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ABSTRACT: Phthalate esters (PAEs) are commonly released
from plastic pipes in some water distribution systems. Here, we
show that exposure to a low concentration (1−10 μg/L) of three
PAEs (dimethyl phthalate (DMP), di-n-hexyl phthalate (DnHP),
and di-(2-ethylhexyl) phthalate (DEHP)) promotes Pseudomonas
biofilm formation and resistance to free chlorine. At PAE
concentrations ranging from 1 to 5 μg/L, genes coding for
quorum sensing, extracellular polymeric substances excretion, and
oxidative stress resistance were upregulated by 2.7- to 16.8-fold, 2.1- to 18.9-fold, and 1.6- to 9.9-fold, respectively. Accordingly,
more biofilm matrix was produced and the polysaccharide and eDNA contents increased by 30.3−82.3 and 10.3−39.3%,
respectively, relative to the unexposed controls. Confocal laser scanning microscopy showed that PAE exposure stimulated biofilm
densification (volumetric fraction increased from 27.1 to 38.0−50.6%), which would hinder disinfectant diffusion. Biofilm
densification was verified by atomic force microscopy, which measured an increase of elastic modulus by 2.0- to 3.2-fold. PAE
exposure also stimulated the antioxidative system, with cell-normalized superoxide dismutase, catalase, and glutathione activities
increasing by 1.8- to 3.0-fold, 1.0- to 2.0-fold, and 1.2- to 1.6-fold, respectively. This likely protected cells against oxidative damage by
chlorine. Overall, we demonstrate that biofilm exposure to environmentally relevant levels of PAEs can upregulate molecular
processes and physiologic changes that promote biofilm densification and antioxidative system expression, which enhance biofilm
resistance to disinfectants.
KEYWORDS: phthalate esters, oxidative stress, biofilm densification, disinfectant resistance

■ INTRODUCTION

Biofilms are the predominant form of microbes living in
drinking water distribution systems (DWDS).1 As surface-
attached microbial aggregates surrounded by excreted
extracellular polymeric substances (EPS), biofilms can shelter
pathogens and antimicrobial-resistant bacteria from common
disinfectants such as free residual chlorine.2,3 The relatively
stable biofilm microenvironment can also facilitate horizontal
gene transfer and accelerate the development of bacterial
resistance to disinfectants.2,3 Moreover, biofilms are closely
correlated with biofouling and biocorrosion that contribute
significantly to infrastructure degradation and water quality
deterioration.4−6 Therefore, it is crucial to advance our
understanding of factors that shape DWDS biofilm structure
and affect their susceptibility to disinfectants.
DWDS biofilm assembly is primarily controlled by water

characteristics (including the presence of residual or infiltrated
substrates and nutrients), pipeline materials, and operational
conditions.7,8 Plastic water distribution pipes and some water
storage tanks, such as those made of high-density polyethylene
(HDPE) and poly(vinyl chloride) (PVC), are extensively used
due to their flexibility and low cost.9 Notably, these materials
contain plasticizers such as phthalate esters (PAEs), which may
leach during plastic aging since PAEs are not covalently bound

to the polymers.10,11 The release of PAEs from plastics can
exceed 2 g/kg depending on the thickness, aging status, and
composition of the plastics.12 Moreover, plastic debris (e.g.,
microplastics) and the associated PAEs have been frequently
detected in aquatic environments, including drinking water
sources.13,14 The total concentration of dissolved plus sorbed
PAEs can reach 2 mg/L in surface water.15,16 The presence of
phthalates in drinking water samples has also been reported
worldwide with total PAE concentrations ranging from 0.1 to
10 μg/L,16,17 which indicates that PAEs cannot be removed
effectively by conventional water treatment processes. There-
fore, it is important to investigate the influence of incidentally
introduced or in situ generated PAEs on the formation and
resistance of DWDS biofilms.
Several studies have addressed the effects of PAEs on

microbial community structure and function besides their well-
known endocrine-disrupting potential in eukaryotic organ-
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isms.18−20 Exposure to high levels (i.e., 20−40 mg/L) of
dimethyl phthalate (DMP) significantly inhibited planktonic
bacterial activity because of cell permeability disruption and
intracellular reactive oxygen species (ROS) induction.21

