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A B S T R A C T

The presence of pharmaceutical and personal care products (PPCPs) in water environments has been extensively
reported, particularly at trace concentrations in drinking water (DW). Nevertheless, there is a lack of information
on the possible effects of the presence of PPCPs on the microbiota of drinking water distribution systems
(DWDS). This pioneer study aims to understand the effects of exposure to selected PPCPs (antipyrine – ANTP,
caffeine – CAF, carbamazepine – CBZ, clofibric acid – CA, diclofenac sodium salt – DCF, galaxolide – HHCB,
ibuprofen – IBP, tonalide – AHTN, tylosin – TY and trimethoprim - sulfamethoxazole – TMP-SMX) on the motility
and biofilm formation of Burkholderia cepacia, a bacterium isolated from a DWDS. The effects of PPCPs on the
susceptibility of B. cepacia to sodium hypochlorite (NaOCl) and to the antibiotic combination TMP-SMX was also
determined. The results demonstrated that inactivation of B. cepacia with NaOCl was more difficult when in the
presence of TMP-SMX, ANTP and CAF. Changes were also found on swarming motility. Biofilms formed in the
presence of CBZ and TMP-SMX were more susceptible to NaOCl action. The selected PPCPs had no remarkable
effects on swimming motility, biofilm production and susceptibility to TMP-SMX. The overall results emphasize
that the presence of some PPCPs in DWDS influence bacterial behavior and decrease the efficiency of DWDS
disinfection with chlorine, affecting the microbiological safety of the delivered water.

1. Introduction

In the last two decades several emerging contaminants, particularly
pharmaceutical and personal care products (PPCPs) have been detected
in finished drinking water (DW) (Benotti et al., 2009; Carmona et al.,
2014; Stackelberg et al., 2004, 2007). Therefore, the concern about the
hazards for human health emerged and several studies were performed
to investigate the possible risks for consumers (Gaffney et al., 2015;
Leung et al., 2013; Schriks et al., 2010; Snyder, 2008). Although no
direct risks for human health were found, it is of utmost importance to
evaluate possible effects on the microbiota present in drinking water
distribution systems (DWDS), as the presence of biofilms in pipe walls is
unavoidable. Microorganisms in DW do not represent a problem, unless
pathogens are present or when there is excessive growth (Prest et al.,
2016). As microbial communities populate DWDS, one cannot disregard
the possible effect of PPCPs on their behavior. In this regard, some
questions remain to be answered: Are PPCPs affecting the susceptibility
of DW bacteria to disinfection? What are the consequences for micro-
biological DW safety? What are the public health hazards? In fact, the
effects of PPCPs on non-targeted organisms in which PPCPs are not

directly applied or used, were observed in the environment. Brodin
et al. (2013) reported that a residual concentration (1.8 μg l−1) of the
anxiolytic oxazepam increased the locomotor activity and the feeding
rate of the fish Perca fluviatilis; but diminished its sociability. In addi-
tion, the antidepressant fluoxetine, at 1 μg l−1, was reported to affect
the matting behavior of the male population of Pimephales promelas
(Weinberger and Klaper, 2014). The males increased the time they
spent building the nest and, for higher concentrations, their interaction
with females was reduced becoming more aggressive and showing re-
petitive behaviours (Weinberger and Klaper, 2014). Nitro- and poly-
cyclic musks fragrances inhibited the activity of multidrug efflux
transporters, liable for multixenobiotic resistance in the gills of the
marine mussel Mytilus californianus (Luckenbach and Epel, 2005). The
activity was only partially recovered after a period of 24–48 h.

Pharmaceuticals and some chemicals used in personal care products
are designed to interfere with specific pathways and processes in bio-
logical systems (Boxall et al., 2012) and hence may affect the colonizing
microorganisms. Furthermore, microorganisms can adapt to changes in
the environment. Regarding the effects of PPCPs on microbial com-
munities, Kraigher et al. (2008) demonstrated that the presence of five
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pharmaceuticals (ibuprofen, naproxen, ketoprofen, diclofenac and clo-
fibric acid) at 50 μg l−1, led to reduction of the diversity of a bacterial
community in a small-scale wastewater treatment bioreactor. Also,
Phan et al. (2016) observed a shift in bacterial community diversity
when exposed to trace concentrations of 30 emerging contaminants,
including PPCPs.

