the biomass perspective.

For water (Fig. 1D-F and S5D-F), the highest biomass was observed in
stagnant water (SGW: 31.9 + 22.3 pg ATP/mL; 5.3 + 2.6 x 10* cells/
mL), while the biomass in shower water (SHW: 12.0 + 7.7 pg ATP/mL;
1.9 + 1.1 x 10* cells/mL) and fresh water (FHW: 12.8 + 8.0 pg ATP/
mL; 1.8 + 1.2 x 10* cells/mL) was not significantly different. This in-
dicates that the potential risks in SGW would be the highest compared to
SHW and FHW. Moreover, the changes in water corresponded well to
biofilm (Fig. 1A-C).

3.2. Biofilm morphology and structure

Biofilm morphology and structure was characterized by SEM
(Fig. S6A1-C6) and CLSM (Fig. S6A-C). In general, the SEM - observed
changes of biofilm quantity over time were consistent with the alter-
ations in ATP concentration presented above. For example, the number
of microorganisms was higher in SHE than in CWP and HWP. Besides,
the extracellular polymeric substances (EPS) of biofilm (40th-week)
were characterized by CLSM (Fig. S6A-C). The picture showed that the
EPS of biofilm in CWP and HWP were thin and sparsely distributed,
while the EPS in SHE was thicker and more clustered than CWP and
HWP. Within EPS of all pipes, total proteins exhibited the strongest
fluorescence intensity, followed by a-polysaccharide, p-polysaccharide,
and lipids.

3.3. Bacterial community diversity

Alpha diversity. Temporal changes in the number of observed ASVs
are shown in Fig. S7. Among biofilms, SHD exhibited the highest ASV
richness (102 + 16), followed by CWP (80 + 17), HWP (72 + 28), and
SHE (35 + 12), mirroring trends in the Shannon index. ASV counts
increased over time in all biofilms except SHE. In water samples, shower
water (SHW) consistently showed higher ASV numbers (148 + 20) than
fresh water (FHW, 115 + 19), suggesting microbial transfer from bio-
films to the shower water. In contrast, stagnant water (SGW) had the
lowest richness (64 + 15), indicating species loss during stagnation.
Heating temperature had no significant effect on alpha diversity in
either biofilm or water communities (Fig. S8).

Temperature —39°C —45°C 51°C —58°C
15 < 15,
A CWP B HWP C SHE
1000
_10 _lo; _
T < <
54 S S
& ) )
(= = &
5 £ £
500
< \/_ <5 <
0 0! \-—’—”\ ol . . , i i
4 10 16 22 30 40 (W) 4 10 22 30 40(W) 4 10 16 22 30 40 (W
30 30 100
D FHW E SHW F SGW
\ 75
20 20 —
=) ) -
g £ g
2 2 250
=3 =3 =3
“10 <0 =
25
0 0 0
4 10 16 22 30 40 (W) 4 10 22 30 40(W 4 10 16 22 30 40(W

Fig. 1. The ATP of biofilm and water over forty weeks. ATP concentration variations in CWP (A), HWP (B), SHE (C), FHW (D), SHW (E), and SGW (F) at different
temperatures (39, 45, 51 and 58 °C). Line plots represent mean values with error bands (mean =+ std.).



A. Ren et al.

Beta diversity. Overall, bacterial communities from different phases
clustered distinctly (Fig. S9). Biofilms in CWP and HWP were similar, as
were fresh and shower water, while microbial communities in stagnant
water (SGW) resembled those in shower hoses (SHE). During the first 22
weeks, SHD formed a separate cluster but became more similar to HWP
from 30th-week onwards. The biofilms of same age clustered more
closely than those with the same temperature, indicating dynamic mi-
crobial community shifts over time (Fig. 2A-D). Specifically, in CWP and
HWP, microbial communities at different temperatures were more alike
at 4th-week and distinct from other time points, likely due to initial DOC
release from pipes promoting selective microbial growth. Samples from
10th- and 16th-week, and from 30th-week and 40th-week, also clustered
together. In SHE, microbial communities remained relatively consistent
across time. In SHD, 4th- to 16th-weeks were similar, while 22nd-week
formed a separate cluster, and 30th- and 40th-week clustered together.