However, DMP at 20 mg/L upregulated genes for carbohy-
drate transport, metabolism, and energy production in a soil
microbiome.22 Furthermore, di-(2-ethylhexyl) phthalate
(DEHP) at 1 mg/L altered a periphytic biofilm microbial
community but not its metabolic functions.23 Recent studies
found that plastic-attached microorganisms were metabolically
more active than those in the surrounding water, possibly due
to exposure to plasticizers.24 These studies show that PAEs
with different structures and at different concentrations may
elicit various microbial responses. However, it is unknown how
PAEs at environmentally relevant levels affect biofilm develop-
ment and resistance to disinfection, which is important to
inform microbial risk assessment as well as plasticizer choices
for plastic pipelines and water storage tanks.
In this study, we investigate the dose−response behavior of

biofilm to three different PAEs (i.e., DMP, di-n-hexyl phthalate
(DnHP) and DEHP). DMP, DnHP, and DEHP are commonly
used as plasticizers while DMP is the main PAE released from
PVC materials,25,26 all of which have been detected in tap
water.16,17,27 Pseudomonas aeruginosa was chosen as the model
strain for biofilm study due to its common occurrence in
biofilms found in various environments,28,29 including water
distribution and storage systems.1,30 Biofilm biomass and
disinfectant resistance were monitored after exposure to these
PAEs at DWDS-relevant levels ranging from 1 to 10 μg/L.15,17

Microbial enzymatic activity and biofilm EPS content (i.e.,
polysaccharides, proteins, and eDNA) were examined to gain
insights into enhanced biofilm disinfectant resistance after PAE
exposure. Biofilm integrity and density were measured via
confocal laser scanning microscopy (CLSM) and atomic force
microscope (AFM) to corroborate enhanced biofilm resistance
to chlorine. We also analyzed the transcriptional response of
biofilm-related (i.e., quorum sensing production and EPS
excretion) and antioxidative system genes. Multispecies
biofilms of DWDS-sourced microbes were also cultured
under continuous flow conditions in the presence and absence
of selected PAEs to inform the effects of PAEs on realistic
biofilm resiliency.

■ MATERIALS AND METHODS
Bacterial Strain, Culture Conditions, and Reagents. P.

aeruginosa PAO1 (ATCC 15629) was used for experiments
involving pure biofilms. This bacterial strain was grown in
Davis Minimal Nutrient Broth (DMNB, BD, Sparks, MD),
which contained 7 g/L KH2PO4, 2 g/L K2HPO4, 0.5 g/L
sodium citrate, 0.1 g/L MgSO4, 1 g/L (NH4)2SO4, and 5.0 g/L
glucose. Pure and mixed biofilm assembly experiments were
also performed in DMNB and supplemented with different
concentrations of the three examined PAEs (added separately).
P. aeruginosa was grown on DMNB, harvested during
exponential growth, and enumerated via colony assay on
Pseudomonas selective agar (BD, Sparks, MD) by counting
colony-forming units (CFU).
Reagents purchased from Invitrogen (Grand Island, NY)

include RNaseOUT, Random primers, dNTP set, Superscript
II reverse transcriptase, and propidium iodide. Costar 12- or
96-well plates and cell scrapers were bought from Corning, Inc.
(Corning, NY). RNA protective reagent, QIA quick PCR
Purification Kit, and RNeasy Mini Kit were obtained from

Qiagen Inc. (Valencia, CA). DMP, DnHP, and DEHP were
purchased from EMD Millipore, Inc. (Darmstadt Germany),
with their physical−chemical characteristics shown in Table
S1. ROS assay kit, superoxide dismutase (SOD) assay kit,
catalase (CAT) assay kit, and glutathione (GSH) assay kit
were obtained from Nanjing Jiancheng Bioengineering
Institute, China.

Biofilm Formation Under Exposure to Different PAE
Concentrations. P. aeruginosa (10 μL, optical density at 600
nm of 0.1) was inoculated into 190 μL of fresh DMNB in
Greiner Bio-One SCREENSTAR 96-well microtiter plates
(Monroe, NC). The microplates were incubated at 25 °C with
horizontal shaking at 60 rpm to promote biofilm attachment
and development. After 24 h, the suspension was removed and
each well was washed gently with phosphate-buffered saline
(PBS) to ensure removal of unattached cells. Subsequently,
200 μL of DMNB amended with DMP, DnHP, or DEHP at a
final concentration of 1, 2, 5, or 10 μg/L was added into
individual wells. Each condition was performed in triplicate,
with DMNB amended with PBS used as the untreated control.
The liquid culture under each condition was replaced with
fresh amended medium every 8 h. After 24 h PAE exposure
(i.e., three replacements with fresh amended medium), the
wells were washed twice with PBS to remove unbound cells
and the attached biofilm was characterized as follows.