In DWDS, most bacteria are in biofilms attached to the pipe surfaces
and only 5% are in the bulk phase (Berry et al., 2006). The presence of
biofilms in DWDS can affect the aesthetic quality of water, by dete-
riorating the taste, color and odor of the water (Liu et al., 2016). In
addition, biofilms are known to harbor pathogens (Wingender and
Flemming, 2011) which can compromises the microbiological safety of
DW. Another emerging problem for the DW industry and for public
health is the presence of antibiotics, antibiotic resistance genes (ARG)
and antibiotic resistant bacteria (ARB) in finished DW (Bergeron et al.,
2015, 2016; Xi et al., 2009; Ye et al., 2007). Therefore, it is necessary to
understand if the presence of PPCPs can influence microbial behavior,
particularly their susceptibility to disinfection. There is a hypothesis
that PPCPs can contribute to the development of resistant bacteria
(Daughton and Ternes, 1999). According to Boxall et al. (2012), this is
one of the most important questions regarding PPCPs. Xi et al. (2009)
suggested that DW treatment could increase microbial resistance to
antibiotics or favor the transference of ARGs.

This work aims to assess the effects of PPCPs at residual con-
centrations on planktonic and sessile growth of a model bacterium
isolated from DW, Burkholderia cepacia (Simões et al., 2007), and con-
sidered as emerging pathogen (Chaparro et al., 2001). Table 1 presents
information on PPCPs and their trace concentrations detected in DW,
providing background information for this study. The effects of the
presence of PPCPs were also evaluated on B. cepacia susceptibility to
sodium hypochlorite (NaOCl) and to the antibiotic combination tri-
methoprim - sulfamethoxazole (TMP-SMX).

2. Materials and methods

2.1. Emerging contaminants

Eleven PPCPs were selected for this work: three nonsteroidal anti-
inflammatory drugs (NSAIDs) (antipyrine - ANTP - from Alfa Aesar
(Karlsruhe, Germany); diclofenac sodium salt - DCF - from Fluka
(Steinheim, Germany) and ibuprofen – IBP - from Alfa Aesar (Karlsruhe,
Germany)), two musk fragrances (galaxolide – HHCB - and tonalide -
AHTN - both from Sigma-Aldrich (Steinheim, Germany)), one neuro-
active drug (carbamazepine - CBZ - from Acros Organics, New Jersey,

USA), one lipid regulator (clofibric acid - CA - from Acros Organics,
New Jersey, USA), one veterinary antibiotic (tylosin - TY - from Sigma-
Aldrich, Steinheim, Germany), one central nervous system stimulant
(caffeine - CAF from Fluka (Steinheim, Germany)) and two antibiotics
that are used in combination (CLSI, 2015) (trimethoprim – TMP and
sulfamethoxazole – SMX, both from Alfa Aesar (Karlsruhe, Germany)).

Stock solutions of each PPCPs were prepared using dimethyl sulf-
oxide (DMSO) (Fisher Scientific, UK). The PPCPs were tested at the
residual concentration (ng/L) found in DW ([DW]) (Table 1) or at
concentrations 100×higher (100× [DW]) – (Table 1). The final
concentration of DMSO applied in all experiments was 1% (v/v). Bac-
terial cells in the absence of any PPCPs and only in the presence of
DMSO (1% v/v) were used as controls.

2.2. Microorganism and culture conditions

B. cepacia was isolated from DW according to Simões et al. (2007).
B. cepacia was grown overnight in batch cultures of 25ml of R2A broth
(Reasoner and Geldreich, 1985) in an incubator (Velp Scientifica FOC
215E, Italy) at 25 ± 2 °C and under 150 rpm agitation (shaker IKA KS
130 basic, Germany). Microorganisms were harvested by centrifugation
(Eppendorf centrifuge 5810R, Germany) at 3777 g for 15min and then
the cells were ressuspended in sterile synthetic tap water (STW) or in
adequate growth media (R2A broth, Luria Bertani broth or Muller-
Hinton broth, accordingly the experiment to be performed). The cell
density was adjusted to 106 cells.ml−1, a concentration representative
of the number of heterotrophic bacteria in DW (Prest et al., 2016). STW
was used to evaluate the minimum bactericidal concentration (MBC)
(Section 2.3) and it was composed of 100mg l−1 NaHCO3 (Fisher Sci-
entific, Leicestershire, UK), 13mg l−1 MgSO4.7H2O (Merck, Darmstadt,
Germany), 0.7mg l−1 K2HPO4 (Aplichem Panreac, Darmstadt, Ger-
many), 0.3mg l−1 KH2PO4 (CHEM-LAB, Zedelgem, Belgium),
0.01mg l−1 (NH4)2SO4 (Labkem, Barcelona, Spain), 0.01mg l−1 NaCl
(Merck, Darmstadt, Germany), 0.001mg l−1 FeSO4.7H2O (VWR PRO-
LABO, Leuven, Belgium), 1mg l−1 NaNO3 (Labkem, Barcelona, Spain),
27mg l−1 CaSO4 (Labkem, Barcelona, Spain), 1 mg l−1 humic acids
(Sigma-Aldrich, Steinheim, Germany) as carbon source (EPA and NIST,
2011). Luria Bertani broth (LBB) was used to assess bacterial motility,
Muller-Hinton broth (MHB) was used to assess antibiotic susceptibility
and R2A broth was used to study biofilm formation and control.

