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Abstract 

Aims: Premise plumbing systems are prone to biofilm development, and depending on municipal water source and infrastructure, may be 
susceptible to heav y met al exposure, including lead (Pb). We aimed to investigate the impacts of Pb on municipal water biofilms and to elucidate 
the interactive effects of time, pipe material, and Pb concentration of biofilms. Further, we aimed to understand if after a Pb-exposure event, 
microbial biomarkers indicative of previous Pb exposure may remain, which may assist public health and water regulatory agencies in triaging 
human health concerns postexposure. 
Methods and Results: We developed biofilms within pipe loops constructed from both cross-linked polyethylene (PEX-A) and high-density 
polyethylene (HDPE) plastics and exposed them to different concentrations of Pb (0, 5, and 500 μg l−1 ) for 4 and 8 weeks, followed by 4 weeks 
of exposure to lead-free water to examine community shifts following a lead exposure event. Using bacterial metabarcoding and biomarker 
analyses, we show that Pb exposure shifts community structure and we identified several key taxa associated with lead exposure events and 
demonstrate that these taxa persist even after lead is removed from the system. 
Conclusions: Taken together, this work provides a framework for identifying past Pb-exposure events that can be used for precautionary moni- 
toring for human Pb exposures. 

Impact Statement 

Lead exposure leads to significant and long-lasting changes in bacterial biofilm communities in municipal plumbing pipes. These changes persist 
even after lead is removed from the system, and these changes may be diagnostic of lead exposure events. This provides a framework for using 
molecular microbial biomarkers to identify previously undetected municipal lead exposure events to assist public health triage. 
Keywords: biofilms; amplicon sequencing; applied microbiology; drinking water; microbial community 
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Introduction 

Municipal drinking water quality can have major impacts on 
public health, the economy, and environmental sustainabil- 
ity. In the United States, it is mandated by the National Pri- 
mary Drinking Water Regulations (NPDWRs; enforced by the 
US Environmental Protection Agency) that public water sys- 
tems must be below defined contaminant thresholds with an 
US Environmental Protection Agency (EPA) action level of 15 
ppb of lead. However, rarely are lead concentrations measured 
from within premise plumbing, and once water is routed into 
a household or business main water line, water quality can 
deteriorate rapidly (Tsaridou and Karabelas 2021 ). 

One of the main causes of poor household water quality 
is insufficient levels or degraded disinfectant residuals, high 
surface-to-volume ratio of pipes, and/or extended stagna- 
tion/retention duration, which may favor microbiological 
growth (Wang et al. 2013 ). The National Academies of 
Sciences and Medicine (2020) reported that there are at least 
1.6 million kilometers of distribution mains and > 9.7 million 
kilometers of premise plumbing within the United States.
This increases the probability of even rare opportunistic 
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athogenic microorganisms flourishing within premises 
lumbing (Feazel et al. 2009 ). Additionally, it has been sug-
ested pipe material, disinfectants type, water age, and water
emperature can all impact microorganisms found within 
lumbing systems (Wang et al. 2012 , Buse et al. 2014 , Proctor
t al. 2017 , Neu and Hammes 2020 ). Furthermore, studies
ave demonstrated that plumbing stagnation of water within 
lumbing systems can result in a significant reduction of 
isinfectant residuals, an increase in microbial cell count, the 
rowth of opportunistic pathogens, and changes in bacterial 
ommunities (Lautenschlager et al. 2010 , Ling et al. 2018 ,
ontagnino et al. 2022 ). To complicate microbiological 

oncerns, most microorganisms within premise plumbing are 
ound within biofilms, which are communities of microor- 
anisms attached to the inner surface of the pipe encased in
 matrix of extracellular polymeric substances (EPS), which 
educes disinfectant efficacy (Lee et al. 2021 ). Coupled with
icrobiological concerns, a major concern associated with 
ater quality is the presence of heavy metals, predominantly 
ead (Pb). Lead contamination in drinking water may occur 
ue to changes in water chemistry, after long-term stagnation,
d Microbiology International. All rights reserved. For commercial re-use,
ll other permissions can be obtained through our RightsLink service via
contact journals.permissions@oup.com
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r can be leached from fixtures and/or soldering (Rosen et al.
017 , Ghoochani et al. 2023 ). Within premise plumbing often
as varied usage patterns and may be subjected to extended
eriods of stagnation during technical maintenance and
acations (Council 2010 , Viglione 2020 , Salehi et al. 2021 ).
ecause of this, premise plumbing might be more susceptible
han other drinking water distribution system components to
iofilm detachment and/or heavy metal contamination, scale
esuspension, and the harmful effects on water quality and
uman health that result from these events. 
Despite strict regulations about water quality in the US,