Biofilm Biomass Quantification and Disinfection
Resistance Characterization. The biofilm biomass was
estimated by crystal violet assay (at an optical density of 595
nm) as previously reported.31 Biofilm hydrophobicity was
measured via a water contact angle assay using a contact angle
meter (OCA 15EC, Germany).32 To test biofilm disinfectant
resistance, the above biofilms were exposed to 2 mg/L sodium
hypochlorite (free chlorine) in PBS at 25 °C for 4 h. The
disinfection efficiency was calculated as the relative changes in
overall biofilm biomass before and after treatment.3 For viable
bacteria enumeration, the attached biofilm was dispersed as
follows. Briefly, 100 μL of 0.5% Tween-20 in PBS was added to
each well, sonicated at 40 kHz for 5 min in a 4 °C bath
sonicator (Branson, Danbury, CT), and then the suspension
was subject to colony assay. Biofilm EPS were obtained by 2%
(w/v) EDTA (disodium salt) extracting solution and analyzed
in terms of protein, polysaccharide, and extracellular DNA
(eDNA) using bovine serum, D-glucose, and Calf Thymus
DNA, respectively, as the standards.3,33 The details of
extraction procedures and analysis (including standard curves)
are shown in Supporting Information (Text S1).
Biofilm adenosine triphosphate (ATP) was analyzed by

Bioluminescent Assay Kit (Sigma, CA) in a Modulus Single
tube multimode reader (Promega Biosystems Sunnyvale, Inc.,
CA) to determine the biofilm activity after 24 h PAE
exposure.34 For ROS measurements, the cells were incubated
with 20 μM DCFH-DA solution in the dark for 30 min.36

Then, the cells were rinsed with PBS (0.1M, pH = 7.4) and
seeded in black 96-well plates containing different PAEs. After
incubating for 6 h, the green fluorescence (oxidized DCFH-
DA) was quantified using a Multimode Plate Reader
(PerkinElmer). The excitation and emission wavelengths
were set at 488 and 525 nm, respectively. In addition, the
ROS scavenger N-acetyl-L-cysteine with a final concentration
of 100 μM was added to PAE-exposed bacterial cells to verify
the role of oxidative stress in the biofilm stimulation. The
differences in oxidative stress response to the PAE treatments
were also detected by the antioxidative system analysis.
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Specifically, SOD activity, CAT activity, and GSH concen-
tration were determined by spectrometry assays using the SOD
assay kit, CAT assay kit, and GSH assay kit following the
manufacturer’s instructions. The details for ROS and
antioxidative system analysis are shown in the Supporting
Information (Texts S2 and S3).
Biofilm Structure Analyses with CLSM and AFM.

Biofilm structure was characterized by confocal laser scanning
microscopy (CLSM) (Nikon, Tokyo, Japan) as previously
reported.35 Briefly, PBS rinsed biofilms were fixed with 2.5%
glutaraldehyde solution and stained with BacLight LIVE/
DEAD Staining kit (Molecular Probes, Inc.). The CLSM
images of live and dead cells were obtained using a 488 nm
laser for excitation of SYTO 9 (green) and 560 nm laser for
excitation of propidium iodide (PI, red), respectively. Z-stack
images were collected and rendered into three-dimensional
(3D) images to visualize the structure of biofilm using Nikon
NIS-Element software (Nikon, Tokyo, Japan). For each
biofilm sample, three positions were selected for image
acquisition and further biofilm analysis in terms of biofilm
coverage, live/dead cell ratios, and bacterial volumetric
fractions performed in the NIS-Element software. Bacterial
volumetric fraction was calculated as the ratio of total cell
volume to total biofilm volume.
The biofilm surface morphology37 and elastic modulus

(Young’s modulus, E)38 were obtained by AFM in a dry
environment.39 Briefly, following the AFM probe calibration,
indentation measurements were repeated at seven randomly
selected locations in each deposit sample with the test area size
set to 50 × 50 μm. At each location, the indentation tests were
repeated 10 times. In total, 70 indentation tests were
conducted on each deposit sample through the force volume
model of AFM. The force−indent depth curves of 70 points of
each sample were obtained. The biofilm roughness was
determined from the 3D AFM images of biofilm surface
morphology using NanoScope Analysis software (Version
1.80) with default parameters.40 The elastic modulus (E) was
obtained by fitting force−indent depth curves via the Snedden
model in the NanoScope Analysis software (Version 1.80). All
of the measured values of Young’s modulus (E) were divided
into four groups: a soft group with E < 10000 MPa, a middle
hardness group with 10000 MPa < E <30 000 MPa, a hard
group with 30 000 MPa <E < 50 000 MPa, and a very hard
group with E > 50 000 MPa.38,41