2.3. Minimum bactericidal concentration of NaOCl

The MBC of NaOCl (Acros Organics, New Jersey, USA) for B. cepacia
was determined by the microdilution method according to Andrews
(2001). NaOCl solutions were prepared in sterile distilled water and the
concentrations tested ranged from 0.1 to 10 ppm. Briefly, 180 μl of
bacterial suspension prepared as described in Section 2.2 and con-
taining selected PPCPs (at [DW] and 100× [DW]) was added to 20 μl
of NaOCl solutions, in a flat-bottom 96-well polystyrene microtiter plate
(Orange scientific, Braine-l’Alleud, Belgium). The microtiter plates were
incubated at 25 ± 2 °C and under agitation (150 rpm) for 24 h. After-
wards, NaOCl was neutralized using sodium thiosulfate (Labkem,
Spain) at a final concentration of 5% (w/v) for 10min (BSI, 2009).
Finally, 10 μl of bacterial suspension from each well was transferred to
R2A plates and incubated at 25 ± 2 °C for 24 h. Negative controls were
performed with bacteria exposed to PPCPs with no NaOCl added. The
MBC corresponded to the lowest concentration of NaOCl where the B.
cepacia was unable to grow on the R2A agar plates (Johnson et al.,
2002). All tests were performed in triplicates, twice.

2.4. Antibiotic susceptibility

The Kirby-Bauer disk diffusion susceptibility test was carried out
according to the Performance Standards for Antimicrobial
Susceptibility Testing of Clinical and Laboratory Standards Institute

Table 1
List of PPCPs selected for this study and respective concentrations found in DW.
1Cited from Jones et al. (2005).

PPCPs Concentration found in DW
(ng.L−1)

References

AHTN 0.51 Wombacher and Hornbuckle
(2009)

ANTP 400 Reddersen et al. (2002)1

CAF 119 Stackelberg et al. (2004)1

CBZ 258 Stackelberg et al. (2004)1

CA 170 Heberer and Stan (1996)1

DCF 6 Stumpf et al. (1996)1

HHCB 2.2 Wombacher and Hornbuckle
(2009)

IBP 3 Stumpf et al. (1996)1

TMP- SMX 1.7 and 8.2, respectively Wang et al. (2011)1

TY 1.7 Zuccato et al. (2000)1

DMSO – Dimethylsulfoxide, AHTN – Tonalide, ANTP – Antypiryne, CAF –
Caffeine, CBZ – Carbamazepine, CA – Clofibric acid, DCF – Diclofenac, HHCB –
Galaxolide, IBP – Ibuprofen, TMP – SMX – Trimethoprim – sulfamethoxazole,
TY – Tylosin.
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(CLSI, 2015) in order to assess if the presence of PPCPs influenced the
susceptibility of B. cepacia to trimethoprim and sulfamethoxazole (TMP-
SMX). TMP-SMX were used in combination as recommended strategy to
control B. cepacia growth (CLSI, 2015). Bacterial suspensions (10ml)
were grown for one week in the presence of PPCPs at 100× [DW] and
subsequently resuspended in MHB as described in Section 2.2. The
bacterial suspension was adjusted to 0.5 McFarland standard
(6× 108 CFU/ml) (CLSI, 2015) and spread on Mueller Hinton agar
(MHA) (Oxoid, England). Sterile disks with the combination of TMP-
SMX (1.25 μg −23.75 μg) were placed onto the centre of the inoculated
plates to observe growth inhibitory effects. Plates with disks containing
DMSO were also used as control. The plates were incubated at
25 ± 2 °C for 24 h and the diameter of the inhibition zone (with no
bacterial growth) was measured after incubation (CLSI, 2015). This was
performed in duplicate, twice.