Temperature significantly influenced bacterial communities in both
CWP (adonis, p < 0.001; betadisper, p = 0.06) and HWP (adonis, p =
0.013; betadisper, p = 0.17) (Fig. 2A, 2B). In CWP, prolonged stagnation
at 39 °C led to a distinct microbial community. Bray-Curtis distances
were lower between CWP samples at the same temperature, highlighting
a strong temperature effect (Fig. S10A). In contrast, HWP showed
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similar within- and between-temperature distances, suggesting greater
temporal variability (Fig. S10B). Notably, inter-temperature distances
increased with runtime (Fig. 2E), indicating that temperature effects on
biofilm development intensified over time. Temperature also affected
microbial communities in SHE (adonis, p = 0.022; betadisper, p = 0.005)
(Fig. 2C, S10C), but not in SHD (adonis, p = 0.84) (Fig. 2D, S10D).

Biofilm community assembly. The null model analysis revealed
that stochastic processes dominated throughout the 40-week biofilm
development period. Notably, deterministic processes began to emerge
after week 30 in both CWP and SHE (Fig. S11A-B), while appearing
earlier (post-week 22) in HWP (Fig. 2F). In contrast, deterministic pro-
cesses persisted consistently throughout the entire observation period in
SHD (Fig. S11C). VPA results were shown in Fig. 2G-J, illustrated that
the temperature of fresh water and residual chlorine accounted for the
largest variation (11-38 %), followed by incubation time (10-18 %) and
heating temperature (0-15 %).

3.4. Bacterial community composition

Bacterial community analysis revealed the top 20 dominant genera
in terms of relative abundance across different temperatures, incubation
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times, and phases. In Biofilms, the dominant genera change over time
and space. Both CWP and HWP were initially dominated by G9 (Cau-
lobacter) and G18 (Ferrovibrio) at 4th-week (Fig. 3A-B). By the 10th-
week, G4 (Ralstonia) and G14 (Acidovorax) became dominant, with G4
remaining dominant at the 16th-week. After the 22nd-week, the domi-
nant genera diverged between CWP and HWP, especially across tem-
peratures. In CWP at 45, 51, and 58 °C, G3 (Phreatobacter), G12
(Obscuribacteraceae), and G17 (Hyphomonadaceae) dominated from
the 22nd-week onward. Differently, at 39 °C, G7 (Novosphingobium) and
G9 (Caulobacter) dominated at the 22nd-week, and G6 (Sphingomona-
daceae) at 30th- and 40th-week. While in HWP (45-58 °C), G19 (Dietzia)
and G4 (Ralstonia) dominated at the 22nd-week; G5 (Rhodococcus) and
G21 (Micrococcaceae) at the 30th-week; and G5 with G8 (Blastomonas)
at the 40th-week. At 39 °C, G3 (Phreatobacter) remained dominant from
the 22nd-week onward. Overtime, G1 (DSSF69) consistently dominated
in SHE (Fig. 3C), and the dominant genera in SHD included G5, G7, G8,
and G11 (Mycobacterium) (Fig. 3D).

In freshwater (FHW), G3 (Phreatobacter) was dominant at the 4th-
week, replaced by G2 (Chloroplast) after the 10th-week (Fig. S12). In
shower water (SHW), both G3 (Phreatobacter) and G1 (DSSF69) were
dominant at 39 °C at the 4th-week, while only G1 remained dominant at
45-58 °C. After 10th-week, G2 (Chloroplast) became dominant. In
stagnant water (SGW), Gl (DSSF69) was consistently dominant
overtime.

LEfSe Analysis. The ASVs significantly enriched at different time
and spot were identified and shown in Fig. 3E and Table S9. At the 4th-
week, ASV8 (Caulobacter), ASV14 (Ferrovibrio), ASV20 (Delftia), ASV25
(Curvibacter), and ASV37 (Rhizobiaceae) were abundant in CWP and
HWP but declined or disappeared over time. In contrast, ASV3 (Phrea-
tobacter) increased in both systems—from 10 % to 32 % in CWP, and
from 0.7 % to 17 % in HWP from the 4th to the 40th-week. ASV1
(DSSF69) maintained high abundance in SHE (70-91 %). In SHD, ASV18
(Mycobacterium) declined from 5 % (4th-week) to 0 % (22nd-week), then
rose to 7-8 % (30th- and 40th-week). ASV5 (Rhodococcus) and ASV22
(Aquabacterium) showed similar patterns.