Differential Gene Expression Analysis (RNA-seq and
RT-qPCR). Expression of biofilm formation genes generally
outpaces EPS secretion and biofilm densification,3,42 so
biofilms were sampled for transcriptomic analysis before
physicochemical characterization, following 6 h of exposure
to PAEs at different concentrations. The transcriptomic
analysis included biofilm-related genes (i.e., lasI, lasR, rhlI,
and rhlR for quorum sensing; sagS for bacterial adherence; pslA
and pelA for EPS excretion)43 and genes involved in
antioxidative systems (i.e., sodM and msrB for reductases).44

The 16S RNA gene with relatively stable expression levels in
biofilm bacteria was used as a reference gene for gene
expression normalization. The primers for these genes are
shown in Table S2. Total RNA was extracted from biofilm
samples using the RNeasy Mini Kit (Invitrogen, Thermo
Fisher Scientific) and subject to DNase treatment for residual
DNA removal. After heat-inactivation of enzymes, the purified
RNA was converted into cDNA and quantified with qPCR as
previously reported. The 2−ΔΔCT method was used to quantify
differential gene expression relative to the reference gene as
detailed in Text S4 in the Supporting Information, and the
heatmap was generated in the R platform (R version 3.2.2;
www.rproject.org) to show the changes in expression of
targeted genes in the exposed groups relative to the control
group without PAE exposure.

Multispecies Biofilm Cultivation and Exposure Tests.
Multispecies biofilms were established on concrete coupons
(BioSurface Technology, Montana) in standard CDC biofilm
reactors at 25 °C with magnetic stirring at 60 rpm. Microbial
samples from a drinking water pipe at Rice University were
inoculated into the biofilm reactors continuously fed with
DMNB at 100 mL/h. After 1-week biofilm formation, two
reactors were fed with DMNB amended with 1 μg/L DMP or
5 μg/L DEHP, while the control reactor continued to receive
plain DMNB. Each day, three coupons were sampled from
each reactor for biofilm mass measurement using the crystal
violet optical assay. After 7 days, the biofilm-attached coupons
were sampled for biofilm structure analysis via CLSM, bacterial
quantification via plate assay, biofilm EPS quantification via
colorimetric methods, and disinfectant resistance tests
described above.

Statistical Analyses. All of the experiments were
performed independently at least in triplicate. ANOVA and

Figure 1. Increase in Pseudomonas biofilm biomass (grown on DMNB medium) and disinfectant resistance when exposed to different
concentrations of PAEs. Biofilms exposed to PAEs (DMP, DnHP, and DEHP) for 24 h produced more biofilm matrix (a) and displayed enhanced
resistance to sodium hypochlorite disinfection (b). Biomass was measured using the crystal violet stain assay. Error bars represent ± one standard
deviation from the mean of independent triplicates. Asterisks (*) represent differences (p < 0.05) between treatment and unexposed control, based
on Student’s t-test.
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Student’s t-test with Bonferonni correction for multiple
comparisons were used to determine statistical significance.

■ RESULTS AND DISCUSSION
Low Levels of PAEs Promoted Pseudomonas Biofilm

Formation. Pseudomonas biofilm exposure to three PAEs
(DMP, DnHP, and DEHP) at concentrations ranging from 1
to 10 μg/L (which are insufficient to support significant cell
growth, Figure S1) stimulated biofilm formation and biomass
growth to different degrees (Figure 1a). The DMNB medium
contained citrate (500 mg/L) and glucose (5.0 g/L) as the
main carbon source. DMP, the lowest-molecular-weight PAE
considered, showed the highest stimulation at 1 μg/L with
biomass increasing by 67.5% (p < 0.01). As the DMP
concentration increased, the stimulatory effect on the biofilm
decreased (Figure 1a), perhaps due to a previously reported
inhibitory effect of DMP on bacterial activity.45,46 DnHP and
DEHP, the higher-molecular-weight PAEs with higher hydro-
phobicity and lower solubility (Table S1), exhibited the
highest stimulation at 2 and 5 μg/L, respectively. The
corresponding biomass increased by 54.2% for DnHP and
42.7% for DEHP relative to the unexposed control (p < 0.01).
Based on statistical analysis (Table S3), 1 μg/L DMP and 2
μg/L DnHP are the “peak-effect” concentrations for biofilm
stimulation. Although 5 μg/L DEHP was not significantly
more stimulative than 2 or 10 μg/L DEHP, it was significantly
more stimulative than 1 μg/L DEHP. Therefore, we used these
three conditions for detailed biofilm characterization and

discussion. The different peak-effect concentrations for the
three PAEs might be due to differences in their physical−
chemical properties (Table S1) that affect their bioavailability
and bacterial toxicity.20