2.5. Motility assay

B. cepacia has two forms of motility: swimming and swarming
(Ferreira et al., 2013; Henrichsen and Blom, 1975). To assess the in-
fluence of the selected PPCPs on B. cepacia swimming and swarming mo-
tilities, bacterial suspensions were grown in the presence of PPCPs at
100×[DW] for one week and were ressuspended in LBB (Liofilchem,
Roseto degli Abruzzi, Italy) to a final density of 106 cells.ml−1 (Section
2.2). A volume of 15 μl of each suspension was applied on the centre of
plates containing 1% tryptone (Merck, Darmstadt, Germany), 0.25% NaCl
(Merck, Darmstadt, Germany) and 0.3% or 0.7% (w/v) agar (VWR PRO-
LABO chemicals, Leuven, Belgium) for swimming and swarming motilities,
respectively (Butler et al., 2010; Stickland et al., 2010). Plates were then
incubated at 25 ± 2 °C and the motility halos were measured after 24, 48
and 72 h of incubation. Each condition was tested in duplicate, twice.

2.6. Biofilm formation and control

The method for biofilm development was adapted from Stepánovic
et al. (2000). Bacterial suspensions were prepared as described in
Section 2.2 and ANTP, CBZ, HHCB and TMP-SMX at [DW] were the
PPCPs selected to be tested on B. cepacia biofilm formation and control.
Biofilms were developed in 96-wells microtiter plates in the presence of
the selected PPCPs. These PPCPs were selected according to the effects
observed in planktonic B. cepacia (ANTP increased B. cepacia tolerance
to NaOCl and TMP-SMX; HHCB increased B. cepacia tolerance to TMP-
SMX and swarming motility) and CBZ recalcitrance in the environment
(Li et al., 2016; Löffler et al., 2005; Vernouillet et al., 2010). A volume
of 200 μl of bacterial suspension was added to each well of a flat-bottom
96-wells microtiter plate (Orange Scientific, Belgium) to form biofilms
for 24 h, at 25 ± 2 °C, and under agitation (150 rpm). R2A broth was
used as negative control. After 24 h, the bacterial suspension was
carefully removed and each well washed with 200 μl of STW. To de-
termine the effect of NaOCl on bacterial sessile community exposed to
PPCPs, the 24 h old biofilms were exposed to NaOCl at 0.5 and 5 ppm
for one hour (at 25 ± 2 °C and at 150 rpm). The remaining wells were
filled with 200 μl of STW and used as negative disinfection control.
After the incubation period, a neutralization step (Knapp et al., 2013)
was performed using sodium thiosulfate at a final concentration of 5%
(w/v). Following this, the biofilm from each well was resuspended in
200 μl of saline water (0.85%) and reserved in a microcentrifuge tube.
Each well was scrapped for 1min with pipette tips, according to Borges
et al. (2014). This step was repeated three times. The biofilm cultur-
ability was assessed in duplicate with two repeats by enumeration of
colony forming units (CFU) in R2A plates (25 ± 2 °C for 48 h).

2.7. Statistical analysis

Data were analyzed by analysis of variance (ANOVA) using the
statistical program SPSS version 22.0 (Statistical Package for the Social

Sciences). Statistical calculations were based on a confidence level
≥95% (P < 0.05 was considered statistically significant).

3. Results

3.1. Effect of PPCPs on B. cepacia susceptibility to NaOCl

The MBC of NaOCl was determined under oligotrophic conditions
(STW) in the presence of selected PPCPs at trace concentrations found
in environment, [DW] and at 100× [DW]. The results are presented in
Table 2 and MBC is presented as a range of values due to the low
concentrations determined and the variability of bacterial growth
within these ranges. Complete inactivation of B. cepacia occurred at
concentrations comprised between 0.5 and 2.5 mg l−1 of NaOCl.
However, the presence of DMSO decreased the efficiency of NaOCl,
with MBC between 2.5 and 4.0mg l−1. These values were used as a
solvent control and the effect of PPCPs were evaluated by comparison
with DMSO control.