3.5. Source apportionment of microbes in shower and stagnant water

At the 4th-week, shower water (SHW) microbes were primarily
originated from fresh water (FHW, 2 %-65 %) and shower hose biofilm
(SHE, 28 %-95 %), while after 10th-week, FHW (50 %-95 %) became
the dominant source (Fig. 4A). Temperature played a key role at the 4th-
week: in SHW at 39 °C, FHW contributed 65 % and SHE 28 %, whereas
at 45-58 °C, FHW accounted for only 2 %-20 % and SHE 47 %-95 %,
aligning with microbial community shifts (Fig. S12B). For stagnant
water, SHE consistently dominated across all conditions (52 %-95 %)
(Fig. 4B). In fact, DSSF69 spp. showed high relative abundance in SGW
(39 %94 %) and dominated in SHE (45 %-98 %). Shower head (SHD)
was the second-largest source for both SHW (1 %-41 %) and SGW (1 %-—
40 %). Notably, the FHW-derived microbes were largely replaced by
biofilm, particularly from SHE and SHD, underscoring the strong impact
of biofilms on stagnant water communities.

3.6. Quantification of selected marker genes biofilm

Legionella pneumophila. As shown in Fig. 5A, L. pneumophila con-
centrations varied significantly over space and time (p < 0.05). The
shower head (SHD) showed the highest concentrations over the 40-week
period, with 24/35 samples positive and an average of 5.1 + 9.8 x 10*
copies/cm?. This was followed by cold water pipe (CWP, 26/48, 2.0 +
9.4 x 10° copies/cm?), shower hose (SHE, 21/47, 1.4 + 1.0 x 102
copies/cm?), and hot water pipe (HWP, 25/42, 1.0 + 1.5 x 102 copies/
cm?). The detection rates were highest at the 4th-week and after the
22nd-week. At the 4th-week, low concentrations (< 102 copies/cm?)
were detected in 2/8 CWP, 6/8 HWP, 2/8 SHE, and 0 SHD. At the 10th-
week, L. pneumophila was undetectable in CWP, HWP, and SHE, while at
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the 22nd-week it was detected in 28,/30 biofilm samples (up to 3.8 x 10*
copies/cm?), which further increased by the 40th-week (30/31 samples,
up to 4.9 x 10%. Notably, shower head (SHD) showed early detection at
the 10th-week (2/8) and remained consistently positive thereafter.
Among temperatures, the highest L. pneumophila concentrations were
detected at 39 °C, while other temperatures showed no significant dif-
ferences, suggesting 39 °C may favor its growth.

Mycobacterium spp. Similar to L. pneumophila, the highest concen-
trations of Mycobacterium spp. were found in SHD (27/35, 1.2 + 2.5 x
10* copies/cm?) (Fig. 5B), followed by SHE (2/47, 7.7 + 2.5 x 102
copies/cm?), CWP (26/48, 1.4 + 3.5 x 102 copies/cm?), and HWP (25/
42, 0.2 £ 0.2 x 102 copies/cm?2). Mycobacterium spp. was not detected
CWP, HWP, and SHE until the 22nd-week. After the 30th-week, it was
detected in 12/16 CWP, 14/14 HWP, and 2/15 SHE. Differently, SHD
tested positive since the 4th-week (3/3), with a decreasing detection
rate till the 22nd-week (1/8) but remained positive in all samples after
the 30th-week. Interestingly, only one CWP sample at 39 °C tested
positive, with a very low concentration, suggesting that Mycobacterium
spp. may not thrive in long-term stagnant conditions.

4. Discussion

This study is among the first to systematically track dynamic changes
in biomass, microbial diversity, community composition, and opportu-
nistic pathogens across shower biofilms (cold-water pipe, hot-water
pipe, shower hose, shower head) and water phases (fresh, shower, and
stagnant) under varying temperatures. By assessing all components and
phases of the shower system, we identified both temporal and spatial
hotspots of potential microbial risk.