Consistently, biofilm bacteria density increased from 1.0 ×
108 to 1.6 × 108, 1.3 × 108, and 1.2 × 108 CFU/cm2 after
exposure to the peak-effect concentrations of DMP, DnHP,
and DEHP, respectively (Figure S2). Moreover, ATP activity
measurements showed that exposure to low PAE levels
increased the activity of biofilm-dwelling bacteria (Figure
S3). DMP, DnHP, and DEHP at peak-effect concentrations
induced an increase in cellular ATP from 1.6 × 10−10 to 6.6 ×
10−10, 5.2 × 10−10, and 4.6 × 10−10 nmol/CFU, respectively.
Biofilm growth promotion was positively correlated with
resistance to disinfection (R = 0.99, p < 0.01). Specifically,
biofilms without PAE exposure experienced a decrease in
biomass of about 24% after free chlorine treatment (2 mg/L
sodium hypochlorite), while the biofilms exposed to 1 μg/L
DMP, 2 μg/L DnHP, and 5 μg/L DEHP had lower biomass
decreases of only 8, 12, and 12%, respectively (Figure 1b).

Low Levels of PAEs Upregulated QS Generation and
EPS Excretion. To protect bacteria from detrimental
chemicals, biofilms can sometimes respond to sublethal levels
of antimicrobial agents with enhanced microbial communica-
tion, resource allocation efficiency, and EPS generation, which
can confer biofilm resistance to multiple environmental
stressors.47,48 Transcriptomic analysis revealed that genes
associated with QS and EPS excretion were significantly

Figure 2. Upregulation of genes associated with Pseudomonas biofilm formation and resistance after exposure to different concentrations of PAEs.
RT-qPCR was performed targeting genes associated with quorum sensing, structural integrity, and bacterial antioxidative systems. The
quantification of each gene was expressed as the fold change (fold changes are log 2 transformed) relative to unexposed controls. Results are the
mean of independent triplicates.

Figure 3. Production of EPS in Pseudomonas biofilm after exposure to different concentrations of PAEs. (a) Total polysaccharide content was
analyzed using the phenol-sulfuric acid colorimetric method and normalized per live cell and (b) the eDNA content was quantified with the
diphenylamine reagent method and normalized per live cell. These components were further normalized by those in the group without PAEs
addition. Asterisks (*) represent differences (p < 0.05) between treatment and unexposed control, based on Student’s t-test. Error bars represent ±
one standard deviation from the mean of at least three independent replicates.
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upregulated after exposure to the tested PAEs for 6 h (Figure
2). Specifically, four genes regulating P. aeruginosa QS
secretion (i.e., lasI and lasR in the las QS system, and rhlI
and rhlR in the rhl QS system) were upregulated by 5.7- to
16.8-fold upon exposure to 1 μg/L DMP relative to control
groups. Accordingly, gene sagS regulating bacterial adherence
was also upregulated by 10.1-fold, and genes pslA and pelA
associated with LPS biosynthesis and EPS excretion were
upregulated by 16.9- and 18.9-fold upon exposure to 1 μg/L
DMP relative to control groups without PAEs exposure,
respectively. Consistently, the amount of polysaccharide,
eDNA, and protein increased significantly by 82.3 ± 3.4,
39.3 ± 3.4, and 14.0 ± 1.6% per live cell, respectively, relative
to control groups in 24 h (Figures 3 and S4).
Similarly, 2 μg/L DnHP and 5 μg/L DEHP upregulated

these genes. QS secretion genes were upregulated by 4.2- to
9.3-fold upon exposure to 2 μg/L DnHP and 3.6- to 7.5-fold
upon exposure to 5 μg/L DEHP relative to control groups
(Figure 2). For the biofilms exposed to 2 μg/L DnHP, the
amount of polysaccharide, eDNA and protein increased
significantly by 78.0 ± 6.2, 30.7 ± 1.3, and 9.3 ± 1.5% per
live cell, respectively, relative to control groups (Figures 3 and
S4). The corresponding relative amount of polysaccharide,
eDNA, and protein increased by 61.7 ± 5.7, 23.7 ± 3.3, and
7.7 ± 0.5% for the biofilms exposed to 5 μg/L DEHP.
The trends in gene expression were positively correlated

with biofilm EPS excretion and resultant disinfectant resistance
for the three tested PAEs (Figures 1−3). Polysaccharides with
high viscosity can directly adsorb PAEs and increase cross-
linking within the biofilm by interacting with themselves or
other heterologous molecules.3,49 Moreover, eDNA can
function as an intercellular connector through hydrogen
bonding and electrostatic interactions, which helps maintain
biofilm structural integrity.50 Proteins can hinder disinfectant
penetration by reacting with disinfectant and reducing
disinfectant concentration within biofilms.51 Therefore,
enhanced EPS excretion generally improves resistance to
disinfectants by hindering the transport of disinfectants into
the biofilm matrix.52