In general, the MBC was not significantly altered in the presence of
PPCPs at [DW]. However, the presence of CAF and TMP-SMX were
apparently responsible for a slight increase in the MBC to
4.5–5.0mg l−1, in both cases; although differences were not statistically
significant. Increasing PPCPs to 100× [DW] influenced NaOCl action
for most of the conditions studied. No change on the MBC was found for
CAF. However, ANTP and DCF at 100× [DW] increased MBC to
4.5–5.0mg l−1 and 4.0–5.0mg l−1, respectively. TMP-SMX at
100× [DW] was responsible for the most pronounced increase in MBC
(5.0–7.0mg l−1).

3.2. Effect of PPCPs on B. cepacia susceptibility to TMP-SMX

Table 3 presents the inhibition halo caused by TMP-SMX after B.
cepacia growth in the presence of PPCPs at 100× [DW] for 7 d. Ac-
cording to CLSI (2015), B. cepacia is classified as susceptible to
TMP–SMX if the inhibition halo is > 16mm, intermediate suscept-
ibility is considered if 11mm < inhibition halo<15mm. If the in-
hibition halo<10mm, B. cepacia is classified as resistant to TMP-SMX.
The inhibition halo was>16mm for all the conditions tested. There-
fore, B. cepacia was classified as susceptible to TMP-SMX. Moreover, the
exposure to the selected PPCPs did not change the susceptibility of B.
cepacia to TMP-SMX (P > 0.05). Although the inhibition halo caused
by the presence of TMP-SMX decreased after exposure to HHCB, this
difference was not statistically significant (P > 0.05). In addition, the
exposure to compounds with antimicrobial activities, such as CAF, TY

Table 2
B. cepacia susceptibility to NaOCl. Range of MBC values of NaOCl (mg/l) in the
presence and absence of selected PPCPs at [DW] and at 100× [DW].

Condition MBC (mg.l−1)

[DW] 100× [DW]

B. cepacia [0.5–2.5]
DMSO [2.5–4.0]
AHTN [1.0–4.0] [3.0–4.0]
ANTP [2–4.5] [4.5–5.0]
CAF [4.5–5.0] [4.5–5.0]
CBZ [2.0–4.5] [3.0–5.0]
CA [2.0–4.5] [3.0–5.0]
DCF [2.5–4.5] [4.0–5.0]
HHCB [2.0–4.5] [3.5–4.0]
IBP [2.5–4.5] [3.0–4.0]
TMP-SMX [4.5–5.0] [5.0–7.0]
TY [2.0–4.5] [3.5–4.0]

DMSO – Dimethylsulfoxide; AHTN – Tonalide; ANTP – Antypiryne; CAF –
Caffeine; CBZ – Carbamazepine; CA – Clofibric acid; DCF – Diclofenac; HHCB –
Galaxolide; IBP – Ibuprofen; TMP – SMX – Trimethoprim – sulfamethoxazole;
TY – Tylosin.
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and TMP-SMX did not alter significantly B. cepacia tolerance to this
antibiotic combination (P > 0.05).

3.3. Effect of PPCPs on B. cepacia motility

B. cepacia grown in the presence of PPCPs at 100× [DW] for 7 d
was tested on their swimming and swarming motilities (Table 4). B.
cepacia swimming motility was not significantly affected by the pre-
sence of PPCPs (P > 0.05). The presence of some PPCPs was re-
sponsible for slight changes in swarming motility, particularly for 72 h
incubation. DCF and HHCB increased swarming motility in 13 and 12%,
respectively. On the other hand, swarming motility decreased in 10 and
14% when B. cepacia grown in the presence of CAF and to TMP-SMX.
Nevertheless, such changes were not statistically significant
(P > 0.05).

3.4. Effect of PPCPs on B. cepacia biofilm formation and control

Fig. 1 presents the log CFU.cm−2 of 24 h old biofilms grown in the
presence of some PPCPs (ANTP, CBZ, HHCB and TMP-SMX) at [DW],
before and after exposure to NaOCl at 0.5 and 5mg l−1 for one hour.
These PPCPs were selected mainly due to the effects observed on

planktonic B. cepacia: ANTP increased B. cepacia tolerance to NaOCl
and TMP-SMX; HHCB increased B. cepacia tolerance to TMP-SMX and
swarming motility; CBZ was selected based on its recognized re-
calcitrant properties, remaining in environment for long times with no
degradation observed although the application of different technologies
to PPCPs removal (Li et al., 2016; Löffler et al., 2005; Vernouillet et al.,
2010).

