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ABSTRACT: Genotoxicity is considered a major concern for drinking water
disinfection byproducts (DBPs). Of over 700 DBPs identified to date, only a small
number has been assessed with limited information for DBP genotoxicity
mechanism(s). In this study, we evaluated genotoxicity of 20 regulated and
unregulated DBPs applying a quantitative toxicogenomics approach. We used GFP-
fused yeast strains that examine protein expression profiling of 38 proteins
indicative of all known DNA damage and repair pathways. The toxicogenomics
assay detected genotoxicity potential of these DBPs that is consistent with
conventional genotoxicity assays end points. Furthermore, the high-resolution, real-
time pathway activation and protein expression profiling, in combination with
clustering analysis, revealed molecular level details in the genotoxicity mechanisms
among different DBPs and enabled classification of DBPs based on their distinct
DNA damage effects and repair mechanisms. Oxidative DNA damage and base
alkylation were confirmed to be the main molecular mechanisms of DBP
genotoxicity. Initial exploration of QSAR modeling using moleular genotoxicity end points (PELI) suggested that genotoxicity of
DBPs in this study was correlated with topological and quantum chemical descriptors. This study presents a toxicogenomics-
based assay for fast and efficient mechanistic genotoxicity screening and assessment of a large number of DBPs. The results help
to fill in the knowledge gap in the understanding of the molecular mechanisms of DBP genotoxicity.

■ INTRODUCTION

Drinking water disinfection byproducts (DBPs) are formed
during the reaction of disinfectants (such as chlorine, chlorine
dioxide, chloramine, UV, and ozone) with naturally occurring
organic matter (NOM) and other contaminants present in
water.1 DBPs therefore widely exist in drinking water at sub-
μg/L (ppb) to low-to-mid-μg/L levels. Currently, there are
over 700 DBPs reported in drinking water, and new DBPs
continue to be discovered.1−3

Great knowledge gaps exist for toxicological information and
health impacts of DBPs. Humans are exposed to DBPs through
multiple routes, including ingestion (the common route
studied), inhalation, and dermal exposures.3 Literature review
indicates that only approximately 15% (∼100) of identified
DBPs have been assessed with in vitro bioassays and a few with
chronic in vivo studies.2−4 Potential health risks of DBPs have
been reported, including cancer and other adverse reproductive
effects, such as early term miscarriage and birth defects.5−7 An
association of specific cancers and exposure to disinfected water
has emerged by epidemiological research.5,8,9 Several toxicity

mechanisms for DBPs have been implicated, including
genotoxicity, oxidative stress, disruption of folate metabolism,
and cell cycle disruption.5,8,9 Genotoxicity is of particular
importance because of its link to mutagenicity, carcinogenicity,
as well as cancer.7,10

The genotoxicity of evaluated DBPs seems to be dependent
on their structure and substituents. For example, among the
halogenated DBPs, iodinated DBPs were observed to be more
toxic than their brominated and chlorinated analogues.11,12

Nitrogen-containing DBPs were more genotoxic than the DBPs
that do not contain nitrogen.3,13 Genotoxicity mechanisms of
DBPs are also strongly related to their structures. For example,
for halogenated DBPs, oxidative stress-induced DNA dam-
age14−21 and DNA alkylation22−25 are two major mechanisms.
Halonitriles may also induce genomic damage by cell cycle

Received: December 11, 2017
Revised: April 9, 2018
Accepted: April 16, 2018
Published: April 16, 2018

Article

pubs.acs.org/estCite This: Environ. Sci. Technol. 2018, 52, 6565−6575

© 2018 American Chemical Society 6565 DOI: 10.1021/acs.est.7b06389
Environ. Sci. Technol. 2018, 52, 6565−6575

D
ow

nl
oa

de
d 

vi
a 

C
O

R
N

EL
L 

U
N

IV
 o

n 
Fe

br
ua

ry
 1

, 2
01

9 
at

 2
3:

10
:0

0 
(U

TC
). 