rinking water is not free of microorganisms. These mi-
robes can colonize inner surfaces of plumbing pipes and form
iofilms (Ahamed et al. 2020 , Ghoochani et al. 2023 ) and
he level of colonization is determined by many factors, in-
luding pipe material (Hadiuzzaman et al. 2023 ), flow condi-
ions, water chemistry, and temperature (Ibekwe and Murinda
019 , Calero Preciado et al. 2022 ), among others. Conse-
uently, there is a movement to decrease reliance on metal-
ic pipes in favor of plastic pipes in distribution and plumb-
ng systems as they are often viewed as “cleaner” alternatives
Kim and Herrera 2010 ). However, this transition to plas-
ic plumbing may exacerbate water quality concerns. Gener-
lly, bacterial communities that form biofilms are structured
y the diversity of the organic materials available in the sur-
ounding environment (Raghupathi et al. 2017 ), and leachates
rom these plastic pipes may stimulate microbial activity and
rowth (Romera-Castillo et al. 2018 , Egea et al. 2024 ). For
ost pipes, about 90% of the total microbial biomass remains
mbedded within the matrix attached to the pipe walls and the
est disperses into the encircling water (Flemming et al. 2002 ).
espite the concerns of microbiological and heavy metal con-
amination, the interactions between biofilms and heavy met-
ls within plastic potable water pipes are poorly studied. Re-
ent work has indicated that biofilms on plastic plumbing pipe
urfaces increases the affinity of heavy metal adsorption and
acilitates release back into the water, depending on physic-
chemical or water flow conditions (Ghoochani et al. 2023 ,
adiuzzaman et al. 2023 ). 
Many lead-resistant bacteria, which may be common in

rinking water (Calomiris et al. 1984 ), survive potential lead
oxicity using metallothioneins (MTs). MTs are proteins that
ind to metals and are found in many bacterial taxa and their
istribution is controlled by ecological influences and evolu-
ionary pressures (Blindauer et al. 2002 ). To protect enzyme-
atalyzed bacterial metabolic activities, heavy metals are im-
obilized by MTs (Nong et al. 2019 ), which can result in se-
uestration of heavy metals. To further complicate things, se-
retion of acidic metabolites within biofilms can lead to degra-
ation of disinfectants used in drinking water, which may fa-
ilitate microbe proliferation and detachment from the biofilm
nto the bulk water and enhance the potential for contam-
nated water (Emde et al. 1992 , Starosvetsky et al. 2001 ).
hese concerns are further exacerbated by solubility differ-
nces of Pb(II) and Pb(IV) with different water chemistry, in-
luding pH and disinfectant residuals (Ahamed et al. 2020 )
hat may lead to differential microbe-metal release potentials.
his highlights the need for understanding the dynamics be-
ween biofilms and heavy metals in municipal plumbing sys-
ems to identify bacterial shifts with lead exposure and to de-
ermine if microbiological signatures might be a useful tool
or diagnosing a previous lead exposure event even if there is
o longer Pb exposure occurring. 
To investigate the interactions between biofilms and heavy
etal exposure and to examine if there is a dose-dependent ef-
ect of lead exposure on biofilm communities, we conducted a
ench-scale experiment. Here, we investigated PEX-A (cross-
inked polyethylene) and HDPE (high-density polyethylene)
lastic pipes because of their flexibility, durability, corrosion
esistance, and cost-effectiveness, which makes them popular
or residential, commercial, and industrial plumbing systems.
e investigated how Pb concentration impacted biofilm com-
unities, biofilm biomass, and abundance of Pb-cycling genes
ithin HDPE and PEX-A pipes. The main objective of this
ork was to ascertain if and how microbial communities shift
n response to different concentrations of lead and across pipe
ypes over time. In addition, we investigated whether we could
etect previous lead exposure events, even if no lead is cur-
ently in the water, which may aid regulatory and public health
fficials in identifying previously undetected lead exposures.
e anticipated that biofilm communities would be responsive

o lead concentrations due to species-specific mortality, and
esponsive to pipe material given previous work suggests dif-
erent biomass accumulation rates between PEX-A and HDPE
Ghoochani et al. 2023 ). 

aterials and methods 

iofilm formation 

iofilms were established on virgin HDPE and PEX-A plas-
ic pipes for 90 days using pipe loops connected to a mu-
icipal water supply in Memphis, TN, USA (Ghoochani et
l. 2023 , Hadiuzzaman et al. 2023 ). Individual pipe loops
 Fig. S1 ) were established for each pipe material (HDPE and
EX-A) using three 2.7 m pipes per plastic type. These pipes
ere disinfected using chlorinated tap water (20 mg l−1 Cl2 )
or 40 min followed by a 30-min flush with municipal tap wa-
er. These pipe loops were connected to municipal tap water
upply (Memphis sands aquifer groundwater that was chlo-
inated for primary and secondary disinfection, aerated, fil-
ered, and included orthophosphate (1 mg l−1 ) as a corrosion
nhibitor) for 90 days to allow natural biofilm establishment
ith a daily cycle of 16 h of flow and 8 h of stagnation at
 flow rate of 2.0 l min−1 at room temperature. This growth
egime was selected to emulate normal municipal premise wa-
er usage. After 90 days of biofilm development, individual
ipe loops were constructed (Fig. 1 ) to test lead concentration
ffects. 