The exposure to the selected PPCPs did not affect B. cepacia ability
to form biofilms. In fact, log CFU.cm−2 were similar for all the condi-
tions tested (P > 0.05). Biofilm susceptibility to NaOCl at 0.5 mg l−1

was also not altered in the presence of PPCPs (P > 0.05). An increase
in NaOCl to 5mg l−1 increased log CFU.cm−2 reduction. However,
complete reduction was not achieved. Moreover, biofilms formed in the
presence of CBZ and TMP-SMX were more susceptible to 5mg l−1

NaOCl (P < 0.05). The log CFU.cm−2 reductions of biofilms formed in
the presence of CBZ and TMP-SMX were 0.71 and 0.72, respectively
(DMSO caused 0.08 log CFU.cm−2 reduction). Biofilms formed in the
presence of ANTP and HHCB had log CFU.cm−2 reductions similar to
DMSO (P > 0.05).

4. Discussion

B. cepacia has been described as an opportunistic pathogen infecting
immunocompromised patients mainly in cases of cystic fibrosis
(Chaparro et al., 2001). The ability of B. cepacia to develop antibiotic
resistance has also been described (Conway et al., 2003; Kuti et al.,
2004; Moore et al., 2001). The presence of this bacterium in DW is not

Table 3
B. cepacia susceptibility to TMP-SMX. Inhibition halo of
TMP - SMX, after B. cepacia exposure to PPCPs at
100× [DW] for 7 days. Values are mean value ±
standard deviation.

Condition Inhibition halo (mm)

B. cepacia 28.6 ± 1.1
DMSO 27.9 ± 3.0
AHTN 27.6 ± 1.3
ANTP 26.0 ± 1.4
CAF 26.0 ± 1.4
CBZ 27.7 ± 3.7
CA 27.4 ± 3.3
DCF 27.1 ± 1.1
HHCB 25.6 ± 1.3
IBP 28.9 ± 1.7
TMP-SMX 26.4 ± 0.1
TY 26.9 ± 1.5

DMSO – Dimethylsulfoxide; AHTN – Tonalide; ANTP –
Antypiryne; CAF – Caffeine; CBZ – Carbamazepine; CA –
Clofibric acid; DCF – Diclofenac; HHCB – Galaxolide; IBP –
Ibuprofen; TMP – SMX – Trimethoprim – sulfamethox-
azole; TY – Tylosin.

Table 4
Motility (swimming and swarming) of B. cepacia when in presence and absence of PPCPs at 100× [DW]. The results are mean value ± standard deviation in mm.

Condition Diameter halo (mm)

Swimming Swarming

24 h 48 h 72 h 24 h 48 h 72 h

B. cepacia 14.9 ± 5.4 32.3 ± 4.0 47.8 ± 5.0 7.6 ± 1.6 21.4 ± 2.0 30.6 ± 0.5
DMSO 14.4 ± 5.7 32.8 ± 3.1 49.0 ± 2.9 7.6 ± 0.9 23.2 ± 0.4 32.6 ± 3.4
AHTN 14.5 ± 6.0 32.6 ± 4.8 48.5 ± 5.4 9.4 ± 3.2 24.4 ± 5.2 34.0 ± 2.1
ANTP 14.9 ± 5.8 35.1 ± 3.1 52.5 ± 1.9 10.2 ± 4.5 24.1 ± 2.1 32.0 ± 2.2
CAF 15.8 ± 2.7 37.4 ± 4.3 53.9 ± 2.1 6.1 ± 0.2 23.4 ± 2.7 29.3 ± 4.5
CBZ 12.9 ± 4.6 32.5 ± 1.5 51.0 ± 4.4 8.9 ± 3.7 22.3 ± 2.8 33.0 ± 4.4
CA 15.2 ± 6.2 33.1 ± 3.8 54.3 ± 6.0 7.7 ± 0.8 24.3 ± 4.9 32.6 ± 7.8
DCF 15.2 ± 3.0 35.9 ± 1.6 54.9 ± 5.2 9.9 ± 4.1 26.6 ± 3.7 36.8 ± 0.4
HHCB 15.5 ± 5.5 35.0 ± 2.7 52.3 ± 1.6 9.8 ± 4.1 27.1 ± 1.8 36.5 ± 0.7
IBP 14.8 ± 6.6 31.9 ± 4.4 49.0 ± 2.4 9.1 ± 3.6 27.9 ± 4.8 36.6 ± 4.6
TMP-SMX 13.9 ± 1.7 34.0 ± 5.1 52.0 ± 8.3 6.1 ± 0.2 17.8 ± 2.4 28.1 ± 1.9
TY 15.0 ± 5.8 34.5 ± 3.1 52.0 ± 5.1 9.0 ± 2.9 25.5 ± 2.4 34.1 ± 2.4