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s. 

pubs.acs.org/est
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.7b06389
http://dx.doi.org/10.1021/acs.est.7b06389


disruption and the induction of hyperploidy.26 Nitrosamines
may act as alkylating agents after metabolism,27 and form-
aldehyde can form DNA−protein cross-links.24 The genotox-
icity and mechanisms of most DBPs remain unknown.
The standard and most reliable genotoxicity tests are in vivo

assays; however, they are resource-intensive and time-
consuming and therefore cannot meet the demand for
evaluating a large number of potential genotoxic DBPs.28,29

In vitro genotoxicity assays, including Ames, comet, and
micronucleus tests, require relatively shorter testing time
(several days) but often yield inconsistent or false results
compared to in vivo outcomes7,30,31 due to the inherent
limitations of the target and DNA damage effects they can
detect.7,30 In recent years, high-throughput genotoxicity
assessment has been reported where the activation of single
or selected biomarkers indicative of DNA damage recognition
and repair are used to indicate potential genotoxicity.7,32−37

Our group has recently developed and validated a new
quantitative toxicogenomics-based assay based on real time
protein expression profiling of known DNA damage and repair
pathways ensemble.38−41 Compared to other biomarker-based
tests, our assay derives quantitative end points that correlate
with conventional genotoxicity end points and promises to be a
cost-effective and mechanistic genotoxicity assessment
assay.40,41

In this study, we employed the newly developed quantitative
toxicogenomics genotoxicity assay to perform a mechanistic
genotoxicity assessment and profiling of 20 DBPs representing
nine different chemical classes of DBPs. The results provide
new genotoxicity information and insights of underlying DNA
damaging mechanisms at the molecular level for these 20 DBPs.

The high-resolution protein expression profiles of DNA
damage and repair pathways also enabled DBP classification
and further exploration of association between DBP chemical
structure and the genotoxicity mechanisms.

■ MATERIALS AND METHODS

Chemicals. Twenty DBPs were selected that belong to nine
different chemical classes (Table 1, manufacturer information in
Table S1). Each DBP was evaluated across a 6-log subcytotoxic
concentration range (Table S1). The maximum noncytotoxic
concentration was predetermined (>95% cell survival tested by
growth inhibition in yeast for 24 h, Figure S1).

Yeast Whole Cell Array and Real Time Protein
Expression Analysis upon DBP Exposure. The whole cell
assay library consists of 38 in-frame GFP fusion proteins (Table
S2) of Saccharomyces cerevisiae (Invitrogen, no. 95702, ATCC
201388) constructed by oligonucleotide-directed homologous
recombination to tag each open reading frame (ORF) with
Aequrea victoria GFP (S65T) in its chromosomal location at the
3′ end,42 covering all seven known DNA damage repair
pathways. The library expresses full-length, chromosomally
tagged green fluorescent protein fusion proteins,42 which makes
the GFP signal reflect protein expression directly.
Details of the proteomics assay for using GFP-tagged yeast

cells were described in our previous reports.38−41 Briefly, the
yeast strains were grown in clear bottom black 384-well plates
(Costar) with Synthetic Dextrose base (SD medium) that
contains −His Dropout ( DO) supplement (Clontech, CA,
US) for 4−6 h at 30 °C to reach early exponential growth.
Then, 10 μL DBP sample aliquots in PBS or vehicle control
(PBS only) were added to each well to obtain the target

Table 1. Summary of PELI-Based Molecular End Points (PELImax, PELI1.5, and Geno-TEQ1.5 (MMC as reference compound)
with R2 Indicating the Fitness of the Data to Four Parameter Logistic Models (in Table S1) for 20 DBPs Tested in This Study
and Phenotypic End Points from the Literature40,a

class chemical PELI1.5 (mM)
geno-TEQ1.5 (in

reference to MMC)
Ames (mutants/
μM)5,21,58,59

GP
(μM)5,12,b

TD50 (mg kg−1

day−1, mice)60 carcinogenicity5,60

HAAs/iodo-acids chloroacetic acid 8.826 × 10−7 14.820 27 411 − −
bromoacetic acid 4.028 × 10−4 0.032 5465 17 NA NA
iodoacetic acid 3.240 × 10−5 0.404 14129 8.7 NA NA
trichloroacetic acid
(TCA)