xperimental design 

ead (Pb) standard solution (1000 mg l−1 in 3% nitric acid)
or inductively coupled plasma mass spectrometry (ICP-MS)
as used as a Pb source for this experiment (RICCA Chemi-
als, Arlington, TX, USA). After initial biofilm generation, in-
ividual pipe loops were constructed for each lead treatment
evel in triplicate. These pipes were exposed to different con-
entrations of lead with 0, 5, and 500 μg l−1 in municipal tap
ater (pH adjusted to 7.8) for 4 and 8 weeks, followed by
 weeks of Pb-free water (Fig. 1 ). Since biofilms within pipes
ight continually absorb lead (Hadiuzzaman et al. 2023 ), wa-
er was replaced every 5 days to ensure constant lead expo-
ure. The terminal 4 weeks were conducted using Pb-free mu-
icipal water (pH adjusted to 7.8) for all pipes to emulate a
ost Pb-exposure environment as lead is slowly released from

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxaf247#supplementary-data
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Figure 1. Sampling scheme after initial 90-day biofilm at 28 and 56 days, followed by removal of lead for the terminal 4 weeks of the experiment with the 
final sample collected at 84 days (a). Also presented are images of pipe collection (b) and storage in 1 × sterile PBS prior to extraction (c). 
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biofilms (Ghoochani et al. 2023 ), we deemed this a sufficient 
time for full lead release to examine community recovery. 

Sample processing and DNA extraction 

After each sampling time point (28, 56, and 84 days), indi- 
vidual pipe loops were temporarily disconnected, and 9 cm 

segments were cut and collected into sterile 50 ml centrifuge 
tubes and filled with sterile 1 × PBS (Fig. 1 ) and pipe loops 
were reconnected for continued exposure by resealing tubing 
to the pipe loop. While this resulted in a change of flow and 
water pressure, the low flow rate used here is unlikely to dis- 
lodge biofilms as shear stresses would be minimal (Ghoochani 
et al. 2023 ). Biofilms were liberated from the interior surface 
of pipes via sonication (Branson 2800, Branson Ultrasonics,
Brookfield CT, USA) at maximum oscillation for 10 min to 
aid separation followed by physical scraping (sterile single use 
stiff bristle brush for 5 min into 1 × sterile PBS). The liber- 
ated biofilms were centrifuged at 5000 × g for 10 min at 4◦C 

to pellet biofilms and the supernatant was removed (Seballos 
et al. 2020 ). Pelleted biofilms were resuspended in 500 μl of 
sterile molecular grade water and transferred into DNA ex- 
traction tubes. Total genomic DNA (gDNA) was extracted 
from biofilms using the PureLink® Genomic DNA Mini Kit 
(Invitrogen, Carlsbad, CA, USA) following standard proce- 
dures. Briefly, 200 μl of freshly prepared Lysozyme Digestion 
Buffer (20 mg ml−1 ) was added to each sample, vortexed for 
 seconds, and incubated at 37◦C for 30 min. The cells were
arvested and resuspended in 180 μl PureLink® Genomic Di- 
estion Buffer to lyse the cells with the addition of 20 μl Pro-
einase K and incubated at 55◦C for 30 min to complete the
ysis. Final gDNA was eluted in 100 μl of PureLink® Genomic
lution Buffer and quantified using Nanophotometer (N60; 
mplen, Munich, Germany). In total, we had 54 samples [two
ipe types (HDPE and PEX-A), three concentrations (0, 5, and
00 μg l−1 ), three time points (28, 56, and 84 days), and 3
eplicates]. 

etabarcoding 

etabarcoding libraries were generated using a two-step pro- 
edure (Brown et al. 2018 ) where primary PCR targeted the
4 region of the 16S rRNA gene operon using the primers
15F (Parada) and 806R (Apprill) (Parada, Needham and 
uhrman 2015 ; Apprill et al. 2015 ), which were synthesized
o include the nexF and nexR Nextera sequencing primers and
hree ambiguous base pairs to enhance annealing efficacy for 
 final primer construct of nexF-NNN-515F and nexR-NNN- 
06R. Primary PCR consisted of 25 μl reactions and included
husion Green Hot Start II High-Fidelity PCR Master Mix 
12.5 μl; Thermo Fisher Scientific, Waltham, MS, USA), 2.5 
l of DNA template, 5.5 μl of molecular grade nuclease-free
ater, and 2.5 μl of each of the forward and reverse primers,
ith a total concentration of 1 μmol−1 of each primer; these

art/lxaf247_f1.eps
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CRs were conducted in duplicate. Primary PCR parameters
ere initially denaturated (98◦C for 30 seconds), followed by
5 cycles of denaturation (98◦C for 30 seconds), primer an-
ealing (51◦C for 20 seconds), and extension (72◦C for 30 sec-
nds), followed by a final extension at 72◦C for 10 min. Ramp
ate was 1.0◦C s−1 for annealing stage and PCR results were
isualized to confirm amplification using gel electrophoresis
1.5% agar w : v ). 
Secondary PCR consisted of the forward and reverse primer

