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Abstract
Extracts of wastewater collected from 4 sewage treatment plants (STPs) receiving effluents

from different sources in South India were investigated for their levels of transcription factor-

mediated gene induction in primary cultured rat hepatocytes. In addition, the relation

between gene induction levels and the prevalence of antimicrobial-resistant Escherichia
coli (E. coli) in wastewater was examined. STP-3, which treats only hospital wastewater,

exhibited significantly greater induction potency of all 6 drug metabolizing cytochrome P450

(CYP) genes examined, CYP1A1, 1A2, 1B1, 2B15, 3A1, and 3A2, whereas the wastewater

at STP-1, which exclusively receives domestic sewage, showed significantly diminished

levels of induction of 3 CYP genes when compared to the levels of CYP induction at STP-2,

which receives mixed wastewater. Samples collected during the monsoon season showed

a significantly altered gene induction capacity compared to that of samples from the pre-

monsoon period. The data suggest that the toxicity of wastewater in STPs was not signifi-

cantly diminished during the treatment process. The chemical-gene interaction data pre-

dicted that a vast number of chemicals present in the wastewater would stimulate the genes

studied in the rat hepatocytes. The multivariable logistic regression analysis demonstrated
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that the prevalence of isolates resistant to cefotaxime, imipenem and streptomycin was sig-

nificantly correlated with the levels of induction of at least three CYP-isozymes in STP

wastewater. In addition, the resistance of isolates in treatment plants was not altered by the

treatment steps, whereas the sampling season did have an impact on the resistance to spe-

cific antimicrobials. The identification of receptor-mediated gene regulation capacities offers

important data not limited to the (synergistic) physiological role of chemicals in biological

systems but may provide new insight into the link between the effects of known/unknown

drugs and prevalence of antimicrobial-resistant bacteria in wastewater.

Introduction
Sewage treatment plants (STPs) often receive wastewater originating from households, hospi-
tals, industries, surface runoff and wet deposition, thereby forming a complex mixture of
wastes. STPs play an important role in the collection, treatment, and dissemination of a vast
amount of anthropogenic chemicals and biological wastes. The extensive monitoring studies of
wastewater from STPs have revealed that they contain a diverse range of micropollutants,
including persistent organic pollutants (POPs), polycyclic aromatic hydrocarbons (PAHs),
flame retardants, pesticides, perfluorinated compounds, pharmaceuticals, personal care prod-
ucts (PPCPs) and illicit drugs [1–7].

STP wastewaters can also release antimicrobial-resistant bacteria (ARB) into the environ-
ment, which is a growing public health threat in terms of the dissemination of superbugs [8, 9].
It has been reported that a novel β-lactam drug-resistance gene, New Delhi metallo-β-lacta-
mase 1 (NDM-1), originated in India [10]. A broad-spectrum antimicrobial-resistant Entero-
bacteriaceae harboring NDM-1 has been repeatedly detected in the Indian environment, and
the propagation of NDM-1 genes in municipal wastewater has been reported in China [11, 12].
In our previous study, we found for the first time that hospital wastewater has a strong impact
on the prevalence of antimicrobial-resistant E. coli in Indian STPs [13]. Although investiga-
tions are being carried out on the dissemination of ARB in India, assessment of the micropollu-
tant-related toxicological potency of wastewater has received less attention.

Wastewater may by inherently toxic due to the presence of complex chemical mixtures and
thus may mimic diverse modes of action in biological systems. However, instrumental analyti-
cal techniques alone may provide little or no information on the potential biological effects of
complex environmental mixtures [14, 15]. Over the years, cell-based in vitro bioassays have
been extensively employed as a tool to investigate the biological and toxicological effects of
individual or admixed chemicals [16–19]. Although cell bioassays and instrumental analyses
are different tools, they are closely analogous and can provide comparable, but complementary,
results with regard to the relative amounts of certain chemical groups [20–22]. The bioassays
may not be specific in detecting the chemical identity of toxicants in the sample, but batteries
of in vitro reporter gene assays based on diverse receptor-mediated actions are widely used to
evaluate the treatment performance together with toxic profiles of wastewater effluents [23–
27]. In addition to recombinant reporter gene assays, primary cultured mammalian hepato-
cytes have been widely employed to study the effects of a single chemical or chemical mixtures
by measuring the induction of drug-metabolizing enzymes [28–30]. Moreover, the treatment
of hepatocytes with xenobiotics may reveal toxicogenomic effects—such as the alteration of
receptor-mediated gene expressions—that would be useful for predicting biological effects at
the whole animal level [31]. In particular, the aryl hydrocarbon receptor (AhR)- and pregnane
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X receptor (PXR)-mediated endpoints should be considered for water quality assessments
because most chemicals found in wastewater could pose health-related responses mediated
through these two intercellular receptors [32]. However, there have been few or no studies on
biological effects confirmed by in vitro gene-expression assay of wastewater.

In light of our previous findings revealing that hospital wastewater has a major impact on
the dissemination of antimicrobial-resistant E. coli in STPs in India, we further investigated the
toxic potentials of chemical substances in the STP environment together with the ecological
risks that they may pose by distinguishing associations among toxic effects and the nature of
the ARB diversity. First, we report the results of the AhR-, constitutive androstane receptor
(CAR)- and PXR-mediated gene expression potentials of wastewater collected from 4 STPs
located in South India, by measuring the levels of induction of selected genes, i.e., drug metabo-
lizing cytochrome P450 (CYP) 1A1, 1A2, 1B1, 2B15, 3A1 and 3a2, in rat hepatocytes cultured
with the wastewater extracts. These gene expression data were used to evaluate the treatment
performances and to determine the existence of micropollutants in STPs. Amos et al. [33]
recently reported the importance of numerous chemical and physical parameters in addition to
antimicrobials in river water in an effort to elucidate the factors and mechanisms that regulate
the environmental resistome. To our knowledge, the effects of complex chemical mixtures in
wastewater have not been integrated with other variables to determine their combined roles in
the prevalence of ARB. We therefore investigated the associations among multiple environ-
mental variables such as STP type, treatment step, climatic effect, gene regulation potency, and
presence of antimicrobial-resistant E. coli in wastewater samples collected from STPs by per-
forming multivariable logistic regression analysis.

Materials and Methods

Study area and sample collection
In the pre-monsoon and monsoon periods of 2013, water samples were collected in 1L poly-
propylene bottles from four STPs located in Karnataka State, South India. STP-1, STP-3 and
STP-4 are municipal STPs receiving an average of 1800, 1800 and 1500 m3 of wastewater per
day, respectively. The source of sewage in STP-1 is exclusively domestic wastewater from
approximately 9000 inhabitants apart from academic institutions and offices. STP-2 and STP-4
receive a mixture of hospital and domestic wastewater and treat wastewater generated by
approximately 60,000 residents, office and academic institutions, including a major hospital
treating 1500 in-patients and 2300 out-patients per day. STP-3 receives approximately 50 m3

wastewater daily, and was built to treat the wastewater from a hospital serving approximately
100 in-patients and 400 out-patients daily. Samples were collected from each of four different
treatment steps—i.e., the equalization (step 1), aeration (step 2), settling (step 3), and outlet
(step 4) steps—at each STP except for the equalization step in the STP-3 due to the inability to
access the sampling point. Wastewater samples used for testing antimicrobial resistance and
for studying gene expression potency were collected at the same time. [13]. Labeling of the sites
remains consistent with the previous manuscript [13] to avoid confusing of new data from the
STP-4. Samples were collected in the morning and stored at -20°C after obtaining aliquots for
bacterial isolation. Specific permissions were obtained from the hospital and university author-
ities that run these STPs and the purpose of the study was explained to them.

Chemicals
Sodium salt of phenobarbital (PB), dexamethasone (DXM), and omeprazole (OMP) were pur-
chased fromWako Pure Chemical Industries (Osaka, Japan). Rifampicin (RIF), 1,4-bis[2-
(3,5-dichloropyridyloxy)]benzene (TCPOBOP) and β-naphthoflavone (b-NF) were from
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Sigma (St. Louis, MO). 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and pregnenolone-16α-
carbonitrile (PCN) were from Cambridge Isotope Laboratories (Andover, MA) and Enzo Life
Sciences (Farmingdale, NY), respectively. Analytical grade dichloromethane, hexane, anhy-
drase NaSO4, dimethyl sulfoxide (DMSO) and all the antimicrobials were purchased from
Wako Pure Chemical Industries (Osaka, Japan). All chemical supplements and media for bio-
assay were purchased from either Sigma (St. Louis, MO) or Gibco (Grand Island, CA).