4.123 × 10−3 0.003 − − 584 +

oxyhalides sodium bromate 5.451 × 10−6 2.400 − NA 41 +
sodium chlorite 1.648 × 10−6 7.937 26.5 NA − −

trihalomethanes
(THMs)

bromodichloromethane 5.245 × 10−5 0.249 0.6254 − 47.7 +
chlorodibromomethane 3.254 × 10−5 0.402 288.6 − 139 +

halonitromethanes trichloronitromethane 4.015 × 10−7 32.578 40.5 93.4 − −
nitrosamines N-nitrosodimethylamine

(NDMA)
7.065 × 10−8 185.138 533c 220 0.189 +

haloamides chloroacetamide 2.071 × 10−6 6.316 NA 1380 NA NA
2-bromoacetamide 1.051 × 10−6 12.445 NA 36.8 NA NA
2,2-dichloroacetamide 1.703 × 10−6 7.681 NA − NA NA

halonitriles (HANs) dichloroacetonitrile 5.664 × 10−7 23.093 + 2750 NA NA
dibromoacetonitrile 7.155 × 10−4 0.018 + 47.1 NA +
chloroacetonitrile NA NA + 601 NA +
iodoacetonitrile 2.384 × 10−6 5.487 NA 37.1 NA NA

aldehydes trichloroacetaldehyde 7.709 × 10−6 1.697 + − 99 +
formaldehyde 4.296 × 10−6 3.045 + NA 43.9 +

haloquinones 2,6-dichloro-1,4-
benzoquinone

7.259 × 10−5 0.180 + NA NA NA

aNA: PELI1.5 and geno-TEQ11.5 were not determined for chloroacetonitrile with PELImax less than 1.5 based on concentration response curve.
bGP: the genotoxic potency derived from comet assay in CHO cells, which is the concentration at the midpoint of the concentration−response
curve.5,12 cCYP used in Ames test of his reversion for mutagenicity.61
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concentrations (Table S1). The plates were then placed in a
Microplate Reader (Synergy H1Multi-Mode, Biotech, Winoos-
ki, VT) for absorbance (OD600 for cell growth), and GFP
signal (filters with 485 nm excitation and 535 nm emission for
protein expression) measurements were taken every 5 min for 2
h after double orbital shaking (425 cpm) for 1 min. All tests
were performed in the dark in triplicate. Considering that all of
the DBPs were tested at concentrations much lower than their
solubility, evaporation and loss of the volatile DBPs during the
2 h assay was not considered in this study.43,44

Protein Expression Profiling Data Processing and
Quantitative Molecular End Point Derivation. Temporal
protein expression profiling data of the yeast library were
processed as described previously.39,41,45 Temporal OD and
GFP raw data are first corrected by background OD and GFP
signal of blank medium control with or without chemical. The
protein expression level P for each protein biomarker (ORF) i,
in treatment x, and at time point t is normalized by cell density
as

= ‐

‐
P

GFP

ODi x t
i x t

i x t
, ,

, , corrected

, , corrected (1)

where GFPi,x,t‑corrected is the GFP reading of protein i in
treatment x at time t corrected by the GFP reading in the blank
medium control at time t; ODi,x,t‑corrected is the OD reading of
protein i in treatment x at time t corrected by the OD reading
in the blank medium control at time t.
The altered protein expression in relative to untreated

control (without chemical) for a given protein ORFi in
treatment x at time t due to chemical exposure, also referred as
induction factor I, is calculated as

=I
P

Pi x t
i x t

i t
, ,

, ,

,untreated, (2)

where Pi,x,t = (GFPcorrected/ODcorrected)treatment,x is the altered
protein expression GFP level for protein (ORF) i for treatment
x at time t in the treated experimental condition with chemical
exposure; Pi,untreated,t = (GFPcorrected/ ODcorrected)untreated control is
the altered protein expression GFP level for protein (ORF) i
for treatment x at time t in the untreated control without
chemical exposure. P values of both treated experiments and
untreated controls are normalized and scaled against internal
control (housekeeping protein PGK146).
For the chemical-induced protein expression level changes of

a treatment to be quantified, the protein effect level index
(PELI) was derived as a quantitative molecular end point.38−41