Low Levels of PAEs Modified Biofilm Structure and
Increased Biofilm Resilience. CLSM imaging corroborated
enhanced biofilm integrity after exposure to low levels of PAEs.
The control biofilm was scattered with a volumetric fraction of
27.1% (Figure 4a). When the biofilms were exposed to the

peak-effect concentrations of DMP (i.e., 1 μg/L), DnHP (i.e.,
2 μg/L), and DEHP (i.e., 5 μg/L), the biofilm bacterial
volumetric fraction increased to 50.6, 38.9, and 38.0%,
respectively. Higher biofilm EPS levels and bacterial volumetric
fraction within the biofilm facilitate densification and improve
structural integrity, which is conducive to biofilm resistance
due to limited diffusion of harmful chemicals.1,51 Accordingly,
bacterial live/dead ratios at the bottom layers were significantly
higher than those at the surface layers for the PAE-exposed
biofilms (Figure 4a). Specifically, the live/dead ratios at the
surface layers were 1.32 ± 0.11, 1.10 ± 0.12, and 1.32 ± 0.06
for biofilms separately treated with 1 μg/L DMP, 2 μg/L
DnHP, or 5 μg/L DEHP, respectively, while the corresponding
live/dead ratios at the bottom layers were 1.63 ± 0.06, 2.23 ±
0.07, and 2.01 ± 0.10.
AFM imaging verified biofilm densification and enhanced

structural stability with improved biofilm elastic modulus (E)
after PAE exposure (Figure 4b). The elastic modulus increased
by 4.1-, 3.5-, and 3.0-fold relative to the unexposed biofilm
when the biofilms were exposed to 1 μg/L DMP, 2 μg/L
DnBP, or 5 μg/L DEHP, respectively. When the biofilm was
not exposed to PAEs, the very hard, hard, middle, and soft
fractions of biofilm were about 1.4, 2.9, 30.4, and 65.2%,
respectively. When biofilms were exposed to 1 μg/L DMP, the
hard fraction increased, with corresponding fractions making
up 2.9, 21.4, 48.6, and 27.1%, respectively. Similar trends were
observed for biofilms exposed to 2 μg/L DnBP or 5 μg/L
DEHP. Improved structural stability contributes to biofilm
resistance to multiple environmental stressors including
disinfectants and fluid shear force.38

AFM imaging revealed that the biofilm surface became more
conducive to biofilm expansion due to increased roughness
after PAE exposure. The biofilm roughness increased from 24.4
to 38.4 nm, 37.3 and 29.0 nm when the biofilms were exposed
to 1 μg/L DMP, 2 μg/L DnBP, and 5 μg/L DEHP,
respectively (Figure S5). Increased surface roughness is
associated with enlarged biofilm surface area and low shear
stress zones near roughness asperities, which facilitate
planktonic bacteria attachment and prevent colonized bacteria
dispersion by the local flow conditions.38,53 Consistently, the
number of planktonic bacteria was significantly lower in the
PAE-exposed culture systems relative to the unexposed control
group (Figure S6). The ratio of total suspended bacteria to
biofilm-dwelling bacteria decreased from 33.7% in the control

Figure 4. Low levels of PAE exposure modified Pseudomonas biofilm structure and resilience. (a) Confocal laser scanning microscopy (CLSM)
images showed Pseudomonas biofilm densification after exposure to different concentrations of PAEs. The biofilm was stained with SYTO 9 and
propidium iodide (PI) from LIVE/DEAD BacLight kit. The green and red colors represent the lived and dead cells, respectively. Scale bar
represents 30 μm. (b) Percentage stacked bar for the Young modulus (E) of the biofilm after exposure to different concentrations of PAEs (DMP 1
μg/L, DnHP 2 μg/L, and DEHP 5 μg/L). The black line shows the mean E value in three representative biofilm sections after different treatments.
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system to 12.3, 21.8, and 24.2% in the DMP-, DnBP-, and
DEHP-exposed systems, respectively. Additionally, contact
angle measurements indicate that PAE exposure increased
biofilm surface hydrophobicity (Figure S7), which is associated
with improved protection against chemical disinfectants via
stronger repellence of water and polar disinfectants.32 Higher
biofilm surface hydrophobicity could also facilitate coloniza-
tion of some opportunistic pathogens with hydrophobic cell
surfaces such as Mycobacterium.54