Preparation of wastewater extracts
Unfiltered wastewater samples (500 mL) in 1L glass separating funnels were extracted with a
50 mL dichloromethane and hexane mixture (1:2) by mechanical shaking for 15 min at 200
strokes/min. The supernatant (organic layer) was collected after samples were allowed to settle
for 30 min and the extraction was repeated. Then, the two organic layers were combined, and
concentrated at 40°C using a rotary evaporator followed by dehydration over anhydrous
NaSO4. The extracts were further evaporated to near dryness by purging nitrogen at 40°C and
re-dissolved in DMSO to prepare a final volume of 100 μl. Overall, the enrichment of chemicals
from STP water into the DMSO extract was 5000 times.

Cell culture
Primary culture of rat hepatocytes was prepared from 3 male Sprague-Dawley rats (age 7
weeks; average weight: 180 g; Japan SLC, Shizuoka, Japan). Prior to the experiment, the animals
were assimilated for 7 days in a temperature (23±1°C), humidity (50±10%), and light (12-h
dark/12-h light cycle) controlled facility with free access to laboratory chow (MF; Oriental
Yeast Co., Ltd., Tokyo, Japan) and tap water. All experimental procedures were approved by
the committee conferring to the National Institute of Animal Health (Tsukuba, Japan) guide-
lines for animal experimentation.

Hepatocytes were isolated by a two-step in situ perfusion via the portal vein, which was per-
formed using a peristeric pump according to the previously described method with some modi-
fications [34]. This technique can also be seen partially as a video protocol [35]. In brief, Ca+2/
Mg+2-free Hank’s solution containing 0.05 mM ethylene glycol tetra acetic acid (EGTA) with
10 mMHepes (37°C) was used for the pre-perfusion. Then collagenase digestion was per-
formed with Ca+2/Mg+2-free Hank’s solution supplemented with 0.5 g/L collagenase, 0.05 g/L
trypsin inhibitor and Hepes. The perfused liver cells were dispersed in the same perfusion solu-
tion, and then the adipose tissues and vessels were removed, and filtered with a 100 μm nylon
cell strainer (Becton Dickinson and Co., Franklin Lakes, NJ). The cells were washed three times
by low speed centrifugation (50 x g) with Ca+2/Mg+2-free Hank’s solution to remove non-
parenchymal liver cells and re-suspended in cold serum-free and phenol red-free William’s E
(WE) medium supplemented with a mixture of antibiotics, insulin, dexamethasone, aprotinin
and a mixture of trace elements. The isolated hepatocytes had>90% purity and viability. Then,
hepatocytes (1 x 106/well) were seeded into a 6-well plastic dish with a positively charged sur-
face (Primaria, Becton Dickinson and Co., Franklin Lakes, NJ) and maintained at 37°C under a
humidified atmosphere of 5% CO2 in air for 24 h prior to dosing with test materials.

Cell treatment
After 24 h of culture, the media were replaced and the cells were exposed to either prototypical
CYP inducers or sample extracts. The inducers, dissolved in DMSO, were dosed at a quantity
of either 10 μM β-NF, 16 x 10−6 μMTCDD, 20 μM PCN, 20 μMDXM, 10 μMRIF, 10 μM
THPOBOP or 10 μMOMP. Phenobarbital was dissolved in WE medium and administered at
1.0 x 103 μM. Vehicle and procedural blank controls contained 0.5% DMSO of the total media
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volume. Cell viability was assessed by morphological appearance and alamarBlue assay (AdB
Serotec, Oxon, UK). The maximum concentration of the effluent that could be dosed into rat
hepatocytes without inducing cytotoxicity (< 20%) was determined by treating diluted extracts
in DMSO with cells prior to the actual assay. This final volume of effluent in the wells corre-
sponded to 5 times the original concentration in wastewater. Exposures were carried out for 48
h with a renewal of the media and analytes after 24 h. All the chemicals and sample extracts
were kept at -20°C and assayed in triplicate.

RNA extraction and gene expression analysis
Total RNA was isolated from hepatocytes using a QuickGene RNA cultured cell kit and Quick-
Gene-810 Nuclear Acid Isolation System (Fuji Film, Japan) with Cell-Plus mode according to the
manufacturer’s instructions to avoid any contamination of the genomic DNA [29]. The RNA
purity was determined by the optical densities measured at 260 and 280 nm (260/280>1.9), and
total RNA concentrations were determined by the absorbance at 260 nm. The RNA integrity was
further estimated by the 28S and 18S rRNAs in 1% agarose gel electrophoresis.

The expression levels of selected genes encoding AhR, PXR and CAR were analyzed using a
real-time qPCR (quantitative polymerase chain reaction) system (Mx3000P) with a Brilliant II
SYBR

1

Green QRT-PCRMaster Mix Kit, 1-Step (Agilent Technologies, La Jolla, CA). The
reagent mixture, primer concentration and experimental protocol have been described else-
where [36]. Briefly, 12.5 μL of SYBR Green master mix, 0.5 μL each of the upstream and down-
stream primer (5 pmol/μL), 0.375 μL of diluted ROX reference dye, and 1.0 μL of RT/RNase
block enzyme mixture were well mixed and adjusted to 23 μL with nuclease-free water. A
200 ng aliquot of the isolated total RNA sample (2 μL) was added to the reagent mixture
described above to obtain a total volume of 25 μL. The qPCR instrument was programed with
two-step cycling for DNA synthesis followed by a melting curve analysis using the following
protocol: 30 min at 50°C (for reverse transcription) and 10 min at 95°C (denaturing), followed
by 40 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 30 s for amplification with a fluores-
cence measurement at the end of the last step. The melting curve was programmed as follows:
95°C for 30 s, 55°C for 30 s followed by 55–95°C at a heating rate of 0.5°C/s together with con-
tinuous fluorescence measurement.

The primers for target genes were either designed by us and synthesized at Hokkaido System
Science (Sapporo, Japan) or purchased pre-designed once from Takara Bio (Otsu, Japan); all
primers are listed in S1 Table. The relative expression of genes of interest was estimated by the
delta–delta method with normalization to the glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) gene as the control gene. The analyses of differences in gene expression levels
among extracts or standards were carried out by normalizing the expressions to the corre-
sponding vehicle controls. Chemicals which showed associations with targeted genes for rats
were retrieved from the Comparative Toxicogenomics Database [37].

Isolation of bacteria and antimicrobial susceptibility testing
We employed our previously available antimicrobial resistance data for 160 E. coli isolates
from 3 STPs [STP-1 (50 isolates), STP-2 (54 isolates) and STP-3 (56 isolates)] [13]. These iso-
lates were randomly selected from pre-monsoon and monsoon wastewater samples and tested
for antimicrobial susceptibility against 12 antimicrobials. The antimicrobials used in this study
were ampicillin, cefazolin, cefoxitin, cefotaxime, imipenem, chloramphenicol, tetracycline,
streptomycin, kanamycin, sulfamethoxazole-trimethoprim, nalidixic acid and ciprofloxacin. In
addition, similar to our previous study, an additional 66 isolates which were collected from
wastewater samples in STP-4 during the same season were tested for their antimicrobial
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susceptibility to study the associations between gene expression data and E. coli resistance to
the antimicrobials. The details of the isolation of bacteria and disk diffusion test for antimicro-
bial susceptibility were reported elsewhere [13].

Statistical analysis
For the statistical analysis, gene expression data were log-transformed, as these values are cal-
culated as an exponent of two in the delta-delta method. The correlations among the levels of
gene expression in STP wastewaters were determined by linear regression analysis. In addition,
multivariable regression analysis was performed to investigate the relationships between gene
expression as the target variable and explanatory variables such as the STP facility, treatment
process, and season. For each explanatory variable, STP-2 (a relatively newly built facility that
receives a mixture of domestic and hospital wastewater) as the STP facility, step 1 as the pro-
cessing step and pre-monsoon as the season were used as reference levels to determine the sig-
nificance. The F-tests were performed to test the statistical significance of the coefficients of
each variable.

We further investigated the relationships between receptor-mediated gene expressions and
the prevalence of antimicrobial-resistant E. coil isolates from the STPs by performing multivar-
iable logistic regression analysis. Since the prevalence of resistance was measured once for each
water sample while gene expression was measured in triplicate, the mean values for log-trans-
formed gene expression data were assigned for each sample. The prevalence of resistance of the
E.coli isolates to a selected antimicrobial was designated as the target variable to ascertain the
association with the particular level of gene expression. In addition to the particular gene
expression, potential confounding variables, i.e., the STP facility, treatment process, and sea-
son, were entered into the multivariable models as explanatory variables. The statistical signifi-
cance of coefficients for each explanatory variable was tested by the Wald test. All statistical
analyses were performed using the R software version 3.1.0 [38]. For all tests, results were con-
sidered statistically significant when P< 0.05.