The accumulative altered protein expression change over the 2
h exposure period for a given protein (ORF) i was calculated as

∫
= =

I t
PELI

d

exposure timei
t

t

ORF,
0 upregulated

(3)

where t is the exposure time. For upregulated protein, Iupregulated
= I, when I ≥ 1; for proteins that showed downregulation,
Iupregulated = 1 when I < 1.
The pathway activation response is calculated by integrating

the protein expression changes for all of the proteins (ORFs) in
a pathway as

=
∑ ×= w

n
PELI

PELI
j

i
n

i i
pathway

1 ORF

(4)

where n is the number of ORFs in one particular pathway, and
wi is the weight factor of ORFi. For this study, we assigned a
value of 1 for all of the weight factors.
Similar to PELIpathway, the overall protein expression effect

level for the DNA damage and repair pathway ensemble is
calculated as PELIgeno with all of the PELIpathway in the pathway
ensemble library as

=
∑ ×= W

N
PELI

PELIj
N

j j
geno

1 pathway

(5)

where N is the number of pathways in this geno-sensor library,
Wj is the weight factor of pathway j, and the value is assigned as
1 for this study.
For each DBP, six PELIgeno values are evaluated by mean ±

SD. The PELIgeno-based concentration−response pattern was
modeled using a four parameter logistic (4PL) nonlinear
regression model (the fitted curves). End point PELImax was
derived based on the PELIgeno concentration−response curve
using 4PL model fitting.40,47 End point PELI1.5 was derived
based on the concentration−response curves, which was
defined as the corresponding concentration that causes the
PELI value to reach 1.5, similar to the approach that has been
applied for the umuC genotoxicity assay by Escher et al.48 and
our previous study.40,49 Additionally, genotoxicity for each
chemical with PELI1.5 was also expressed as toxic equivalents
as

‐ =geno TEQ1.5
PELI1.5

PELI1.5
reference compound

sample (6)

where mytomycin C (MMC) is used as reference compound.50

PELI1.5MMC = 2.15 × 10−3 mM based on our previous
study.40,41

DNA Damage Alkaline Comet Assay in Human A549
Cells for Phenotypic Confirmation. The alkaline comet
assay in human A549 cells51−53 upon exposure to the DBPs at
selected concentrations (details in Table S1) or 1% FBS-F12
medium only (as untreated control) for 24 h was carried out
using Trevigen Inc. CometAssay 96 slides (www.trevigen.com).
All the procedures were performed in the dark in triplicate.
Each treatment (25 cells) was measured by the software CASP
(University of Wroclaw, Institute of Theoretical Physics)
randomly, and the damage was valued as % tail DNA (mean
± SD).12

Physicochemical Descriptors. Quantitative structure−
activity relationship (QSAR) analyses were performed to
obtain insights into the physiochemical characteristics of
DBPs that impact their genotoxicity. Various descriptors are
used (Table S3) to support the QSAR analyses and they
include the PaDEL descriptor software used for topological
descriptors such as autocorrelation descriptors AATSC4c and
AATSC3v, electrotopological state atom-type descriptor
minsCl, and extended topochemical atom descriptor ETA_E-
ta_L.54 The US-EPA EPI suite was used for log Kow;
Gaussian03 (using Hartree−Fock 3-21G) was used to calculate
quantum chemical descriptors such as Ehomo (the energy of the
highest occupied molecular orbital), Elumo (the energy of the
lowest unoccupied molecular orbital), and G (Gibbs free
energy), and the numbers of freely rotatable bonds, H
acceptors, and H donors, polar surface area, and molecular
weight were collected from the PubChem Web site (http://
www.ncbi.nlm.nih.gov/pccompound).
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Clustering Analysis. Hierarchical clustering (HCL) was
performed to cluster all 20 DBPs across six concentrations (120
samples in total) based on their protein expression profiles by
software suit MeV (MutiExperiment Viewer) v4.8.55 The
relationships were elucidated using the order of average linkage
clustering based on Pearson correlation.