DMSO – Dimethylsulfoxide; AHTN – Tonalide; ANTP – Antypiryne; CAF – Caffeine; CBZ – Carbamazepine; CA – Clofibric acid; DCF – Diclofenac; HHCB – Galaxolide;
IBP – Ibuprofen; TMP – SMX – Trimethoprim – sulfamethoxazole; TY – Tylosin.
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Fig. 1. B. cepacia biofilm formation for 24 h in the presence and absence of
selected PPCPs at [DW] (□ - no treatment with NaOCl). Biofilm treated with
NaOCl at 0.5 mg l−1 (■) and 5mg l−1 (■) for one hour. DMSO –
Dimethylsulfoxide; ANTP – Antypiryne; CBZ – Carbamazepine; HHCB –
Galaxolide; TMP – SMX – Trimethoprim – sulfamethoxazole.
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uncommon as unrelated researchers isolated B. cepacia from DW
(Simões et al., 2010; Vermis et al., 2003; Zanetti et al., 2000). There-
fore, B. cepacia is able to survive under low nutrient conditions and in
the presence of residual concentrations of chlorine, being continuously
exposed to PPCPs that are present at trace concentrations (ng.l−1 or
μg.l−1) in DWDS (Carmona et al., 2014; Lardy-Fontan et al., 2017; Qiao
et al., 2011; Yang et al., 2017). So, it is of utmost importance to un-
derstand the effects of the presence of emerging contaminants on the
autochthonous microbiota of DWDS. This study shows that some PPCPs
(ANTP, CAF, DCF, TMP - SMX) may alter NaOCl bactericidal action
against B. cepacia. All the results were compared with the solvent
control (DMSO). In fact, it was possible to observe an increase on B.
cepacia MBC when DMSO was used. For this case, the decreased action
of NaOCl may be caused by the reaction between DMSO and NaOCl.
Imaizumi et al. (1995) described the reaction of DMSO and NaOCl at a
molar ratio of 1:1. This reaction occurs when hypochlorous acid is
formed in the dissolution of chlorine in water, this acid has high redox
potential and is able to oxidize DMSO (Imaizumi et al., 1995). The
presence of environmental concentrations of CAF and TMP-SMX
slightly decreased the bactericidal action of NaOCl. When ANTP and
TMP-SMX were available at 100× [DW] a more pronounced increase
of MBC was observed. The changes in B. cepacia susceptibility to NaOCl
may be caused by a possible reaction between the PPCPs and NaOCl. In
fact, chlorine can degrade some emerging contaminants in water (Gibs
et al., 2007). Therefore, the amount of available biocide is reduced.
According to the WHO (2012), SMX and TMP are included in the
compounds highly removed from water by free chlorine action. Other
studies described the high efficiency of chlorination on the removal of
TMP and SMX (Gaffney Vde et al., 2016; Gibs et al., 2007; Glassmeyer
and Shoemaker, 2005; Ramli et al., 2015). Gaffney Vde et al. (2016)
studied the degradation of sulfonamides antibiotics by chlorine action
and observed that 20% of SMX was degraded in the presence of
2mg l−1 of free chlorine. Glassmeyer and Shoemaker (2005) also
evaluated the PPCPs degradation in hypochlorite solutions (28.7mg l−1

Cl2) and observed the oxidation of TMP. Also, CAF can be degraded in
the presence of chlorine compounds (Sun et al., 2016), as well as DCF
(Noutsopoulos et al., 2015) and ANTP (Cai et al., 2013). Therefore, in
real DWDS the secondary disinfection process with chlorine may be
impaired due to the presence of PPCPs at trace concentrations, de-
creasing its bactericidal action along the DWDS. Taking into account
the possible reactions affecting the bactericidal action of NaOCl, further
analysis was performed avoiding the simultaneous presence of NaOCl
and the PPCPs.