airs P5-i5-nexF and P7-i7-nexR, which includes a distinct
ual-barcode MIDs (i5 and i7), the Illumina Adaptor se-
uences (P5 and P7), and a partial overlap with the nexF
nd nexR sequences that act as annelation sites. Secondary
CRs were conducted in triplicate with unique barcodes. Sec-
ndary PCR reactions consisted of 12.5 μl Phusion Green
ot Start II High-Fidelity PCR Master Mix, 7.5 μl primary
CR product, 2.5 μl of molecular grade water, and 2.5 μl
f dual-barcoded primer mix (0.5 μmol−1 ) in 25 μl PCR re-
ctions. Secondary PCR parameters were initial denaturation
98◦C for 30 seconds), followed by 12 cycles of denaturation
98◦C for 30 seconds), primer annealing (50◦C for 20 sec-
nds), and extension (72◦C for 30 seconds), followed by a fi-
al extension at 72◦C for 10 min. The final amplicon products
ere cleaned using 96 PCR Purification and Normalization
it (Charm Biotech, Cape Girardeau, MO, USA) and pooled
t equal concentrations per sample. Negative controls were
ncluded throughout and consisted of PCR reactions with
olecular-grade water instead of DNA and these remained
ree from apparent contamination. The metabarcoding li-
rary was sequenced [Illumina MiSeq (300PE)] at the Inte-
rated Genomics Facility, Manhattan, KS, USA. Sequences are
ccessioned in the NCBI SRA (BioProject PRJNA1268549;
ioSamples SAMN48756718-SAMN48756796). 

uantitative biomass estimation and Pb-cycling 

ene quantification 

iomass estimation was conducted by quantifying 16S copies
sing Droplet Digital PCR (ddPCR) (following Hadiuzzaman
t al. 2023 ). We acknowledge that this does not represent
bsolute quantification of biomass as several bacteria have
ultiple 16S regions per organism (Sun et al. 2013 ), but this
ethod is often used to estimate microbial biomass as copy
umber variation is expected to be homogeneously distributed
Schill et al. 2024 ). Briefly, 20 μl reactions consisted of 125 nM
f each primer 16S primer as above, 12.5 μl of QX200 ddPCR
vagreen Supermix (Bio-Rad, Hercules, CA, USA), 6.25 μl of
DNA (diluted in molecular grade water to 1:10–1:1000, op-
imized per sample), and molecular grade water up to 20 μl.
egative control consisting of molecular grade water were in-
luded in all reactions and were unamplified. Individual re-
ctions were vortexed for 10 seconds and 20 μl of the mixed
ample was transferred to the cartridge for droplet generation.
he ddPCR parameters were enzyme activation at 95◦C for 5
in, and 40 cycles of denaturation at 95◦C for 30 seconds,
ual annealing/extension at 60◦C for 1 min, followed by sig-
al stabilization at 4◦C for 5 min, and 90 ◦C for 5 min. The
dPCR reactions were read using a QX200 Droplet Reader
Bio-Rad, Hercules, CA, USA) and analyzed for copy number
er reaction QuantaSoft software (v.1.4, Bio-Rad, Hercules,
A, USA). The bacterial V4 copy numbers were normalized
o the same area (mm2 of pipe inner surface). Digital calipers
Fisher Brand Traceable, Waltham, MA, USA) were used to
alculate the internal surface area of each pipe and total copy
umbers/mm2 were calculated. 
To quantify genes within biofilms that have demonstrated

nvolvement with Pb-cycling, we conducted ddPCR as above.
Ts-encoding genes play a significant role in the process of
etal detoxification and homeostasis (Robinson et al. 1990 )
nd are useful to measure when investigating microbial-heavy
etal processes in biofilms. The MT gene complex, smt , is
omprised of two genes, smtA and smtB , which are translated
n opposite directions (Huckle et al. 1993 ). The bmtA gene
ncodes a MT protein. We targeted the smtAB and bmt genes
sing the primers smt1 and smt2 (Naz et al. 2005 ) and bmtF
nd bmtR (Blindauer et al. 2002 ). We used ddPCR using the
bove parameters to quantify the copy numbers/mm2 of these
enes within each sample. 

equence processing and statistical analyses 

e used the program cutadapt (v.1.17; Martin 2011 ) to
rim primer sequences from final amplicons and the program
othur (v.1.42.0; Schloss et al. 2009 ) was used for sequence
rocessing (removing any ambiguous base pairs from con-
igs and any sequences with > 12 homopolymers). Sequences
ere taxonomically classified using the Ribosomal Database
roject (RDP) training set (v18) using a Naive Bayesian classi-
er (Wang et al. 2007 ) and reads not identified as bacteria, or
elonging to mitochondrial or plastid groups, were removed.
etained sequences were demarcated into operational taxo-
omic units (OTUs) using the OptiClust algorithm (Westcott
nd Schloss 2017 ) at a 97% similarity threshold. OTUs with
ewer than 10 reads globally were potentially spurious and
ere removed before analyses (Brown and Jumpponen 2015 ,
liver et al. 2015 ), and consensus taxonomic classifications
nd representative sequences were produced for each OTU. 
Richness (relative observed richness—Sobs ), diversity (Simp-

on’s 1-D), evenness (Simpson’s—ED ), and Bray–Curtis dis-
imilarity values were estimated via iterative subsampling
hereby we subsampled each experimental unit to a sequence
epth of 15 000 sequences using 1000 iterations, and the av-
rage values were used for all downstream analyses. For diver-
ity estimates (Sobs , 1-D, and ED ), we tested if our experimen-
al framework impacts these estimates using ANOVA with the
odel sampling time, lead concentration, and pipe type with
ll possible interactions. 
To test if biofilm communities were structurally differ-