Results

Induction of CYP genes by prototype inducers
The vehicle-normalized relative expression levels of receptor-mediated CYP genes in rat pri-
mary hepatocytes treated with prototype inducers, which are often tested on mammalian cells,
for 48 h are shown in Fig 1. The levels of CYP1A1, 1A2 and 1B1 expression induced by the
AhR agonists’ β-NF and TCDD were 147±13, 121±1.3, 34±2.8 and 275±21, 263±20, 33±1.6,
respectively. The inductions of CYP3A1 expression by the PXR agonists, PB, DXM and PCN,
were quite strong, with values of 547±11, 247±10 and 219±3.8, respectively. Only PB and PCN
showed higher inductions of CYP3A2 than other inducers, with mean values of 31±0.38 and
8.9±0.68, respectively. The PB treatment exhibited the highest level of induction of CAR-
responsive CYP2B15, at 16±0.78, followed by PCN at 3.8±0.69. The RIF, OMP and THPOBOP
did not show any capacity for the induction of either an AhR, CAR or PXR response in rat
hepatocytes.

Associations among CYP gene expression induced by STP wastewater
We examined correlations between all pairs of gene expression data to evaluate associations
among gene induction potentials in rat hepatocytes treated with wastewater extracts. Interest-
ingly, all 6 CYP genes studied demonstrated a significant positive correlation (r2: 0.547–0.954)
(Table 1). The CYP1 genes showed the highest correlations among them at r2 values of 0.837 to
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0.954, while the remaining genes had r2 values of 0.547 to 0.873. The CYP2B15 showed the
smallest correlation with other genes (r2: 0.547–0.742).

Impact of facility, treatment-step and season on wastewater-induced
CYP gene expression
The procedural blank-normalized levels of expression of the CYP1A1, 1A2 and 1B1 genes
induced by the STP extracts in the pre-monsoon and monsoon seasons are shown in Fig 2.
The seasonal variations in the abilities of the wastewater extracts to induce expression of the
CYP2B15, 3A1 and 3A2 genes in rat hepatocytes are shown in Fig 3. STP-3 did not have a step-
1 sample; hence no data are available for this site. The data exhibited distinct patterns of waste-
water-induced levels of gene expression between STPs, processing steps and seasons. In order
to characterize the differential levels of gene expression induced by STP wastewater, the gene
expression data were tested by a multiple regression analysis model. The associations between
the expression level of each gene and the treatment facility, season, and treatment steps data as
variables are given in Table 2.

Fig 1. Comparison of CYP gene expression by the prototypical inducers in rat hepatocytes. Data are reported as means ± SD (standard deviation).

doi:10.1371/journal.pone.0138391.g001

Table 1. Correlation coefficients among CYP gene expression potentials in STP wastewater.

CYP1A2 CYP1B1 CYP3A1 CYP3A2 CYP2B15

CYP1A1 0.954* 0.837* 0.847* 0.785* 0.668*

CYP1A2 0.841* 0.843* 0.784* 0.683*

CYP1B1 0.870* 0.910* 0.669*

CYP3A1 0.873* 0.547*

CYP3A2 0.742*

Level of significance: *P < 0.05

doi:10.1371/journal.pone.0138391.t001
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Fig 2. Comparison of CYP1 gene expression in rat hepatocytes exposed to wastewater extracts from STPs. A: Pre-monsoon, B: Monsoon. Data are
reported as means ± SD (standard deviation). STPx-y: x is the type of STP, y is the treatment step [equalization (step 1), aeration (step 2), settling (step 3),
and outlet (step 4)]. The data for STP3-1 were not available.

doi:10.1371/journal.pone.0138391.g002
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Fig 3. Comparison of CYP2B15 and CYP 3A gene expressions in rat hepatocytes exposed to wastewater extracts from STPs. A: Pre-monsoon; B:
Monsoon. Data are reported as means ± SD (standard deviation). STPx-y: x is the type of STP; y is the treatment step [equalization (step 1), aeration (step 2),
settling (step 3), and outlet (step 4)]. The data for STP3-1 were not available.

doi:10.1371/journal.pone.0138391.g003
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Table 2. The estimated associations between gene expression potential and sewage treatment facility, season and treatment process in STP
wastewater.

Gene Parameter Coefficient Standard error P-value

CYP1A1 Constant 0.269 0.6275 0.067

STP-1 -2.208 0.685 0.005**

STP-3 1.758 0.644 0.014*

STP-4 0.355 0.606 0.565

Monsoon 2.292 0.477 <0.001***

Step 2 1.155 0.675 0.104

Step 3 -0.244 0.675 0.722

Step 4 -0.895 0.703 0.219

CYP1A2 Constant 0.164 0.508 0.749

STP-1 -1.335 0.555 0.027*

STP-3 1.496 0.522 0.010*

STP-4 0.311 0.491 0.535

Monsoon 1.661 0.387 <0.001***

Step 2 1.235 0.547 0.036*

Step 3 -0.362 0.547 0.516

Step 4 -0.487 0.569 0.403

CYP1B1 Constant -1.495 0.291 <0.001

STP-1 -0.536 0.318 0.110

STP-3 1.821 0.299 <0.001***

STP-4 0.488 0.282 0.100

Monsoon 1.846 0.222 <0.001***

Step 2 0.484 0.314 0.140

Step 3 -0.271 0.314 0.399

Step 4 -0.300 0.326 0.371

CYP3A1 Constant 1.497 0.512 0.009

STP-1 -1.554 0.559 0.012*

STP-3 3.173 0.526 <0.001***

STP-4 0.297 0.495 0.555

Monsoon 1.496 0.390 0.001**

Step 2 0.632 0.551 0.266

Step 3 -0.530 0.551 0.349

Step 4 -0.992 0.574 0.101

CYP3A2 Constant -0.143 0.335 0.673

STP-1 -0.669 0.366 0.084

STP-3 1.878 0.344 <0.001***

STP-4 0.509 0.324 0.133

Monsoon 1.565 0.255 <0.001***

Step 2 0.896 0.360 0.023*

Step 3 -0.008 0.360 0.983

Step 4 0.049 0.375 0.897

CYP2B15 Constant -0.059 0.301 0.845

STP-1 0.053 0.329 0.874

STP-3 1.325 0.310 <0.001***

STP-4 1.156 0.291 <0.001***

Monsoon 1.073 0.229 <0.001***

Step 2 1.007 0.324 0.006**

(Continued)
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To evaluate the statistical significance of the effect of treatment facility on the ability of
wastewater to induce gene expression, the STP-2 data were used as a reference. STP-1, which
receives only domestic wastewater, exhibited a significantly lower ability to induce CYP1A1,
1A2 and 3A1 expressions at probability levels of P<0.01, P<0.05, P<0.05, respectively, com-
pared to the STP-2 facility, which receives a mix of domestic and hospital wastewater. In con-
trast, STP-3, which exclusively receives hospital wastewater, demonstrated significantly higher
induction capacity for all genes (P<0.05-P<0.001) compared to the STP-2 facility. STP-4 is a
relatively old facility but receives a mix of wastewater from domestic and hospital sources, simi-
lar to STP-2, and had a significantly positive influence on CYP2B15 (P<0.001) expression sim-
ilar to that of STP-3. Monsoon wastewater had significantly higher gene induction capacity
than pre-monsoon wastewater (P<0.01 for CYP3A1, other genes P<0.001). Our multivariable
regression analysis identified that the expressions of CYP1A2 (P<0.05), 2B15 (P<0.05) and
3A2 (P<0.01) were significantly greater in treatment step 2, where biological treatment by aer-
ation takes place with activated sludge, compared to those in step 1 (equalization step). Never-
theless, no significant reduction of gene expression potency in wastewater was observed at the
step 4 (outlet samples) compared to the step 1 (equalization) in these facilities.

Association between gene expression potential and prevalence of
resistant E.coli in STP wastewater
For the current study, antimicrobial susceptibility data to 12 antimicrobials of 226 E.coli iso-
lates collected during the pre-monsoon and monsoon seasons from STPs were included to elu-
cidate the associations between gene expression potential and the prevalence of drug-resistant
E.coli in STP water. The distribution of the number of drugs to which the E. coli isolates showed
resistance is given in Fig 4. About 72%, 48%, 18% and 86% of isolates exhibited resistance to
less than 6 antimicrobials, whereas 28%, 52%, 82% and 14% of isolates showed resistance to
more than 6 antimicrobials tested from the STP-1, -2, -3 and -4, respectively.