The prevalence of ARB in DW is also a global concern and has been
frequently reported (Bergeron et al., 2015; Freitas et al., 2017; Klatte
et al., 2017). Singer et al. (2016) proposed that ARB may be caused by
the presence of antibiotics and other antimicrobial agents in water
sources. In this study, it was found that 7 d of exposure to the selected
PPCPs at 100× [DW], particularly CAF, TMP-SMX and TY, did not
alter significantly the B. cepacia susceptibility to TMP-SMX. Several
authors already correlated the spread of bacterial resistance with the
exposure to antibiotics at μg.l−1 (Bengtsson-Palme et al., 2016;
Henderson-Begg et al., 2006; Jutkina et al., 2016; López and Blázquez,
2009; Lundström et al., 2016). Nevertheless, the concentrations tested
in the present work were significantly lower (ng.l−1 or μg.l−1) than the
tested in the referred studies. This trace concentrations are character-
istics of PPCPs in DWDS (Table 1). The determination of a minimal
concentration of a stressor that drives to antibiotic resistance has been a
matter of recent research (Jutkina et al., 2016; Lundström et al., 2016).
Jutkina et al. (2016) found that a very low concentration of tetracycline
(10 μg l−1) promoted horizontal transfer of multiple antibiotic-re-
sistance determinants, but only higher concentrations favoured the
selection of a tetracycline-resistant phenotype. Lundström et al. (2016)
studied the effects of tetracycline pollution in aquatic environments on
the development of bacterial resistance and observed that tetracycline
significantly increased relative abundance of resistant bacteria at

10 μg l−1, while specific tet genes increased significantly at 1 μg l−1.
These studies help to understand the negligible interference of the se-
lected PPCPs on the bactericidal action of TMP – SMX.

The presence of biofilms in the pipe walls of DWDS is also an un-
avoidable problem that can accelerate pipe corrosion, alter the water
organoleptic characteristics and can act as a reservoir of pathogens
(Reyes et al., 2008; Seth and Edyvean, 2006; Simões and Simões, 2013).
These biofilms entrap microorganisms in an extracellular polymeric
matrix, hindering the action of antimicrobial agents (Morton et al.,
1998). Biofilm formation depends on physical, chemical and biological
interactions between bacteria and the pipe walls, where motility can
play an important role in the early stages of biofilm development
(Feuillie et al., 2017; Guttenplan and Kearns, 2013). It was found that
the selected PPCPs had no effects on B. cepacia swimming motility. CAF
and TMP-SMX reduced swarming motility, apparently due to anti-
microbial action. However, DCF and HHCB increased swarming moti-
lity. Therefore, the exposure to these compounds at environmental le-
vels, may be responsible for changes on the ability of cell movement
along surfaces. These changes in the swarming differentiation may
predict some effects on B. cepacia biofilm formation. In fact, recent
studies described effects of PPCPs on biofilm communities and their
structure, using pre-established biofilms from fluvial environments and
wastewater treatment plants (Aubertheau et al., 2017; Proia et al.,
2016; Waiser et al., 2016). In this study, the ability of B. cepacia to form
biofilms in the presence of PPCPs was also evaluated. It was found that
the selected PPCPs did not alter the ability of B. cepacia to form bio-
films. Therefore, changes in swarming motility were not reflected in
biofilm formation.

The inefficiency of residual concentrations of NaOCl (0.5 mg l−1) on
biofilm control may be of concern, since it can reflect what happens in
real DWDS. B. cepacia biofilms formed in the presence of CBZ and TMP-
SMX were the most susceptible to NaOCl at 5mg l−1, oppositely to the
expected outcome from the MBC determination, as in the planktonic
tests it appeared to increase B. cepacia tolerance to NaOCl. However,
these facts reinforce that the simultaneous presence of NaOCl and
PPCPs in DWDS can interfere with the disinfection process. It is likely
that the presence of PPCPs may interfere with the biofilm development
process, particularly with the biofilm structure, therefore influencing
the biofilm susceptibility to disinfection. In fact, preliminary results
(data not shown) by optical coherence tomography revealed changes of
the biofilm architecture when grown in the presence of PPCPs.

5. Conclusions

This study provides pioneer data on the effects of selected PPCPs on B.
cepacia planktonic and sessile behavior, including to the action of anti-
microbial agents. NaOCl bactericidal action was reduced when in the
presence of TMP-SMX, ANTP and CAF. Changes on bacterial swarming
motility were caused by DCF, HHCB, CAF and TMP-SMX. The selected
PPCPs had not significant effect on swimming motility, biofilm production
and susceptibility to TMP-SMX. On the other hand, biofilms formed after
exposure to CBZ and TMP-SMX were more susceptible to NaOCl, pro-
posing that PPCPs may interfere with DWDS disinfection with chlorine.
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