■ RESULTS AND DISCUSSION

DNA Damage Mechanisms Revealed by Concentra-
tion-Dependent, Chemical-Specific Temporal Differen-
tial Protein Expression Profiles among DBPs. The
temporal altered protein expression profiles (Figure 1 and
Figure S2) indicative of DNA damage and repair pathway
activities were distinctive for each of the 20 DBPs tested in this
study, suggesting compound-specific cellular responses resulted
from their different DNA-damaging mechanisms. These

chemical-specific response patterns were also concentration-
dependent, showing generally an increase in magnitude of
altered protein expression as concentration increases (Figure
1A). For some DBPs tested, such as bromoacetic acid and
dibromoacetonitrile (Figure S2), the highest exposure concen-
tration led to decreases in the magnitude of upregulation or
even a shift from up- to downregulation for most of the tested
proteins. Consistent with our previous reports,38,40 this was
likely caused by the transition from a mode-of-action specific
effect to subcytotoxic nonspecific cellular responses.

Correlation between Molecular End Points and
Conventional Genotoxicity/Carcinogenicity End Points.
The molecular quantifier PELIgeno exhibited a concentration
response for all 20 DBPs tested (Figure 2). Our previous
studies have demonstrated that quantitative genotoxicity
molecular end point PELIgeno derived from the yeast assay

Figure 1. Temporal protein expression profiles of 38 biomarkers indicative of different DNA damage repair pathways upon exposure to
trichloroacetic acid (A, a haloacetic acid40) and chloroacetonitrile (B, a halonitrile) across six concentrations. The mean natural log of the induction
factor (ln I, n = 3) indicates the magnitude of altered protein expression (represented by a green−black−red color scale at the bottom. The red
spectrum colors indicate upregulation, and the green spectrum colors indicate downregulation. Values beyond ±1.5 are shown as ±1.5. X-axis top:
concentrations for each chemical; X-axis bottom: testing time in minutes. The first data point shown is at 20 min after exposure due to data
smoothing with moving average of every five data points. Y-axis left: clusters of proteins by DNA damage repair pathways and list of proteins (ORFs)
tested; Y-axis right: description of DNA damage repair pathway abbreviations.
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could statistically correlate to conventionally accepted genotox-
icity assays for genotoxins, known genotoxic positive and
negative chemicals.40,41 Consistent with previous studies, a
statistically significant strong correlation (rP = 0.5136, P =
0.0205) was observed between molecular genotoxicity end
point PELIgeno and the phenotpyic DNA damage end point %
tail DNA from comet assay we performed in human A549 cells
(Figure 3, comet assay details in Figure S3).
We also compared our quantitative genotoxicity molecular

end point PELI1.5 with end points from different conventional
genotoxicity assays (Table 1). We examined the correlation
between the derived molecular end point PELI1.5 with other in
vitro genotoxicity assay results including Ames assay in bacteria
and comet assay in CHO cells. The results indicated that the
molecular end point PELI1.5 correlated with both genotoxic
potency (GP) of comet assay (CHO cell, rP = −0.5568, P =
0.0945, n = 10 in Figure 4A) and TD50 in vivo for carcinogenic
potency (mice, rP = 0.8186, P = 0.0464, n = 6 in Figure 4B). No
significant correlation was found between yeast genotoxicity
end points and Ames test (his reversion), rP = 0.4472, P =
0.2666, n = 8; data not shown).
These results confirmed that our assay, consisting of

biomarkers-ensemble indicative of DNA damage and repair
pathway activities, could capture various DNA damage
potentials and therefore reliably predict DNA damage-related
carcinogenicity. The results also indicate the conservation of

DNA repair response among species. The quantitative
correlation between the toxicogenomic assay-derived end