nt across our experimental framework, we used the model-
ased multivariate framework using the R package mvabund
v.4.2.1; Wang et al. 2012 ), which fits separate generalized lin-
ar models for abundance data for each OTU against a dis-
ribution (negative binomial used here) and integrates these
cross all OTUs to test if the community deviates from ex-
ected distributions using Analyses of Deviance tests for the
odel lead concentration, pipe material, time of exposure, and
ll possible three-way interactions with 999 bootstrap itera-
ions using PIT-trap resampling and Likelihood-Ratio-Tests.
o visualize community differences, we conducted nonmetric
ultidimensional scaling (NMDS) as conducted by mothur
sing 1000 iterations and the best solution was selected (high-
st R2 ). 
We constructed a series of stacked histograms of relative

bundances to visualize diversity at the phylum and order lev-
ls by condition (e.g. pipe type, lead concentrations, and time
nterval). Additionally, we wanted to identify OTUs that may
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Table 1. Results of multivariate analyses of deviance based on negative 
binomial distribution for combine error calculations. 

Treatment Factors Residual df Factor df Deviance P- value 

Intercept 53 
Pb concentration 51 2 10055 0.001 
Time 49 2 4914 0.002 
Pipe material 48 1 8850 0.001 
Pb × time 44 4 7317 0.001 
Pb × pipe 42 2 4578 0.001 
Time × pipe 40 2 4057 0.001 
Pb × time × pipe 36 4 8079 0.004 

Presented are treatments, residual and treatment factor degrees of freedom, 
deviance test statistic, and associated P -value. 
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serve as biomarker taxa for lead exposure events. To do so,
we used the program LEfSe (Segata et al. 2011 ) using lead 
concentration (0, 5, and 500 μg l−1 ) as the class and pipe ma- 
terial (HDPE and PEX-A) as subclass to identify lead respon- 
sive biomarker taxa whist accounting for variation associated 
with pipe material. For all identified biomarker taxa (see re- 
sults), we further investigated temporal dynamics of each of 
these OTUs to understand how these biomarker taxa were im- 
pacted by lead exposure and time. To do this, we conducted 
a series of analyses using relative abundances of each OTU 

as a response variable; a one-way ANOVAs (treating sam- 
pling dates as categories) and segmented regression [R pack- 
age segmented (Muggeo 2008 )] using the 8 week sampling 
point as a break point. Additionally, recent work has identified 
key globally distributed taxa in water distribution systems,
specifically Candidatus Raskinella chloraquaticus which has 
been previously misidentified as a member of the order Rhi- 
zobiales due do similar 16S identities (Sudarshan et al. 2024 ).
Since we had several taxa belong to Rhizobiales included in 
observed biomarker taxa (see below), we wanted to test of 
our Rhizobiales belonged to this key global taxon. We down- 
loaded the assembled Candidatus Raskinella chloraquaticus 
genome (UBA383; GCF_002298295.1) from NCBI, extracted 
the 16S ribosomal region using the program barrnap (v.0.9 ) 
and compared these to our 16S sequences for Rhizobiales us- 
ing BLASTn (NCBI) and none of our obtained OTUs were this 
globally abundant taxa (max % identity = 90.12%). 

To test if microbial biomass (16S copy numbers) within 
biofilms and the occurrence of lead modulation genes ( smtAB 

and bmt ) we conducted a three-way ANOVA with subsequent 
Tukey HSD post hoc tests and a series of logistic regressions 
(presence/absence of gene as detected using ddPCR) for each 
pipe material separately, respectively using Pb concentration 
as the independent variable. 

All statistics and analyses were conducted using a combina- 
tion of JMP Pro (v14.1; SAS Institute, Cary, NC), R (v.4.2.3),
and mothur (v.1.42.0). 

Results 

Biofilm community responses 

After sequence quality control, we were left with 10 293 728 
sequences that were demarcated into 1144 OTUs. Full taxo- 
nomic and abundance results for each OTUs is presented in 
Table S1 . We see that our experimental framework differen- 
tially impacted diversity estimates within our biofilms. While 
biofilm richness was not impacted by our experimental design 
(F17,53 = 1.135, P = 0.361), we see that both diversity (1-D) 
and evenness are (F 17,53 = 3.705, P < 0.001, F 17,53 = 3.213,
P = 0.002, respectively). Further, we see that pipe material,
pipe by time interactions, and pipe by time by concentration 
interactions are significant in our effects tests. Tukey HSD 

posthoc tests indicate that this is driven by increased diversity 
and evenness in HDPE compared to PEX-A. 