PAE-Stimulated Biofilm Formation Was Likely Re-
lated to Oxidative Stress. The microbial antioxidative
system includes superoxide dismutase (SOD) and catalase
(CAT) as the major antioxidant enzymes and glutathione
(GSH) as a nonenzymatic antioxidant.55,56 Genes msrB and
sodM associated with antioxidative system were upregulated by
11.2- to 11.8-fold (Figure 2), suggesting that PAEs can induce
bacterial intracellular ROS (Figure S8a) and thus trigger the
antioxidative system. Consistently, the SOD activity, CAT
activity, and GSH concentrations increased significantly
relative to the unexposed control after exposure to tested
PAEs in the concentration range of 1−10 μg/L (Figure 5). For
example, exposure to 1 μg/L DMP increased the SOD activity
from 15.7 ± 0.8 U/mg protein to 63.6 ± 2.8 U/mg protein,
CAT activity from 15.7 ± 0.8 U/mg protein to 63.6 ± 2.8 U/
mg protein, and GSH concentration from 248.2 ± 16.6 μmol/
g protein to 649.0 ± 32.8 μmol/g protein (p < 0.01). Although
not as substantial as in the case of DMP-exposed biofilm,
similar upregulations of genes associated with reductase and
production of SOD, CAT, and GSH were also observed for
biofilms exposed to DnHP or DEHP (Figures 2 and 5).
Consistent with the trends in biofilm formation and resistance

to disinfectant, 2 μg/L DnHP and 5 μg/L DEHP upregulated
most associated genes and increased the SOD, CAT, and GSH
levels in their individual ranges.
ROS at high concentrations are detrimental to bacteria as

they can react with essential biomolecules, but ROS at lower
concentrations can function in signal transduction, hormeti-
cally stimulating metabolism and therefore increasing microbial
growth and thickening the biofilm.47 As a result, the presence
of sublethal levels of ROS-inducing agents (e.g., antibiotics and
heavy metals) can stimulate biofilm formation45,46 and confer
biofilm enhanced resistance to multiple physical and chemical
stressors.47,48 Under planktonic conditions, intracellular ROS
generation increased when the culture was exposed to PAEs
while biofilm exposed to same levels of PAEs showed lower
amounts of ROS compared with the unexposed control
(Figure S8), suggesting that low levels of PAEs upregulated
bacterial antioxidative systems under biofilm conditions. To
test the hypothesis that the addition of PAEs increased the
transient ROS generation and stimulated biofilm, a ROS
scavenger (N-acetyl-L-cysteine with a final amount of 100 μM)
was added in tandem with the PAEs to the biofilm. In the
presence of the scavenger, ROS levels were similar to that of
the control unexposed to PAEs and biofilm stimulation was not
significant (Figure S2).
SOD catalyzes •O2

− to O2 and H2O2, and CAT catalyzes the
dismutation of H2O2 to water.54 The n-SH group in GSH can
directly react with various ROS and regenerate other cellular
antioxidants.56 Due to the possible overproduction of SOD,
CAT, and GSH, the final ROS levels in DMP-exposed biofilm
were significantly reduced by 33.5 ± 0.5% relative to the
control group (Figure 5). The high abundance of antioxidant

Figure 5. Improved antioxidative capacity within the PAE-exposed Pseudomonas biofilm. Upregulation of antioxidant enzymes (a, b) and
nonenzymatic antioxidants (c) was associated with reduced ROS levels (d) after Pseudomonas biofilm exposure to different concentrations of PAEs.
CAT activity, SOD activity, GSH, and ROS were determined using the CAT assay kit (visible light method), SOD assay kit (WST-1 method),
GSH assay kit (microplate method), and ROS assay kit, respectively. Error bars represent ± one standard deviation from the mean of at least
independent replicates. Asterisks (*) represent differences (p < 0.05) between treatment and unexposed control, based on Student’s t-test.
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enzymes and nonenzymatic antioxidants confers an additional
capacity to mitigate the oxidative stress from disinfectant on
biofilms, increasing biofilm resistance to disinfectants besides
the physical barrier from biofilm densification.44,55

Incidentally, previous studies reported that hormones (e.g.,
estrogen) at μg/L levels can stimulate biofilm formation
through oxidative stress.57 Our results demonstrate that PAEs
may similarly stimulate biofilm formation, although an
etiological connection to their endocrine disruption potential
seems tenuous. Moreover, although upregulation of QS genes
has been reported in response to chemical stress,58 further
research is needed to determine whether the observed
upregulation (Figure 2) was a response to PAE-related stress
that is conducive to biofilm formation as a defense mechanism.
Exposure to Low Levels of PAEs Promotes Dis-