To evaluate the influence of CYP induction capacity on the dissemination of drug-resistant
E.coli in the STP wastewater, we conducted a multivariable logistic regression analysis consid-
ering the influences of type of STP, treatment step and season as variables. Interestingly, the
data showed that the prevalence of cefotaxime- and imipenem-resistance of E. coli was signifi-
cantly correlated (P<0.05) with the CYP1B1 and 3A2 gene induction potency of the STP
wastewater (Table 3). Moreover, CYP2B15 expression was significantly correlated with the
existence of streptomycin-resistant (P<0.05) E.coli isolates in these 4 facilities. There were no
significant correlations found between prevalence to other antimicrobials tested with E. coli
isolates or gene induction potency (S2 Table, P>0.05). In addition, the data revealed that iso-
lates in STP-4 showed significantly lower resistance to at least 7 antimicrobials tested compared
to those in the STP-2 while monsoon season was negatively influenced on two antimicrobials
(Table 3 and S2 Table). Moreover, no significant associations were found between the

Table 2. (Continued)

Gene Parameter Coefficient Standard error P-value

Step 3 0.609 0.324 0.077

Step 4 0.473 0.338 0.179

The explanatory variables, STP-2 (facility: relatively newly build and receives mixed domestic and hospital wastewater), pre-monsoon (season) and step 1

(process) were used as the reference levels. The asterisks shown to the P values shows the levels of statistical significance (* <0.05, **<0.01,

***<0.001) difference.

doi:10.1371/journal.pone.0138391.t002
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prevalence of E. coli with drug-resistance to any of the tested antimicrobials and the treatment
steps in STPs (Table 3 and S2 Table).

Discussion
In this study we verified several well-known prototypical CYP450 gene inducers as positive
controls to validate our in vitro gene expression bioassay of rat primary cultured hepatocytes
integrated with a qRT-PCR method. Among the selected inducers, PB, DEX, PCN, RIF, OMP
and TCPOBOP are an antiepileptic drug, an anti-inflammatory drug, a synthetic steroid, an
antibiotic, a proton-pump inhibitor and a PB-like CYP-inducing agent, respectively. The AhR
agonist β-NF is a chemopreventive agent while TCDD is a member of the POP family. The
concentrations of all inducers tested in our study were similar to the concentrations that were
previously employed in several in vitro assays studying receptor-regulated transcription factors
without causing a substantial cell toxicity [30, 39–41]. The induction of the CYP1, 2B and 3A
genes was mediated through AhR, CAR and PXR, respectively, and the crosstalk between CAR
and PXR has been well documented (31, 42). Our CYP gene expression data were in good
agreement with earlier studies in which rat cells were exposed to these inducers [39, 42, 43].
Much like the authors of theses previous reports, we observed that RIF, OMP and TCPOBOP
showed weak or no effects on the gene expressions in rat hepatocytes studied here.

Although there was inconsistency in the step-wise gene expression potentials of STP waste-
water observed in rat hepatocytes, it appeared that none of the treatment plants adequately

Fig 4. The number of drugs to which E. coli isolates from four different sewage treatment plants
(STPs) in South India showed antimicrobial resistance. The X-axis indicates the number of resistant-
antimicrobials of E. coli isolates. The Y-axis represents the percentage of the resistant E. coli isolates. Data
for STP-1, -2 and -3 were retrieved from Akiba et al., 2015.

doi:10.1371/journal.pone.0138391.g004
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detoxified the wastewater through the treatment processes used. Removal efficiencies of pollut-
ants range according to contaminant characteristics and treatment processes. The treatment
technology of wastewater in STP-1, -2 and -4 were comparable and consisted of activated
sludge treatment, settling tank, with pressurized sand filtration and/or granular activated car-
bon (GAC) filtration before releasing treated water to the environment. The STP-4 did not
have GAC filtration whereas STP-3 had a duel-media filter system where water is eventually
discharged into an underground drainage. Previously, we reported the concentrations of chlor-
amphenicol, trimethoprim, sulfamethoxazole, and ofloxacin in pre-monsoon wastewater sam-
ples collected from STP-1, -2, and -3 [13]. In addition, by following the same protocol, we
analyzed these 4 antimicrobials in wastewater samples collected from STP-4. Chloramphenicol
concentration was<10 ng/L in wastewater samples collected from all the sites. However, chlor-
amphenicol was not detected in wastewater samples collected from STP-1. Trimethoprim con-
centrations at steps 1 and 4 were 285 and 125 ng/L, respectively, in wastewater samples
collected from STP-2 and 36 and 4 ng/L, respectively, in wastewater samples collected from

Table 3. The estimated associations between resistance of E. coli isolates to an antimicrobial agent and gene expression potential with other con-
founding variables in STP wastewater.1

Antimicrobial Parameter Coefficient Standard Error P-value

Cefotaxime Constant -0.689 0.628 0.272

CYP1B1 0.546 0.274 0.046*

STP-1 -0.530 0.386 0.170

STP-3 -0.460 0.571 0.420

STP-4 -1.233 0.405 0.002*

Monsoon -0.624 0.513 0.224

Step 2 -0.413 0.375 0.271

Step 3 -0.066 0.379 0.863

Step 4 0.038 0.355 0.915

Imipenem Constant -3.598 0.971 <0.001

CYP3A2 1.321 0.575 0.022*

STP-1 0.913 0.764 0.232

STP-3 -1.694 1.076 0.115

STP-4 -0.913 0.765 0.233

Monsoon -0.656 0.848 0.439

Step 2 -1.013 0.777 0.192

Step 3 -0.206 0.776 0.791

Step 4 0.409 0.677 0.546

Streptomycin Constant 0.198 0.312 0.525

CYP2B15 0.613 0.271 0.023*

STP-1 -0.562 0.358 0.116

STP-3 -0.919 0.516 0.075

STP-4 -1.169 0.512 0.022*

Monsoon -1.372 0.437 0.002**

Step 2 -0.876 0.460 0.057

Step 3 -0.751 0.421 0.074

Step 4 -0.385 0.360 0.284

1Data shows if only significant association between an antimicrobial agent and gene expression was found. All other data are given in S2 Table. STP-2,

pre-monsoon and Step 1, were assigned as the reference level for the variables of the sewage treatment facility, season and processing step,

respectively. The asterisks shown to the P values shows the levels of statistical significance (* <0.05, **<0.01).

doi:10.1371/journal.pone.0138391.t003
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STP-4, suggesting that its concentration decreased by>50% due to adsorption on sludge parti-
cles. Trimethoprim was not detected in wastewater samples collected from STP-1, and its con-
centration at steps 2 and 4 was similar (43 ng/L) in wastewater samples collected from STP-3.
In contrast, sulfamethoxazole concentration in wastewater samples collected from the outlets
of STP-2 and STP-4 (633 and 91 ng/L, respectively) was higher than that in samples collected
from step 1 of STP-2 and STP-4 (207and 26 ng/L, respectively). Deconjugation of conjugated
pharmaceuticals, which occurs during wastewater treatment, may be a reason why higher levels
of free pharmaceuticals were detected in the outlets of STPs than in incoming water. Ofloxacin
concentration decreased from 579 to 368 ng/L (57% decrease) and from 2469 to 2158 ng/L
(13% decrease) in wastewater samples collected from the outlets of STP-4 and STP-2, respec-
tively, due to treatment. In contrast, ofloxacin concentration increased from<1.6 to 212 ng/L
in wastewater samples collected from the outlet of STP-1 but remained unchanged (from 537
to 500 ng/L) in samples collected from the outlet of STP-3. These data indicated that input of
pharmaceutical type, load, and operational performance of these treatment plants were dissim-
ilar. Low chloramphenicol concentrations were correlated with the lower prevalence of chlor-
amphenicol-resistant E. coli found in wastewater [13]. However, other antimicrobials
examined in this study did not show any association with the prevalence of respective resistant
E. coli in wastewater. In a previous study, dichloromethane extracted wastewater collected
from a similar treatment plant in northern India demonstrated androgenic and other toxic
effects in rats which may be elicited by nonylphenol, hexachlorobenzene and other natural
androgens found in the samples [44]. The authors have noted that despite treatment and
removal of considerable quantity of chemicals in inlet water, the effects of outlet water were
still enough to pose endocrine-disrupting toxicity.