Figure 2. Concentration−response curves of the 20 DBPs tested based on PELIgeno values: (A) haloacetic acids/iodo-acids and oxyhalides; (B)
trihalomethanes, halonitromethanes, and NDMA; (C) haloamides and aldehydes; (D) halonitriles and 2,6-dichloro-1,4-benzoquinone. Data points
with an error bar represent the PELIgeno value determined at each concentration. R2 values indicative of fitness are listed in Table S1. Genotoxicity
positive is defined as having a PELImax value (determined via model fitting concentration−response curves) greater than 1.5 (the dashed line).40 X-
axis: concentration for chemicals studied (mM). Y-axis: PELIgeno. Mean ± SD, n = 3. Note that data for five DBPs (trichloroacetic acid, NDMA,
bromodichloromethane, chlorodibromomethane, and formaldehyde) were reported previously.40

Figure 3. Correlation of molecular end point PELIgeno derived from
our GFP-fused yeast assay with phenotypic end point of DNA damage
measured by % tail DNA tested by alkaline comet assay in human
A549 cell line for selected concentrations (Table S1). X-axis: 24 h
DNA damage measured by % tail DNA in human A549 cells (details in
Figure S3); Y-axis: PELIgeno, the integrated quantifier of altered protein
expression levels of 38 protein biomarkers indicative of DNA damage
repair responses. Mean ± SD, n = 3. rP indicates the Pearson
correlation coefficient of PELIgeno to DNA damage comet assay
phenotypic end points (% tail DNA).
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points and conventional end points suggest that it can possibly
be incorporated into a toxicity and risk assessment framework.
Our results are in general agreement with results from different
genotoxicity assays reported in the literarure. Where incon-
sistencies were noted, these could be attributed to varying
detection targets and inherent limitations of each specific assay
as discussed previously.40

Note that although no extra metabolic activation (e.g., liver
extract S9) was used for genotoxicity evaluation of DBPs in this
study, detectable molecular genotoxicity was observed for the
known metabolically activated genotoxicant NDMA.27 Several
cytochrome P-448 monooxygenase enzymes in yeast (including
S. cerevisiae of this study) can perform Phase I metabolism on
some compounds in a manner analogous to mammalian
microsomal enzymes, although less efficiently.38,56,57 The
enzymatic capability of yeast may explain the genotoxicity
observed in this study for NDMA without extra metabolic
activation.
DNA Damaging Pathway Activation Profiling Re-

vealed Distinct Genotoxicity Mechanisms among
DBPs. As shown in Figure 5, the activation of biomarkers
indicative of specific DNA damage and repair pathways
revealed insights into the underlying mechanism(s) involved
in the genotoxicity of studied DBPs;40,41 16 out of 20 DBPs in
this study induced oxidative DNA damage indicated by OGG1
upregulation (indicated by “oxidation” in Figure 5) of the base
excision repair system (BER), which was consistent with their

strong oxidizing ability.17,19,21,62 Activation of BER via other
base damages, including base alkylation and deamination, as
well as single strand break, was also widely observed for various
DBPs at multiple concentrations, which is also consistent with
their alkylating potential.22,23 Strong activation of nucleotide
excision repair (NER) was observed for NDMA and form-
aldehyde, which was consistent with the DNA single or double
strand breaks caused by NDMA63 and DNA−protein cross-
links led by formaldehyde,24 respectively. The similarity of
DNA damage repair pathway activation revealed by our assay to
previously reported genotoxicity mechanisms suggest that the
information obtained from our assay may provide insights into
potential genotoxicity mechanisms of those DBPs that have not
been well studied. For example, the pathway activation of
oxidation in BER confirmed the oxidative damage effect of 2,6-
dichloro-1,4-benzoquinone, an emerging halobenzoquinone
being studied in recent years. It was reported to induce cellular
ROS, oxidative DNA adduct 8-OHdG, and activation of the
Nrf2/ARE pathway (associated with oxidative stress) with an
effect on intracellular antioxidant systems including GSH/
GSSG and antioxidant enzymes.20,21,43,64