infectant Resistance. Microbes in DWDS biofilms are
genotypically and phenotypically diverse.59 Multispecies
biofilms established in standard CDC biofilm reactors
corroborated that continuous exposure to low levels of DMP
(1 μg/L) or DEHP (5 μg/L) increased the biofilm biomass
(Figure 6a). The overall biomass grew from 1.7 ± 0.2 to 3.9 ±
0.2 and 3.4 ± 0.3 OD595 after 1-week continuous exposure to
DMP or DEHP, respectively, while the control biofilm without
PAE exposure only grew to 2.7 ± 0.3 OD595. The
corresponding bacterial abundance was 2.9 ± 0.6 × 109, 4.7
± 0.3 × 109, and 4.1 ± 0.5 × 109 cells/cm2 for unexposed,
DMP-, and DEHP-exposed biofilms (Figure S9a), respectively.
Consistent with the single species biofilm, EPS abundance
increased by 53.9 and 40.6% after continuous exposure to
DMP or DEHP (Figure S9b), respectively. Moreover, PAE-
exposed multispecies biofilms were densified with the bacterial
volumetric fraction increasing from 0.56 ± 0.07 for unexposed
control to 0.74 ± 0.04 and 0.68 ± 0.05 for DMP- and DEHP-
exposed biofilm (Figures 6b and S9c). Accordingly, the PAE-
exposed biofilms exhibited enhanced resistance to chlorine
with bacterial decay rate at 0.049 ± 0.005, 0.062 ± 0.006, and
0.075 ± 0.006 min−1 for DMP-exposed, DEHP-exposed, and
unexposed control, respectively (Figure 6c).
Biofilms in municipal water distribution systems can shelter

pathogens from disinfectants and provide stable environments
for horizontal gene transfer. Several PAEs are regulated by

drinking water guidelines due to their potential ecotoxicity and
carcinogenicity. For example, the current maximum contam-
inant level (MCL) set by the USEPA for DEHP is 6 μg/L.60

Although concentrations below these levels are considered safe
to humans, the indirect detrimental consequences due to their
effects on DWDS biofilm growth, densification, and higher
resistance to disinfectants (and associated microbial risks)
should not be neglected. Low PAE levels (from μg/L to ng/L)
that commonly occur in DWDS and other environments can
accumulate within biofilms because of their relatively stable
chemical properties and high affinity for the biofilm matrix.21

PAE-induced biofilm growth (Figure 3) and increase in biofilm
surface hydrophobicity (Figure S7) may further enhance PAE
absorption from bulk solution and accumulation within the
biofilm. Considering also potential PAE-induced biofilm
densification and upregulation of QS, this raises the possibility
of a feedback loop leading to more resilient, disinfectant-
resistant biofilms, which should stimulate further research on
this overlooked phenomenon.

Environmental Implications. PAEs are ubiquitous and
seem inevitable considering the sheer amount of plastic debris
in natural environments and the widespread use of plastic
products in engineered and agricultural systems. The possible
enhancement of biofilm resiliency by low levels of PAEs may
not be limited to drinking water systems given the prevalence
of biofilms in industrial, medical, and environmental contexts.
From the human mucosal surface to agricultural environ-
ments,61,62 biofilms more resistant to antimicrobial agents
imply lower efficacy of our current array of tools to eliminate
problematic bacteria, which may require novel microbial
control strategies. Bacterial biofilms are the dominant
contributors to human infection and responsible for food
contamination and the subsequent transmission of foodborne
disease; more robust biofilms stimulated by low levels of PAEs
may make outbreaks of foodborne disease more common and
more difficult to treat.
Overall, a variety of incidentally introduced or in situ

generated PAEs (often found in DWDS at similar concen-
trations as those tested in this work) can upregulate biofilm
bacteria quorum sensing and affect biofilm physiology,
stimulating biofilm growth and resistance to common

Figure 6. Low level of PAEs facilitate biofilm formation, densification, and disinfectant resistance. Multispecies biofilm was established on concrete
coupons in standard CDC biofilm reactors. After 1-week biofilm formation, the reactors were fed with DMNB only (control), DMNB with 1 μg/L
DMP (DMP), and DMNB with 5 μg/L DEHP (DEHP), respectively. (a) Crystal violet assay showed enhanced biofilm formation after PAE
exposure. (b) CLSM imaging revealed biofilm densification after PAE exposure. (c) Sodium hypochlorite disinfection tests showed improved
biofilm resistance after PAE exposure. Error bars represent ± one standard deviation from the mean of three independent replicates.
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disinfectants. Given that biofilms are a pervasive challenge in
medical, industrial, and environmental systems, the scale and
significance of this overlooked phenomenon to public health
and critical microbial processes (e.g., microbial induced
corrosion) warrant further investigation.
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