Our study design with hexane/dichloromethane extraction appears to extensively enrich
non-to less-polar chemicals in the extracts. For instance, such less hydrophilic contaminants
such as hydrocarbons and their halogenated derivatives were widely detected together with
PPCPs in STP effluents and sewage sludge [25, 45–46]. Contaminant with high Kow (octanol-
water partition coefficients) tend to sorb onto the sludge particles and are removed with the
sewage sludge [4]. Our samples were not filtered as we intended to elucidate potential total
effects of wastewater in bulk and therefore considerable portion of chemicals could be derived
from suspended particles. This was supported with our observations, where all step 2 (aeration
tank) samples had visible amount of suspended particles, revealed significantly greater gene
stimulation potencies compared to step 1 (Table 2).

Comprehensive monitoring studies of micropollutants and there toxicological effects in
STP environments in India are not well documented. Hepatic gene expression data can be
employed to gather preliminary information on gene-related drugs by accessing numerous
online databases [47]. We attempted to use this approach to identify all the chemicals that are
known to interact with the examined genes within the curated chemical-gene interaction data
from the Comparative Toxicogenomics Database. There were 332, 233, 80, 34, 116 and 134
CAS-registered chemicals that were documented to have affected the rat (Rattus norvegicus)
CYP1A1, 1A2, 1B1, 2B15, 3A1 and 3A2 gene response, respectively. Among them, 108 chemi-
cals were involved in the regulation of all or more than the three targeted genes (S3 Table). The
predicted chemicals which could be found in STP wastewater were similar to a number of
chemical groups such as POPs, PAHs, pesticides and PPCPs previously detected in wastewater
[25]. Since we did not intend to analyze wide range of chemical contaminants in the present
study, based on the findings in the bioassay, probable candidates for the observed gene expres-
sion should subsequently be clarified.

Our data suggested that the monsoon season had a significant effect on the ability of waste-
water to enhance gene induction compared to this ability of wastewater in the pre-monsoon
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season (Table 3). The monsoon rain can surge an extra load of chemical and biological constit-
uents into the STPs, where the urban runoff can mix with the domestic/industrial effluents at
the inlet. A positive correlation between antimicrobial resistance and rainfall has been reported
in surface waters [33]. In contrast, while the treatment processes did not exhibit an influence
on prevalence of ARB, the monsoon samples showed a marginally negative effect on the resis-
tance of E.coli isolates against the antimicrobials streptomycin and kanamycin (Table 3 and S2
Table). The monsoon weather could be a cause of the substantial seasonal variance in drug
usage, which in turn drives the seasonal increase in communicable diseases in certain areas in
India [48].

Our results suggest that hospital wastewater (STP-3) had a significantly higher capacity for
induction of all the CYP genes compared to the mixed-source STP effluents (Table 3). In con-
trast, the samples from STP-1, which exclusively receives domestic wastewater, had less impact
on CYP1As and 3A1 gene induction potential compared to those in mixed-source effluents. A
wide range of chemicals, including PPCPs, pesticides, steroids and carcinogens, can share CAR
and PXR and regulate the induction of CYP3As [49]. For example, being a CAR agonists, non-
dioxin like polychlorinated biphenyls induced CYP2B, in addition to stimulation of the PXR to
some degree to induce CYP3A1 in rat hepatocytes [41]. Although there are pharmacological
differences in the regulation of CYP3A expression among species, it is widely accepted that
CYP3As are the most abundant hepatic phase I enzyme that metabolizes most of marketed
drugs [42, 50]. Likewise, presence of a wide range of nonpolar to mid-polar compounds, such
as dioxins, PCBs, PAHs and a wide range of PPCPs in these STPs were predicted from our
gene-chemical interaction data. It was also suggested that hydrophobic pharmaceutical com-
pounds in the hospital wastewater which were released via feces could pose a higher environ-
mental risk than some of the other compounds present [51]. Therefore, the greater induction
of CYP genes may reflect the presence of many such compounds in the hospital wastewater
(STP-3) compared to domestic effluents (STP-1). The CYP1A1 induction via AhR activation
of wastewater tested in our study showed an induction capacity comparable to that by the
treatment with approximately 2.72 mg/L of β-NF, while the CYP3A1 induction via PXR ac-
tivation showed an induction capacity similar to that by treatment of cells with approximately
232 mg/L of PB or 7.86 mg/L of DXM. Additionally, we found that all genes studied had sig-
nificant positive correlations in their inductions (Table 2). Hence, our gene expression data
indicate the presence of individual contaminants at greater concentrations and/or synergistic
effects of many ligands due to the complex nature of chemicals in the treated wastewater. In
an earlier study, extremely high pharmaceutical concentrations exceeding 16 mg/L in waste-
water from treated effluents originated from drug manufacturers in Hyderabad, India, was
reported [52]. Fish exposed to a 0.5% solution of the same wastewater exhibited the expression
of hepatic CYP1A genes together with other physiological dysfunctions [53]. Although we
have reported few antimicrobials in STP wastewaters which ofloxacin at a concentration up to
2.5 μg/L, detailed monitoring study should be carried out to identify and quantify individual
toxicants (13).

We have previously found that water treatment in the STP-1, -2 and -3 slightly decreases
the total viable counts (TVCs) of bacteria and total coliforms (TCs) in pre-monsoon wastewa-
ter samples. Nevertheless, samples collected from the outlets of STP-1, STP-2, and STP-3 still
contained 4.0, 4.7, and 6.5 log10 CFU/mL of TVCs and 3.8, 3.8, and 6.2 log10 CFU/mL of TCs
[13]. Similarly, TVC values of wastewater samples collected from step 1 and outlet of STP-4
were 6.8 and 5.2 log10 CFU/mL, respectively, while their TC values were 5.9 and 4.1 log10
CFU/mL, respectively. These data indicated that treated water from all the 4 STPs contained
>3.7 log10 CFU/mL of TVCs or TCs. In this study, 1.5–2.3 log10 CFU/mL of TVC and TC
were reduced in STP-1, STP-2 and STP-4 during the treatment process, while elimination of
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bacterial count in STP-3 was inadequate throughout the treatment process (outlet> 6.2 log10
CFU/mL). Collectively, these results suggested an ineffective treatment of the wastewater in
these STPs.

The E. coli isolates from STP-3 demonstrated resistance to most of the antimicrobials tested.
New data collected from STP-4, which receives a mixture of domestic and hospital wastewater,
exhibited fewer isolates (14% of the total) exhibiting resistance to over 6 antimicrobials (Fig 4).
Therefore, the impact from hospital wastewater on the distribution of ARB at STP-4 was prob-
ably lowest during the time of sampling at two sampling seasons. STP-2 receives wastewater on
a priority basis and when it operates in full capacity, STP-4 acquires the remaining wastewater
for treatment. Therefore, the quality and quantity of chemicals and microorganisms in waste-
water in STP-2 and -4 could be diverse. These results were further supported by the multivari-
ate logistic regression analysis, which showed that the isolates from STP-4 had significantly
lower resistance to at least seven of the antimicrobials tested (S2 Table).

In order to assess the impact of the release of antimicrobial-resistant organisms into the
environment, as well as to devise strategies for its mitigation, previous reports have discussed
such related issues as anthropogenic activities, hospital effluents, environmental contaminant
and nutrient levels and several geographical and climatic parameters [33, 54]. Although we did
not analyze some of them, it is expected that the effects of contaminants in STP wastewater can
influence the selectivity of drug resistant bacteria. In consequence, we attempted to integrate
transcription factor-mediated gene expression in mammalian cells as a new independent vari-
able to elucidate impact on antimicrobials resistance in E. coli. Where the information of con-
taminants occurs in wastewater was limited, effect-based data would be appropriated for the
hazard assessment. Our analysis illustrated that the gene induction potency in wastewater had
a significant relationship with E. coli resistance to two β-lactam antimicrobials. Among them,
cefotaxime is a 3rd generation cephalosporin, while imipenem is a carbapenem-type antimicro-
bial that plays an important role in the treatment of many multi drug-resistant bacteria. The
use of β-lactams seems to be increasing in India [55]. On the other hand, streptomycin-resis-
tance was also positively associated with CYP2B15 induction. This antibiotic seems to be
widely used in developing countries because it is inexpensive and readily available. The data for
the gene expression potency in the present study were from rat hepatocytes; however, it should
be noted that such responses to chemicals differ considerably among animal species (31). The
gene alteration capacity of the above-mentioned antimicrobials in rat in vitro system is not well
known, and further assessment to identify potential antimicrobial-gene interactions should be
performed in the future. Nevertheless, it has been widely accepted that there is still a knowledge
gap of recognizing the factors and mechanism that drive antimicrobial resistance in wastewater
(9). In the present study, we focused on E. coli. However, other genera of bacteria such as
Enterococcus, Acinetobacter, and Staphylococcus, which are known to carry drug resistance
genes, in wastewater should be assessed in future studies. We believe that exploiting gene
expression potency data would provide additional information of synergistic chemical effects
in STP wastewater for understanding the dissemination of ARBs.