Using model-based tests of community structure ( mv- 
abund ), we see that all experimental factors and interac- 
tions influenced the structure of these biofilm communities 
(Table 1 ). While all factors influenced community structure,
visualization of community structure via NMDS (Fig. 2 ) sug- 
gests that communities appear to shift most strongly across 
time for both pipe types, particularly with NMDS Axis 1 
which explained > 70% of the community variation. We also 
ee an expansion of community variation at the day 56 sam-
le followed by a reduction in community variation at day 84
s evidenced in datapoint spread in ordination space. 
Visualization of taxonomic composition at the phyla level 

Fig. 3 a,b) indicated that Proteobacteria (we use the synonym
roteobacteria over the more recent pseudomonadota as this 
axonomic identity used in the taxonomic training set) was
ound to be the most abundant phylum across different sam-
les and there was a gradual increase of Bacteroidetes from
6 days in different concentrations in PEX pipes. Similarly,
n HDPE pipes (Fig. 3 b) Proteobacteria dominated in most
f the conditions but conversely, Bacteroidetes was present in 
he initial days of the experiment in different conditions of
ead. Similarly, bacterial orders were visualized (Fig. 4 a,b) and
phingomonadales was found to be the most abundant order 
cross both pipe types. 

ndi vidual biomark er taxa 

nalyses of biomarker taxa for lead exposure identified 
even OTUs that were biomarkers of a particular lead con-
entration (see Table S2 for full statistics). These include 
iomarker taxa for high lead concentration (500 μg l−1 ; 
TU30 (LDA = 3.354, P < 0.001; Sphingopysix sp., Pro-
eobacteria, Sphingomonadaceae), OTU43 (LDA = 3.085,
 < 0.001; Rhizobium sp., Proteobacteria, Rhizobiaceae),
TU59 [LDA = 2.979, P = 0.033; bacteria (unclassi- 
ed), OTU69 (LDA = 2.734, P < 0.001; Noviherbaspir- 
llum sp., Proteobacteria, Oxalobacteraceae), and OTU86 
LDA = 2.688, P < 0.001; Sphingomonas sp., Proteobacte- 
ia, Sphingomonadaceae)], moderate lead concentration (5 μg 
−1 ; OTU114, LDA = 2.130, P = 0.003), and no lead (0 μg
−1 ; OTU23, LDA = 3.674, P < 0.001). As lead was removed
rom the system after 8 weeks, we investigated how this re-
oval impacted the relative abundances of these biomarker 
axa. All these biomarker taxa had consistent relative abun- 
ances even after lead was removed from the system based on
esults from ANOVAs (Table 2 ), but one OTU (OTU23) did
ecrease in relative abundance across time based on regression 
nalyses when data is treated quantitatively (Table 2 ). Further-
ore, while we tested OTUs using segmented regression at the
6-days break point, no OTUs had a significant break point. 

uantification of biofilm biomass and 

b-associated genes 

he results showed that the biomass of biofilms formed 
n PEX-A pipes were lower (3.08 × 106 ± 1.57 × 106 

opies cm− 2 , mean ± SD) than HDPE pipes 

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxaf247#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxaf247#supplementary-data
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Figure 2. Nonmetric multidimensional scaling plot visualizing community structure of biofilms across the two most explanatory axes. Presented are 
communities separated by pipe material (HDPE on left and PEX-A on right) and color coded by sampling date with 95% confidence ellipses (dashed). 
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1.09 × 107 ± 2.81 × 107 copies cm− 2 , mean ± SD).
he inner surface of HDPE pipes often has a rougher surface
han PEX-A pipes, facilitating microbes to attach to form
f thicker biofilms. Results indicate that biomass does not
hange with time, lead concentration, or their interaction for
ither PEX-A pipes (F8,26 = 1.197, P = 0.353) or HDPE pipes
F8,26 = 0.974, P = 0.485). 
Investigations into the occurrence of Pb-cycling genes

emonstrated that these genes were conditionally rare and ei-
her there were no detected smtAB or bmt genes or these were
etected with very low copy numbers, but only under certain
onditions. These MT genes have been most commonly stud-
ed in soils (Naik et al. 2012 , Chatterjee et al. 2020 , Wang et
l. 2022 ), and their low detection may be because municipal
ater-originated biofilms consist of few taxa that have these
enes, but these may be strongly upregulated in presence of
b (Chaturvedi et al. 2012 , Kimari and Das 2019 ). However,
iven that they were found in different abundances in differ-
nt pipes and/or lead exposure events, it is most likely that
hemical interactions drive abundance of these genes in our
ystem. The smtAB gene was only detected in low or no lead
onditions (i.e. 0 and 5 μg l−1 ) in HDPE pipes but was abun-
ant in PEX-A across all three concentrations ( Fig. S4 a,b).
hile the proportion of samples in which we detected the

mtAB gene did not differ with Pb concentration in PEX-A
ipes ( Fig. S4 b), in HDPE pipes, the probability of detect-
ng smtAB genes increased with increasing lead concentration
 Fig. S4 a; χ2 = 4.407, P = 0.036). Analyses of the bmt gene
ndicated similar but contrasting patterns as the smtAB gene.
e see that bmt was more likely to be detected in lower or
o lead concentrations in HDPE pipes ( Fig. S5 a; χ2 = 0.772,
 = 0.038) while the probability of detection in the bmt gene
id not change in PEX-A pipes ( Fig. S5 b). 