Examination and comparison of DNA damage and repair
pathway activation profiles among DBPs suggest that
genotoxicity of DBPs may be structure-dependent. For
example, dichloroacetonitrile, dibromoacetonitrile, and two
haloaldehydes analyzed in this study induced a wide range of
pathway activations likely reflecting their strong oxidative
damage to DNA structure. However, some DBPs within the
same chemical class demonstrated different pathway activation
patterns and magnitude. For example, chloroacetonitrile
demonstrated little pathway activation compared to the other
three halonitriles tested in this study. Our analyses revealed
high-resolution molecular details of DNA damage effects of
DBPs tested in this study.

Chemical Clustering of DBPs Based on DNA Damage
Repair Pathway Protein Expression Profiles. The high-
resolution molecular genotoxicity profiling of all known DNA
damage repair pathways could serve as fingerprints for DBP
clustering analysis and classification. We performed hierarchical
clustering using average linkage clustering and Pearson
correlation as shown in Figure 6. For most DBPs, the profiles
of the same DBP at varying concentrations generally clustered
together as a result of the chemical-specific DNA-damaging
mechanism(s). However, some DBPs (e.g., formaldehyde and
iodoacetonitrile) showed concentration-sensitive DNA-damag-
ing profiles at varying concentrations.
The clustering analysis revealed clear clusters of DBPs that

shared high similarity in their DNA damage effects profiles,
such as the clusters of chloroacetamide and dichloroacetamide,
formaldehyde and iodoacetic acid, and that of trichloroacetic
acid (TCA) and chloroacetonitrile. The results indicated that
DBPs from the same chemical structural class may not share
similar genotoxicity mechanisms as often expected. For
example, bromodichloromethanechlorodibromomethane ex-
hibited distant profiles and so were the two aldehydes
(trichloroacetaldehydeformaldehyde). Therefore, gene or
protein profiling fingerprints provided by the toxicogenomics
assay can better distinguish chemicals based on their molecular
toxicity mechanisms.

QSAR Physicochemical Descriptors versus Genotox-
icity to Assess Mechanisms. Quantitative structure−activity
relationship (QSAR) has been employed as a diagnostic tool to
assess the molecular initiating events of DBPs in the interaction

Figure 4. Correlation of molecular end point PELI1.5 with phenotypic
end points: genotoxic potency from comet assay in CHO cells (A, n =
10) and carcinogenic potency from a 2-year carcinogenesis test in mice
(B, n = 6) (data collected from references as shown in Table 1). X-
axis: PELI1.5 determined via model fitting concentration−response
curves (lg(PELI1.5), mM); Y-axis: genotoxic potency (lg(GP), μM, A)
and carcinogenic potency (lg(TD50), mM kg−1 day−1, B). rP indicates
the Pearson correlation coefficient of PELI1.5 to phenotypic end
points.
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with DNA.4,65 Here, we explored the QSAR modeling for
predicting molecular end points PELImax and PELI1.5. For
different classes of DBPs, their genotoxicity mechanism(s) may
be reflected by different physicochemical properties and thus
may lead to different relationships with different descriptor(s).
Although only a few DBPs were tested for each chemical class
in this study, linear regression could still be useful to identify
potential toxicity mechanism(s) (descriptors in Table 2, linear
regression in Figure S4). For example, for the four HAAs,
AATSC3v (an autocorrelation descriptor of average centered
Broto-Moreau autocorrelation weighted by van der Waals
volumes), and Elomo (the energy of the lowest unoccupied
molecular orbital) seemed to be suitable descriptors for PELImax
modeling with R2 = 0.9991 (P = 0.0297). Log Kow, and Elomo

could be used for their PELI1.5 prediction with R2 = 0.9183
(P=0.2858), suggesting that the electron-donating and -accept-
ing ability (reflected by Elomo)