In conclusion, this study demonstrates that a bioassay based on the primary culturing of
hepatocytes could be a useful tool to reveal the biological effects of the complex chemical mix-
tures within the wastewater at STPs. Our data also indicated that, even though the treatment
the wastewaters at these four STPs may have reduced the levels of some chemicals, the abilities
of the wastewater to induce the expression of various genes still remained stable throughout
the treatment steps. Hospital wastewater could strongly influence the toxic effects mediated
through transcription factor-related gene expression. The bioassay data may also provide vital
information on the occurrence and properties of chemicals in STPs. Our data suggest that the
gene-induction capacities of chemicals could be further used to clarify the proliferation of
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antimicrobial-resistant bacteria in wastewater. Further studies are needed to establish the iden-
tity of the active compounds in the STPs in India.
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S1 Table. Primer sequences for real-time qRT-PCR.
(XLSX)

S2 Table. Estimated associations between resistance of E. Coli isolates to an antimicrobial
agent and gene expression potential with other confounding variables in STP wastewater.1
1Estimated results were from a multivariable logistic regression analysis model. STP-2, pre-
monsoon and Step 1, were assigned as the reference level for the variables of the facility, season
and processing step, respectively. The asterisks shown to the P values shows the levels of statis-
tical significance (� <0.05, ��<0.01). NA2: Estimate value and statistical significance for coeffi-
cients of these variables were not available because of quasi-complete separation issue
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S3 Table. Chemicals which show interactions with more than three examined CYP genes in
rats. Data were retrieved from the curated chemical-gene interaction data from the Compara-
tive Toxicogenomics Database.
(XLSX)

Acknowledgments
We acknowledge Mr. M. Souji and Mr. K. Sawahata for their assistance with animal caring.
Mr. V. P. Prabhasankar and K.R. Binu at Manipal University, India were also thanked for
assisting in sample collection.

Author Contributions
Conceived and designed the experiments: KSG MA N. Yamashita KB KK. Performed the
experiments: KSG N. Yamanaka MSWFMYMADIJ. Analyzed the data: KSG MSWFMA
TY TT. Contributed reagents/materials/analysis tools: KSG MA KB N. Yamashita TY TT.
Wrote the paper: KSG KK.

References
1. Hirsch R, Ternes T, Haberer K, Kratz KL. Occurrence of antibiotics in the aquatic environment. Sci

Total Environ 1999; 225:109–118. PMID: 10028708

2. Nakada N, Tanishima T, Shinohara H, Kiri K, Takada H. Pharmaceutical chemicals and endocrine dis-
rupters in municipal wastewater in Tokyo and their removal during activated sludge treatment. Water
Res 2006; 40: 3297–3303. PMID: 16938339

3. Ahrens L, Felizeter S, Sturm R, Xie Z, Ebinghaus R. Polyfluorinated compounds in waste water treat-
ment plant effluents and surface waters along the River Elbe, Germany. Mar Pollut Bull 2009; 58:
1326–1333. doi: 10.1016/j.marpolbul.2009.04.028 PMID: 19501845

4. Ratola N, Cincinelli A, Alves A, Katsoyiannis A. Occurrence of organic microcontaminants in the waste-
water treatment process. A mini review. J Hazard Mater 2012; 239–240, 1–18. doi: 10.1016/j.jhazmat.
2012.05.040 PMID: 22771351

5. Loos R, Carvalho R, António DC, Comero S, Locoro G, Tavazzi S, et al. EU-wide monitoring survey on
emerging polar organic contaminants in wastewater treatment plant effluents. Water Res 2013; 47:
6475–6487. doi: 10.1016/j.watres.2013.08.024 PMID: 24091184

6. Kostich MS, Batt AL, Lazorchak JM. Concentrations of prioritized pharmaceuticals in effluents from 50
large wastewater treatment plants in the US and implications for risk estimation. Environ Pollut 2014;
184: 354–359. doi: 10.1016/j.envpol.2013.09.013 PMID: 24095705

CYP Induction Capacity and Antibiotic Resistant Bacteria in Wastewater

PLOS ONE | DOI:10.1371/journal.pone.0138391 September 18, 2015 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138391.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138391.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138391.s003
http://www.ncbi.nlm.nih.gov/pubmed/10028708
http://www.ncbi.nlm.nih.gov/pubmed/16938339
http://dx.doi.org/10.1016/j.marpolbul.2009.04.028
http://www.ncbi.nlm.nih.gov/pubmed/19501845
http://dx.doi.org/10.1016/j.jhazmat.2012.05.040
http://dx.doi.org/10.1016/j.jhazmat.2012.05.040
http://www.ncbi.nlm.nih.gov/pubmed/22771351
http://dx.doi.org/10.1016/j.watres.2013.08.024
http://www.ncbi.nlm.nih.gov/pubmed/24091184
http://dx.doi.org/10.1016/j.envpol.2013.09.013
http://www.ncbi.nlm.nih.gov/pubmed/24095705


7. Subedi V, Kannan K. Mass Loading and Removal of Select Illicit Drugs in TwoWastewater Treatment
Plants in New York State and Estimation of Illicit Drug Usage in Communities throughWastewater
Analysis. Environ Sci Technol 2014; 48: 6661–6670. doi: 10.1021/es501709a PMID: 24865581

8. Bouki C, Venieri D, Diamadopoulos E. Detection and fate of antibiotic resistant bacteria in wastewater
treatment plants: a review. Ecotoxicol Environ Saf 2013; 91: 1–9. doi: 10.1016/j.ecoenv.2013.01.016
PMID: 23414720

9. Rizzo L, Manaia C, Merlin C, Schwartz T, Dagot C, Ploy MC, et al. Urban wastewater treatment plants
as hotspots for antibiotic resistant bacteria and genes spread into the environment: a review. Sci Total
Environ 2013; 447: 345–60. doi: 10.1016/j.scitotenv.2013.01.032 PMID: 23396083

10. Yong D, TolemanMA, Giske CG, Cho HS, Sundman K, Lee K, et al. Characterization of a new metallo-
β-lactamase gene, blaNDM-1, and a novel erythromycin esterase gene carried on a unique genetic
structure in Klebsiella pneumoniae sequence type 14 from India. Antimicrob Agents Chemother 2009;
53: 5046–5054. doi: 10.1128/AAC.00774-09 PMID: 19770275

11. Kumarasamy KK, TolemanMA, Walsh TR, Bagaria J, Butt F, Balakrishnan R, et al. Emergence of a
new antibiotic resistance mechanism in India, Pakistan, and the UK: a molecular, biological, and epide-
miological study. Lancet Infect Dis 2010; 10: 597–602. doi: 10.1016/S1473-3099(10)70143-2 PMID:
20705517

12. Luo Y, Yang F, Jacques Mathieu J, Mao D, Wang Q, Alvarez PJJ. Proliferation of Multidrug-Resistant
New Delhi Metallo-β-lactamase Genes in Municipal Wastewater Treatment Plants in Northern China.
Environ Sci Technol Lett 2014; 1: 26–30.