iscussion 

iofilms on pipe surfaces may result in deterioration of drink-
ng water quality and might act as a source of lead release
ong after a lead exposure event. Given that there is little
nown about biofilm-heavy metal interactions within plas-
ic potable water pipes, we conducted an innovative bench-
cale experiment to investigate this. We tested if lead expo-
ure dose-dependently affected HDPE and PEX-A pipe bac-
erial communities over time. Using multiple lines of evi-
ence, we found that bacterial biofilm communities were im-
acted by lead concentration, pipe material, and time, and
e identified several key taxa that are apparently diagnostic
f high lead environments and can be considered biomark-
rs. Importantly, these taxa persisted in their relative abun-
ance even 4-weeks after lead removal. This provides the
trongest evidence to date that Pb-induced changes in bac-
erial communities persist long after a lead exposure event.
his is a necessary first step toward developing alternative
ead exposure monitoring regimes and suggests that it is pos-
ible to use biomarker taxa as a triage and/or diagnostic tool
f a previous lead exposure event in water, even after lead
s no longer in the system. While there is much additional
ork needed to develop microbe/microbiome-enabled moni-
oring tools, this work provides a path forward toward triage
apability whereby using microbial responses, we may be
ble to provide water managers and health officials evidence
hat there may have been a previously undetected lead-water

art/lxaf247_f2.eps
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Figure 3. Stacked histogram of identified phyla in HDPE (a) and PEX-A (b) pipes across samples for different lead treatments and time intervals based on 
the relative abundances of the communities. HD—HDPE pipes, PEX—PEX-A pipes; 28, 56, and 84 in the sample label represents days since initial Pb 
exposure; 0, 5, and 500 in the sample label represents Pb-exposure concentrating. 
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exposure event so they can initiate monitoring or testing pro- 
cedures they deem appropriate. 

Biofilms formed by the microbes present in the drinking wa- 
ter distribution system can shelter pathogens, degrade organic 
matter, and alter aesthetic properties of tap water (Sudarshan 
et al. 2024 ). Despite the advancements in water quality regula- 
tion, the interaction between biofilms and heavy metals, such 
as lead, in premise plumbing systems poses significant pub- 
lic health risks, including the potential for persistent heavy 
metal contamination, is inadequately comprehended. Further, 
the phyla Proteobacteria and Bacteroidetes, which were the 
most abundant phyla found (Fig. 3 ), are large drivers of an- 
tibiotic resistance horizontal gene transfer. While testing for 
presence of antibiotic resistance genes was beyond the scope 
of this current work, this may be a worthwhile avenue of study 
in the future as these bacteria are very likely to be ingested. 

We identified strong community shifts and biomass differ- 
ences between PEX-A and HDPE pipes with HDPE pipes hav- 
ing an order of magnitude higher biomass (proxied by 16S 
copy numbers) than PEX-A. These biomass differences are in- 
teresting as biomass estimations using similar pipe loop frame- 
works have contrasting results; some suggest PEX-A houses 
igher biomass (Ghoochani et al. 2023 , Hadiuzzaman et al.
023 ), whereas some are congruent with our current study
ith HDPE having higher biomass (Datta et al. 2025 ). HDPE
ften has more hydrophobicity in comparison to PEX-A and 
he microorganisms that exhibit a hydrophobic preference 
ave a higher affinity for adhering to HDPE surfaces, leading
o a boosted accumulation of biomass. PEX-A’s hydrophilic 
ature can potentially reduce microbe adhesion and biofilm 

ormation (Ghabeche et al. 2019 ). This suggests that biofilm
evelopment dynamics are likely mainly stochastic and driven 
argely by founder effects ultimately structured by local source 
ater and environmental conditions. Furthermore, while the 
auses of the differences in biofilm communities between these 
wo common water pipe materials grown simultaneously in 
he same pipe loop are unknown, previous work suggests 
ikely mechanisms. It has been demonstrated using optical 
rofilometry (Datta et al. 2025 ), that surface roughness of
ew HDPE pipes is markedly higher than that of PEX-A pipes
hich should facilitate initial adhesion of different bacteria 
uring biofilm development. This, coupled with differential 
urface loading and binding energy values as related with Pb+ 

ons between the two plastic types (Datta et al. 2025 ) and

art/lxaf247_f3.eps
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Figure 4. Stacked histogram of identified orders in HDPE (top) and PEX-A (bottom) pipes across samples for different lead treatments and time intervals 
based on the relative abundances of the communities. HD—HDPE pipes, PEX—PEX-A pipes; 28, 56, and 84 in the sample label represents days since 
initial Pb exposure; 0, 5, and 500 in the sample label represents Pb-exposure concentrating. 

Table 2. Identified Biomarker taxa (LEfSe) associated with various lead concentrations including OTU name and lowest taxonomic rank determined. 