66 and topological property
(reflected by AATSC3v) may correlate to HAA genotoxicity.
For the four halonitriles tested, PELImax could be predicted by
AATSC3v with R2 = 0.7686 (P = 0.1233), and PELI1.5 could
be predicted by AATSC3v with R2 = 0.9894 (P = 0.1379),
suggesting that the genotoxicity of halonitriles may be mainly
related to their topological property. For the three haloamides
tested, PELImax could be predicted by ATS3p (an autocorre-
lation descriptor of centered Broto-Moreau autocorrelation
weighted by polarizabilities) with R2 = 0.9345 (P=0.1645), and
PELI1.5 could be predicted by G (Gibbs free energy) with R2 =
0.9943 (P= 0.0482). The correlation of Elomo to toxicity of

haloacetic acids is consistent with other published stud-
ies.4,16,25,67

The QSAR modeling exercise of the DBPs suggested that
chemical properties of the molecules, for example, topological
and quantum chemical properties, correlate with the genotox-
icity of DBPs. In addition, the correlation of different
descriptors implicated different mechanism(s). For example,
electron-donating and -accepting ability may be involved for
DBPs in certain chemical classes.
In this study, we applied a quantitative toxicogenomics-based

assay for relatively fast (2 h assay time length compared with
days required as in the comet assay and micronucleus test),
efficient, and mechanistic genotoxicity analyses for 20 DBPs in
various chemical classes. The results provided new insights and
fundamental knowledge of DNA-damage-related genotoxicity
of studied DBPs and contributed to filling of the existing
knowledge gap in DBP genotoxicity. PELI-based quantitative
end points showed correlation with conventional genotoxicity
and carcinogenicity end points and therefore can be potentially
incorporated into DBP risk assessment. The pathway activation
and clustering analysis based on the high-resolution protein
expression profiles enabled DBP classification based on their
molecular initiating patterns. The analyses also provide
evidence for a structure−genotoxicity relationship of DBPs.
Initial exploration of QSAR modeling using molecular
genotoxicity end points (PELI) suggested that genotoxicity of
DBPs in this study correlated with topological and quantum
chemical descriptors. Establishment of such a unified DBP

Figure 5. DNA damage repair pathway response profiles reveal distinct potential DNA damage mechanisms among different DBPs across 6-log
concentrations (five DBPs were reported previously40). The mean natural log value of PELIpathway indicates the magnitude of pathway responses
(represented by a black−red color scale at left; values over 1.5 are shown in the same color as 1.5). X-axis top: pathways of DNA damage repair (see
Figure 1 and Table S2 for details). Y-axis left: DBPs tested in this study; Y-axis right: concentrations from lowest to highest from top to bottom (see
concentrations in Table S1). Aberrations for DNA repair pathways: DDS, DNA damage signaling; TLS, translesion synthesis; DRR, direct reversal
repair; BER, base excision repair; NER, nucleotide excision repair; MMR, mismatch repair; DSB, double strand break.
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genotoxicity database will allow identification and prediction of
genotoxicity and mechanism analysis for new DBPs in water

samples.4 The assay can be further applied to evaluate effects of
the DBP mixtures as they present in drinking water. This study

Figure 6. Hierarchical clustering (HCL) analysis diagram based on protein expression profiles of the 20 DBPs across six concentrations in this study
(average linkage clustering, Pearson correlation). Rows represent individual experimental samples. Columns represent protein expression profiles.
The mean magnitude of altered protein expression (ln I) is represented by a green-black-red color spectrum. Red spectrum colors indicate
upregulation; green spectrum colors indicate downregulation. Values beyond ±1.5 are shown in the same color as ±1.5. Numbers 1−6 represent
concentrations from lowest to highest (see concentrations in Table S1). X-axis top: cluster roots of protein biomarkers used in this study; X-axis
bottom: DNA damage and repair pathways with color codes; Y-axis right: cluster roots and list of chemicals tested with color codes for chemical
classes.
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demonstrated that the quantitative toxicogenomics-based
genotoxicity assay can serve as an alternative and comple-
mentary method for genotoxicity screening and evaluation of
environmental water pollutants such as DBPs and provide
timely guidance for drinking water safety and public health
research.
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