13. Akiba M, Senba H, Otagiri H, Prabhasankar VP, Taniyasu S, Yamashita N, et al. Impact of wastewater
from different sources on the prevalence of antimicrobial-resistant Escherichia coli in sewage treatment
plants in South India. Ecotoxicol Environ Saf 2015; 115: 203–208. doi: 10.1016/j.ecoenv.2015.02.018
PMID: 25704279

14. Hilscherova K, Machala M, Kannan K, Blankenship AL, Giesy JP. Cell bioassays for detection of aryl
hydrocarbon (AhR) and estrogen receptor (ER) mediated activity in environmental samples. Environ
Sci Pollut Res Int 2000; 7: 159–171. doi: 10.1065/espr2000.02.017 PMID: 19104878

15. Brack W. Effect-directed analysis: a promising tool for the identification of organic toxicants in complex
mixtures? Anal Bioanal Chem 2003; 377: 397–407. PMID: 12904950

16. Behnisch PA, Hosoe K, Sakai S. Brominated dioxin-like compounds: in vitro assessment in comparison
to classical dioxin-like compounds and other polyaromatic compounds. Environ Int 2003; 29: 861–877.
PMID: 12850102

17. HuW, Sorrentino C, Denison MS, Kolaja K, Fielden MR. Induction of cyp1a1 is a nonspecific biomarker
of aryl hydrocarbon receptor activation: results of large scale screening of pharmaceuticals and toxi-
cants in vivo and in vitro. Mol Pharmacol 2007; 71: 1475–1486. PMID: 17327465

18. Morisseau C, Merzlikin O, Lin A, He G, FengW, Padilla I, et al. Toxicology in the fast lane: application
of high-throughput bioassays to detect modulation of key enzymes and receptors. Environ Health Per-
spect 2009; 117: 1867–1872. doi: 10.1289/ehp.0900834 PMID: 20049205

19. Villeneuve DL, Kannan K, Khim JS, Falandysz J, Nikiforov VA, Blankenship AL, et al. Relative poten-
cies of individual polychlorinated naphthalenes to induce dioxin-like responses in fish and mammalian
in vitro bioassays. Arch Environ Contam Toxicol 2000; 39: 273–281. PMID: 10948276

20. Hasegawa J, Guruge KS, Seike N, Shirai Y, Yamata T, Nakamura M, et al. Determination of PCDD/Fs
and dioxin-like PCBs in fish oils for feed ingredients by congener-specific chemical analysis and
CALUX bioassay. Chemosphere 2007; 69: 1188–1194. PMID: 17643474

21. Schriks M, van Leerdam JA, van der Linden SC, van der Burg B, vanWezel AP, de Voogt P. High-reso-
lution mass spectrometric identification and quantification of glucocorticoid compounds in various
wastewaters in the Netherlands. Environ Sci Technol 2010; 44: 4766–4774. doi: 10.1021/es100013x
PMID: 20507090

22. Suzuki G, Someya M, Takahashi S, Tanabe S, Sakai S, Takigami H. Dioxin-like activity in Japanese
indoor dusts evaluated by means of in vitro bioassay and instrumental analysis: brominated dibenzofu-
rans are an important contributor. Environ Sci Technol 2010; 44: 8330–8336 doi: 10.1021/es102021c
PMID: 20860407

23. Escher BI, Bramaz N, Quayle P, Rutishauser S, Vermeirssen EL. Monitoring of the ecotoxicological
hazard potential by polar organic micropollutants in sewage treatment plants and surface waters using
a mode-of-action based test battery. J Environ Monit 2008; 10: 622–631. doi: 10.1039/b800951a
PMID: 18449399

24. van der Linden SC, Heringa MB, Man H-Y, Sonneveld E, Puijker LM, Brouwer A, et al. Detection of mul-
tiple hormonal activities in wastewater effluents and surface water, using a panel of steroid receptor
CALUX bioassays. Environ Sci Technol 2008; 42: 5814–5820. PMID: 18754514

CYP Induction Capacity and Antibiotic Resistant Bacteria in Wastewater

PLOS ONE | DOI:10.1371/journal.pone.0138391 September 18, 2015 18 / 20

http://dx.doi.org/10.1021/es501709a
http://www.ncbi.nlm.nih.gov/pubmed/24865581
http://dx.doi.org/10.1016/j.ecoenv.2013.01.016
http://www.ncbi.nlm.nih.gov/pubmed/23414720
http://dx.doi.org/10.1016/j.scitotenv.2013.01.032
http://www.ncbi.nlm.nih.gov/pubmed/23396083
http://dx.doi.org/10.1128/AAC.00774-09
http://www.ncbi.nlm.nih.gov/pubmed/19770275
http://dx.doi.org/10.1016/S1473-3099(10)70143-2
http://www.ncbi.nlm.nih.gov/pubmed/20705517
http://dx.doi.org/10.1016/j.ecoenv.2015.02.018
http://www.ncbi.nlm.nih.gov/pubmed/25704279
http://dx.doi.org/10.1065/espr2000.02.017
http://www.ncbi.nlm.nih.gov/pubmed/19104878
http://www.ncbi.nlm.nih.gov/pubmed/12904950
http://www.ncbi.nlm.nih.gov/pubmed/12850102
http://www.ncbi.nlm.nih.gov/pubmed/17327465
http://dx.doi.org/10.1289/ehp.0900834
http://www.ncbi.nlm.nih.gov/pubmed/20049205
http://www.ncbi.nlm.nih.gov/pubmed/10948276
http://www.ncbi.nlm.nih.gov/pubmed/17643474
http://dx.doi.org/10.1021/es100013x
http://www.ncbi.nlm.nih.gov/pubmed/20507090
http://dx.doi.org/10.1021/es102021c
http://www.ncbi.nlm.nih.gov/pubmed/20860407
http://dx.doi.org/10.1039/b800951a
http://www.ncbi.nlm.nih.gov/pubmed/18449399
http://www.ncbi.nlm.nih.gov/pubmed/18754514


25. Smital T, Terzic S, Zaja R, Senta I, Pivcevic B, Popovic M, et al. Assessment of toxicological profiles of
the municipal wastewater effluents using chemical analyses and bioassays. Ecotoxicol Environ Saf
2011; 74: 844–851. doi: 10.1016/j.ecoenv.2010.11.010 PMID: 21159381

26. Jalova V, Jarosova B, Blaha L, Giesy JP, Ocelka T, Grabic R, et al. Estrogen-, androgen- and aryl
hydrocarbon receptor mediated activities in passive and composite samples frommunicipal waste and
surface waters. Environ Int 2013; 59: 372–83. doi: 10.1016/j.envint.2013.06.024 PMID: 23911337

27. Jarosova B, Ersekova A, Hilscherova K, Loos R, Gawlik BM, Giesy JP, et al. Europe-wide survey of
estrogenicity in wastewater treatment plant effluents: the need for the effect-basedmonitoring. Environ
Sci Pollut Res Int 2014; 21: 10970–10982. doi: 10.1007/s11356-014-3056-8 PMID: 24870285

28. Jacobs JM, Nichols CE, Andrew AS, Marek DE, Wood SG, Sinclair PR, et al. Effect of arsenite on
induction of CYP1A, CYP2B, and CYP3A in primary cultures of rat hepatocytes. Toxicol Appl Pharma-
col 1999; 157: 51–59. PMID: 10329507

29. Guruge KS, Yamanaka N, Hasegawa J, Miyazaki S. Differential induction of Cytochrome P450 1A1
and 1B1 mRNA in primary cultured bovine hepatocytes treated with TCDD, PBDD/Fs and feed ingredi-
ents. Toxicology Letters 2009; 185: 193–196. doi: 10.1016/j.toxlet.2009.01.002 PMID: 19167471

30. Budinsky RA, LeCluyse EL, Ferguson SS, Rowlands JC, Simon T. Human and rat primary hepatocyte
CYP1A1 and 1A2 induction with 2,3,7,8-tetrachlorodibenzo-p-dioxin, 2,3,7,8-tetrachlorodibenzofuran,
and 2,3,4,7,8-pentachlorodibenzofuran. Toxicol Sci 2010; 118: 224–235. doi: 10.1093/toxsci/kfq238
PMID: 20705892

31. Lin JH. CYP Induction-Mediated Drug Interactions: in Vitro. Assessment and Clinical Implications.
Pharmaceutical Research. 2006; 23: 1089–1116. PMID: 16718615

32. Escher BI, Allinson M, Altenburger R, Bain PA, Balaguer P, BuschW, et al. Benchmarking organic
micropollutants in wastewater, recycled water and drinking water with in vitro bioassays. Environ Sci
Technol 2014; 48:1940–1956. doi: 10.1021/es403899t PMID: 24369993

33. Amos GC, Gozzard E, Carter CE, Mead A, Bowes MJ, Hawkey PM, et al. Validated predictive model-
ling of the environmental resistome. ISME J. 2015; 1–10.

34. Seglen PO. Preparation rat liver cells. III. Enzymatic requirement for tissue dispersion. Exp Cell Res
1973; 82: 391–398. PMID: 4358115

35. Kitani H, Takenouchi T, Sato M, Yoshioka M, Yamanaka N. A Simple and Efficient Method to Isolate
Macrophages fromMixed Primary Cultures of Adult Liver Cells. J Vis Exp 2011; 51: e2757.