4.1. Initial biofilm exhibits peak biomass, unique community, and high
loss

We observed an initial biofilm peak at the 4th-week, characterized
by elevated ATP, TCC, and microbial density in SEM images (Fig. 1, S5,
S6), which declined by the 10th-22nd week, followed by regrowth up to
the 40th-week. This pattern aligns with previous studies reporting high
initial biomass on plastic pipes that subsequently decreased over 4-16
weeks (Learbuch et al., 2021). The initial surge is attributed to the
leaching of organic matter from plastic materials, which promotes mi-
crobial growth (Ren et al., 2023; Romera-Castillo et al., 2018; Sheridan
et al, 2022). Notably, Wen et al. and Bucheli-Witschel et al.
(Bucheli-Witschel et al., 2012; Wen et al., 2015) documented rapid de-
clines in leached organics (e.g., total and assimilable organic carbon),
consistent with the sharp biofilm reduction observed after the 4th-week
in this study. Our 7-day simulated pipe leaching experiment also
confirmed that CWP, HWP, and SHE all release TOC, with leaching rates
decreasing over the incubation period (Text S1 and Figure S3). Coinci-
dently, the residual chlorine concentration significantly increased from
0.44 + 0.04 mg/L at 4th-week to 0.76 + 0.03 mg/L at 10th-week, and
high residual chlorine concentrations are known to inhibit microbial
growth (Butterfield et al., 2002; Oliveira et al., 2024). However, CWP
(39 °C) experienced long-term stagnation, meaning that changes in re-
sidual chlorine did not affect CWP (39 °C), yet the ATP concentration
still decreased by 56.6 %. Thus, we suggest that the initial release of
DOC from the plastic pipe is the primary cause of the high biofilm
biomass at 4th-week. The subsequent regrowth of biofilm up to the
40th-week is likely fueled by nutrients in the supplied water. This shift
corresponds to the marked differences in microbial community struc-
tures observed between weeks 4 and 40 across all pipe types and tem-
peratures (Brislawn et al., 2019; Douterelo et al., 2018; Pinto et al.,
2019; Zhang et al., 2019). For example, the microbial community was
unique at 4 weeks, regardless of the stagnation conditions and temper-
ature, the Caulobaeter spp. and Ferrovibrio spp. dominated for all CWP
and HWP.

SEM analysis revealed that early-stage (4th-week) biofilms were
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Fig. 3. Bacterial community composition of biofilms. The temporal variation in the relative abundances of top 20 genera in the biofilms of cold-water pipes (CWP,
A), hot water pipes (HWP, B), shower hoses (SHE, C), and shower heads (SHD, D). The variations in the relative abundance of sensitive ASVs enriched in the different
biofilms over time (i.e., CWP, HWP, SHE, SHD, E), highlighting the spatial and temporal shifts in community composition. The six blank columns correspond to
lost samples.
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16th, 22nd, 30th, and 40th week) and temperatures (39, 45, 51, and 58 °C). Data were logo (x + 1) transformed. The gray box indicates lost sample.

loosely structured, suggesting greater potential for detachment. This
was supported by source tracking, which showed that 62.0 + 26.1 % of
microbes in shower water originated from the shower hose biofilm at the

4th-week, compared to just 1.5 + 1.2 % at the 40th-week. Shower hose
biofilms are of particular concern due to their propensity to support
opportunistic pathogens and their high potential for aerosolization
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during use (Proctor et al., 2018; Wang et al., 2022; Zhao et al., 2024).
Our findings underscore the elevated microbial and exposure risks
associated with the initial stages of shower system installation and
operation, driven by organic leaching and the rapid growth and
sloughing of biofilm biomass.

4.2. Temporal and spatial hotspots for L. pneumophila and
mycobacterium spp

Temporally, L. pneumophila followed the same trend as biofilm
biomass: it first appeared at the 4th-week in low abundance and
detection rates, disappeared for a period, and re-emerged with signifi-
cantly higher levels from the 22nd-week onward. This aligns with pre-
vious findings that L. pneumophila is fastidious, requiring L-cysteine and
ferric pyrophosphate for growth (R et al., 1980; Wadowsky and Yee,
1983), which can persist in biofilms by utilizing bacterial metabolites
and lysed cells (Taylor and Bentham, 2009), with its presence often
coinciding with biofilm peaks (Abu Khweek and Amer, 2018; Shrout and
Nerenberg, 2012). In contrast, Mycobacterium spp. was undetected in all
biofilms until the 30th-week, after which its abundance steadily
increased—except in SHD, where it was consistently present. This aligns
with its known traits: a lipid-rich, hydrophobic outer membrane
(Brennan, 1995) that enhances surface adhesion (Bendinger et al., 1993;
Pereira et al., 2020), and the ability to metabolize recalcitrant carbon
compounds (Wang et al., 2013) and heavy metals (Erardi et al., 1989;
Meissner and Falkinham, 1984). However, their slow growth and poor
competitiveness in nutrient-rich conditions (Iii, 2009) likely explain
their absence in early-stage biofilms (i.e., 4th-week) and later emer-
gence under more selective conditions. Furthermore, previous studies
have shown that amoebae prefer to colonize biofilms with sufficient
microbial biomass (Goudot et al., 2012). As hosts for L. pneumophila and
Mycobacterium spp., amoebae are positively correlated with the positive
detection rates of these pathogens (Marciano-Cabral et al., 2010;
Thomas et al., 2014). Regrettably, quantitative analysis of amoebae was
not included in our study design.