OTU ID Taxonomic ID ANOVA results Regression 

OTU23 Methylobacterium F2,17 = 3.385, P = 0.061 t = -2.400, P = 0.028 
OTU30 Sphingopyxis F2,17 = 0.3629, P = 0.7016 t = -0.855, P = 0.4053 
OTU43 Rhizobiaceae (unclassified) F2,17 = 0.7179, P = 0.5038 t = -1.191, P = 0.251 
OTU59 Bacteria (unclassified) F2,17 = 1.0133, P = 0.3866 t = -1.259, P = 0.2262 
OTU69 Noviherbaspirillum F2,17 = 1.0414, P = 0.3771 t = -1.27, P = 0.2222 
OTU86 Sphingomonas F2,17 = 1.1538, P = 0.3419 t = 0.743, P = 0.4684 
OTU114 Caulobacteraceae 

(unclassified) 
F2,17 = 1.0443, P = 0.3762 t = -1.199, P = 0.2481 

Also presented are AVOVA (F statistic and P values) and regression analyses (t statistic and P -values) results tests changes in relative abundance over time. 

d  

t  

d  

p  

i  

t  

u  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/jam

bio/article/136/10/lxaf247/8275757 by guest on 30 O
ctober 2025
ifferent contaminate saturation half-life and solubility be-
ween HDPE and PEX-A (Whelton et al. 2010 ) driven by
ifferences in their molecular structures, might help ex-
lain why communities differed between the pipe types
n our experiment. The persistence of communities af-
er removal of lead exposure pressures may be due to
nique viscoelastic dynamics of these biofilms (Gloag
t al. 2020 ), which may result in coalescence of lead
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resistant biofilms after exposure, thus leading to stable recov- 
ered communities. 

We identified several biomarker taxa that were overrepre- 
sented in pipes with lead exposure, most of which (five) were 
biomarkers of extreme lead concentrations (500 μg l−1 Pb) 
and one from lower lead concentrations (5 μg l−1 Pb) and 
all of these had consistent abundances after lead removal.
These OTUs include members of the genera Sphingopysix,
Noviherbaspirillum, Sphingomonas , and a Rhizobiaceae sp.,
which might be target taxa that are indicative of a previous 
lead exposure event and are worth exploring further. One 
of these taxa, Sphingopyxis is a member of the family Sph- 
ingomonadaceae, and are often found in low-nutrient, olig- 
otrophic environments that are often found in stagnant con- 
ditions in tap water, chlorinated and nonchlorinated drink- 
ing water systems, and premise plumbing biofilms (Ling et al.
2018 ). Sphingopyxis and Sphingomonas both produce sphin- 
golipids and glycosphingolipids in their cell envelopes, con- 
tributing to membrane stability and environmental resilience 
(Gomez-Alvarez et al. 2016 ), and may play a significant role 
in pollutant degradation and metabolic flexibility (Aylward et 
al. 2013 ). Noviherbaspirillum is in the family Oxalobacter- 
aceae and is underexplored and likely has the ability to resist 
metals, form biofilms, engage in denitrification, and adapt in 
low-oxygen environments (Rajkumar et al. 2009 ). 

One of the major findings of this work is that biofilm 

communities not only respond to lead exposure but also re- 
tain lead-responsive biomarker taxa even after lead removal.
Adaptations of these biomarker taxa to prolonged lead ex- 
posure without mortality and DNA degradation is interesting 
and requires further exploration. Based upon the previous lit- 
erature, many common taxa present in drinking water distri- 
bution systems have resilient qualities, including the capabil- 
ity to form biofilms, diverse metabolic capabilities, chlorine 
resistance, and varied nutrient cycling capabilities (Sudarshan 
et al. 2024 ). Given that we detected lead-modulating genes in 
our ddPCR analyses, and these were responsive to lead con- 
centrations, this implies biological functionality rather than 
residual DNA presence. This suggests that certain microbial 
communities have developed resilience strategies that enable 
them to thrive in environments contaminated with lead. Addi- 
tional work is needed understand the mechanisms of these Pb- 
resistant gene responses in municipal potable waters, includ- 
ing investigating additional gene families beyond MT, such as 
metal efflux pumps genes (Sanchez-Corona et al. 2025 ), and 
how Pb exposure regulates gene expression at different Pb 
concentrations. Studying these adaptive mechanisms in the fu- 
ture could help us better understand ways to use microbes for 
bioremediation efforts. 

The identification of lead-responsive biomarker taxa offers 
valuable insights for developing diagnostic tools to assess past 
lead exposure incidents. These tools could support health offi- 
cials in identifying contamination sources and provide proac- 
tive lead monitoring options. One thing that could support 
this is the development of a comprehensive database of lead- 
responsive microbial taxa across various plumbing materials 
and water systems, and establishing standardized techniques 
for biomarker detection, encompassing DNA-based tests and 
functional gene analyses. Such tools could help water distri- 
bution management groups and community, state, and federal 
health organizations identify prior lead exposure occurrences,
improving community health outcomes. This study provides 
proof of concept that microbiome monitoring is a promising 
ool that may detect a nonrecurring lead exposure episode.
dditionally, this research into lead-modulating genes (e.g.
mtAB and bmt ) emphasizes the importance for biofilms to
odulate lead toxicity through sequestration and detoxifica- 
ion mechanisms. The gene prevalences varied by pipe ma- 
erial and lead concentration, suggesting specific microbial 
daptations to environmental conditions. More research is 
eeded to refine these tools, but this promising area suggests
 novel way to identify potential lead exposure events even
fter an active lead event. 
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