36. Kido T, Sakakibara H, Ohura T, Guruge KS, Kojima M, Hasegawa J, et al. Evaluation of chlorinated
benz[a]anthracene on hepatic toxicity in rats and mutagenic activity in Salmonella typhimurium. Environ
Toxicol. 2013; 28: 21–30. doi: 10.1002/tox.20693 PMID: 21384493

37. Comparative Toxicogenomics Database (http://ctdbase.org/). Accessed 07th April 2014.

38. R Core Team. (2015). R: A language and environment for statistical computing. R Foundation for Sta-
tistical Computing, Vienna, Austria. URL http://www.R-project.org/.

39. Nishimura M, Koeda A, Suganuma Y, Suzuki E, Shimizu T, NakayamaM, et al. Comparison of
inducibility of CYP1A and CYP3A mRNAs by prototypical inducers in primary cultures of human, cyno-
molgus monkey, and rat hepatocytes. Drug Metab Pharmacokinet 2007; 22: 178–186. PMID:
17603218

40. Zhang JG, Ho T, Callendrello AL, Crespi CL, Stresser DM. A multi-endpoint evaluation of cytochrome
P450 1A2, 2B6 and 3A4 induction response in human hepatocyte cultures after treatment with β-
naphthoflavone, phenobarbital and rifampicin. Drug Metab Lett 2010; 4: 185–194. PMID: 20583967

41. Gahrs M, Roos R, Andersson PL, Schrenk D. Role of the nuclear xenobiotic receptors CAR and PXR in
induction of cytochromes P450 by non-dioxin like polychlorinated biphenyls in cultured rat hepatocytes.
Toxicol Appl Pharmacol 2013; 272: 77–85. doi: 10.1016/j.taap.2013.05.034 PMID: 23770461

42. Willson TM, Kliewer SA. PXR, CAR and drug metabolism. Nat Rev Drug Discov 2002; 1: 259–266.
PMID: 12120277

43. Pustylnyak VO, Lebedev AN, Gulyaeva LF, Lyakhovich VV, Slynko NM. Comparative study of CYP2B
induction in the liver of rats and mice by different compounds. Life Sci 2007; 80:324–328. PMID:
17045615

44. Kumar V, Chakraborty A, Viswanath G, Roy P. Androgenic endocrine disruptors in wastewater treat-
ment plant effluents in India: their influence on reproductive processes and systemic toxicity in male
rats. Toxicol Appl Pharmacol 2008; 226: 60–73. PMID: 18001809

45. McClellan K, Halden RU. Pharmaceuticals and personal care products in archived U.S. biosolids from
the 2001 EPA National Sewage Sludge Survey. Water Res 2010; 44: 658–668. doi: 10.1016/j.watres.
2009.12.032 PMID: 20106500

CYP Induction Capacity and Antibiotic Resistant Bacteria in Wastewater

PLOS ONE | DOI:10.1371/journal.pone.0138391 September 18, 2015 19 / 20

http://dx.doi.org/10.1016/j.ecoenv.2010.11.010
http://www.ncbi.nlm.nih.gov/pubmed/21159381
http://dx.doi.org/10.1016/j.envint.2013.06.024
http://www.ncbi.nlm.nih.gov/pubmed/23911337
http://dx.doi.org/10.1007/s11356-014-3056-8
http://www.ncbi.nlm.nih.gov/pubmed/24870285
http://www.ncbi.nlm.nih.gov/pubmed/10329507
http://dx.doi.org/10.1016/j.toxlet.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167471
http://dx.doi.org/10.1093/toxsci/kfq238
http://www.ncbi.nlm.nih.gov/pubmed/20705892
http://www.ncbi.nlm.nih.gov/pubmed/16718615
http://dx.doi.org/10.1021/es403899t
http://www.ncbi.nlm.nih.gov/pubmed/24369993
http://www.ncbi.nlm.nih.gov/pubmed/4358115
http://dx.doi.org/10.1002/tox.20693
http://www.ncbi.nlm.nih.gov/pubmed/21384493
http://ctdbase.org/
http://www.R-project.org/
http://www.ncbi.nlm.nih.gov/pubmed/17603218
http://www.ncbi.nlm.nih.gov/pubmed/20583967
http://dx.doi.org/10.1016/j.taap.2013.05.034
http://www.ncbi.nlm.nih.gov/pubmed/23770461
http://www.ncbi.nlm.nih.gov/pubmed/12120277
http://www.ncbi.nlm.nih.gov/pubmed/17045615
http://www.ncbi.nlm.nih.gov/pubmed/18001809
http://dx.doi.org/10.1016/j.watres.2009.12.032
http://dx.doi.org/10.1016/j.watres.2009.12.032
http://www.ncbi.nlm.nih.gov/pubmed/20106500


46. Clarke BO, Smith SR. Review of 'emerging' organic contaminants in biosolids and assessment of inter-
national research priorities for the agricultural use of biosolids. Environ Int 2011; 37: 226–247. doi: 10.
1016/j.envint.2010.06.004 PMID: 20797791

47. Yang L, Price ET, Chang CW, Li Y, Huang Y, Guo LW, et al. Gene expression variability in human
hepatic drug metabolizing enzymes and transporters. PLoS One 2013; 8: e60368. doi: 10.1371/
journal.pone.0060368 PMID: 23637747

48. Kumari R, Nath B, Midha T, Vaswani ND, Lekhwani S, Singh B. Morbidity Profile and Seasonal Varia-
tion of Diseases in a Primary Health Center in Kanpur District: A Tool for the Health Planners. J Fam
Med Primary Care 2012; 1: 86–91.

49. Guengerich FP. Cytochrome P-450 3A4: regulation and role in drug metabolism. Annu Rev Pharmacol
Toxicol 1999; 39: 1–17. PMID: 10331074

50. Zhou SF. Drugs behave as substrates, inhibitors and inducers of human cytochrome P450 3A4. Curr
Drug Metab 2008; 9: 310–322. PMID: 18473749

51. Escher BI, Baumgartner R, Koller M, Treyer K, Lienert J, McArdell CS. Environmental toxicology and
risk assessment of pharmaceuticals from hospital wastewater. Water Res 2011; 45: 75–92. doi: 10.
1016/j.watres.2010.08.019 PMID: 20828784

52. Fick J, Söderström H, Lindberg RH, Phan C, Tysklind M, Larsson DG. Contamination of surface,
ground, and drinking water from pharmaceutical production. Environ Toxicol Chem 2009; 28: 2522–
2527. doi: 10.1897/09-073.1 PMID: 19449981

53. Gunnarsson L, Kristiansson E, Rutgersson C, Sturve J, Fick J, Förlin L et al. Pharmaceutical industry
effluent diluted 1:500 affects global gene expression, cytochrome P450 1A activity, and plasma phos-
phate in fish. Environ Toxicol Chem 2009; 28: 2639–2647. doi: 10.1897/09-120.1 PMID: 19610678

54. Stalder T, Barraud O, Jové T, Casellas M, Gaschet M, Dagot C, et al. Quantitative and qualitative
impact of hospital effluent on dissemination of the integron pool. ISME J 2014; 8: 768–777. doi: 10.
1038/ismej.2013.189 PMID: 24152716

55. Ganguly NK, Arora NK, Chandy SJ, Fairoze MN, Gill JP, Gupta U, et al. Rationalizing antibiotic use to
limit antibiotic resistance in India. Indian J Med Res 2011; 134: 281–294. PMID: 21985810

CYP Induction Capacity and Antibiotic Resistant Bacteria in Wastewater

PLOS ONE | DOI:10.1371/journal.pone.0138391 September 18, 2015 20 / 20

http://dx.doi.org/10.1016/j.envint.2010.06.004
http://dx.doi.org/10.1016/j.envint.2010.06.004
http://www.ncbi.nlm.nih.gov/pubmed/20797791
http://dx.doi.org/10.1371/journal.pone.0060368
http://dx.doi.org/10.1371/journal.pone.0060368
http://www.ncbi.nlm.nih.gov/pubmed/23637747
http://www.ncbi.nlm.nih.gov/pubmed/10331074
http://www.ncbi.nlm.nih.gov/pubmed/18473749
http://dx.doi.org/10.1016/j.watres.2010.08.019
http://dx.doi.org/10.1016/j.watres.2010.08.019
http://www.ncbi.nlm.nih.gov/pubmed/20828784
http://dx.doi.org/10.1897/09-073.1
http://www.ncbi.nlm.nih.gov/pubmed/19449981
http://dx.doi.org/10.1897/09-120.1
http://www.ncbi.nlm.nih.gov/pubmed/19610678
http://dx.doi.org/10.1038/ismej.2013.189
http://dx.doi.org/10.1038/ismej.2013.189
http://www.ncbi.nlm.nih.gov/pubmed/24152716
http://www.ncbi.nlm.nih.gov/pubmed/21985810