Spatially, both L. pneumophila and Mycobacterium spp. were signifi-
cantly enriched in showerhead biofilms (SHD), with L. pneumophila
concentrations 384-, 558-, and 519-fold higher than in SHE, CWP, and
HWP, respectively; Mycobacterium spp. showed 21-, 442-, and 764-fold
increases. Prior studies also reported significant enrichment of oppor-
tunistic pathogens in showerheads (Feazel et al., 2009). For instance,
one study using ITS gene sequencing found Mycobacterium sequences in
showerhead biofilms were 100 times more abundant than in background
water. In contrast, our study applied qPCR to quantify L. pneumophila
and Mycobacterium spp. across pipe types, revealing clear spatial hot-
spots. The showerhead’s high surface-to-volume ratio, exposure to air,
warm water (~39 °C), low residual chlorine, and conducive structure for
scale and biofilm buildup create an ideal environment for pathogen
persistence (Proctor et al., 2018). Additionally, the semi-moist condi-
tions, turbulent shear flow, and rapid temperature shifts (Gebert et al.,
2018) likely favor slow-growing microbes like L. pneumophila and
Mycobacterium spp., which are well-adapted to survive desiccation and
environmental fluctuations (Falkinham et al., 2015; Proctor et al.,
2022).

4.3. Implications and outlook

We identified temporal and spatial hotspots of microbial risk in
shower systems, offering insights for effective user-end management.
Early-stage (4-week) biofilms exhibited high biomass with easily de-
tached cells and detectable L. pneumophila, a risk reducible by pre-
soaking pipes before use, whereas prolonged use (>22 weeks) led to
significant pathogen accumulation (L. pneumophila and Mycobacterium
spp.), necessitating timed interventions.

The influence of temperature on microbial communities became
more pronounced over time, likely masked early on by DOC leaching
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from plastic materials. This emphasizes the importance of long-term
monitoring, as short-term studies may underestimate pathogen risks
and overlook temperature effects. Showerheads and hoses emerged as
key hotspots, with the highest concentrations of L. pneumophila and
Mycobacterium spp. found in showerheads, and the second highest in
hoses. Unlike embedded pipes, these components are easy to access,
clean, or replace. Regular maintenance—particularly after 22 week-
s—can significantly reduce microbial risks.

Moreover, we noted that the positive rates and concentrations of L.
pneumophila and Mycobacterium spp. in the biofilms of CWP are also
concerning. To address this, we propose optimizing pipeline design,
implementing periodic hot-water flushing of CWP, and installing ultra-
violet (UV) disinfection units at the cold water inlets of shower systems
to ensure microbial water quality.

5. Conclusions

In summary, this study investigated biofilm development, microbial
community dynamics, and opportunistic pathogen presence across
shower system components under varying temperatures and incubation
periods.

e A sharp biomass peak occurred at the 4th-week, driven by DOC
leaching from plastic pipes, particularly in SHE, which exhibited
significantly higher biomass than CWP and HWP. Biomass declined
by the 10th-week as DOC levels dropped.
Early biofilms were loosely attached and easily detached, contrib-
uting substantially to microbial loads in shower water. Source
tracking showed that at the 4th-week, SHW was primarily derived
from SHE (28-95 %) and FHW (2-65 %), shifting to FHW (50-95 %)
and SHD (1-41 %) at later stages. SGW was consistently dominated
by SHE (52-95 %) and SHD (1-40 %).

L. pneumophila appeared at the 4th-week in low abundance, ree-

merging and increasing after the 22nd-week. Mycobacterium spp.

was detected from the 30th-week onward. Both were highly enriched
in showerheads, confirming them as pathogen hotspots.

e This study identifies two critical risk periods: early use and long-term
operation. Regular flushing (e.g., heat shock flushing) and timely
replacement of showerheads and hoses are effective strategies to
reduce microbial risks.

It should be noted that, we used a full-scale shower system under
controlled conditions, simulating realistic usage (three 8-minute ses-
sions/week). Unlike field settings, which involve complex, interacting
variables (e.g., water chemistry, temperature, disinfectant, usage fre-
quency, materials), our design allowed isolation of specific factors like
temperature and time. However, we only tested one pipe material and
water-use pattern. Future work should explore the combined effects of
water chemistry, disinfectant levels and types, material type, usage
frequency, and temperature on microbial communities and pathogen
proliferation in real-world settings. Moreover, this study only employed
a DNA-based qPCR method to quantify opportunistic pathogens, which
cannot distinguish between dead and live bacteria. Future research
could utilize culture-based methods to quantify live opportunistic
pathogens.
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