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domestic wastewater. The predominant contaminants of the Jialu River and its adjacent
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groundwater were recently investigated. However, the potential genotoxic impact of
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polluted water on human health remains to be clarified. Here, we used human–hamster
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hybrid (AL) cells, which are sensitive for detecting environmental mutagens. We found
that the cytotoxicity and mutagenicity of the groundwater in the Jialu River basin were
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influenced by the infiltration of the Jialu River. Hydrological periods significantly affected
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the cytotoxicity, but not the mutagenic potential, of surface and groundwater. Further, the
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mutagenic potential of groundwater samples located < 1 km from the Jialu River (SM-2 water
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samples) was detected earlier than that of groundwater samples located approximately
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20 km from the Jialu River (SN water samples). Because of high cytotoxicity, the mutagenic
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potential of water samples from the Jialu River (SM-1 water samples) was not significantly
enhanced compared with that of untreated controls. To further assess the mutagenic
dispersion potential, an artificial neural network model was adopted. The results showed
that the highest mutagenic potential of groundwater was observed approximately 10 km
from the Jialu River. Although further investigation of mutagenic spatial dispersion is
required, our data are significant for advancing our understanding of the origin, dispersion,
and biological effects of water samples from polluted areas.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Accidental pollution of surface water occurs frequently
worldwide, and rivers act as the most important medium for

the transportation of environmental pollutants and transformation (White and Rasmussen, 1998; Ohe et al., 2003, 2004).
The United States Environmental Protection Agency (USEPA)'s
Toxic Release Inventory reported that approximately 0.1 billion
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kilograms of chemical pollutants were directly released
into surface water in 2014 (USEPA, 2016). Moreover, airborne
emission and surface runoff are largely responsible for
the transport of chemical pollutants to aquatic systems
(Motelay-Massei et al., 2006). In contrast, chemical pollutants
in surface water are readily soluble and move slowly through
layers of soil, sand, and rocks and may be subject to transport
into other media such as groundwater (Mehler et al., 2010; Chen
et al., 2012; Ma et al., 2013). The latter is important for
agricultural, recreational, and domestic activities, particularly
as a source of drinking water in most parts of the world (Wang
et al., 2011). Numerous studies assessed the potential risk of the
adverse effects of polluted surface and groundwater on human
health (Fries and Puttmann, 2004; Nakada et al., 2008; Ma et al.,
2012b). In addition, disinfection by-products (DBPs), formed by
the reaction of disinfectants with natural organic matter in
surface and groundwater, were also considered to be cytotoxic
and genotoxic (Richardson and Postigo, 2015; Wagner and
Plewa, 2017). Evidence indicates that the pollution of drinking
water is closely related to the mortality rate of patients with
esophageal (Zhang et al., 2003), liver (Li et al., 1994), and
urothelial cancers (Markovic, 1993). Moreover, the risk to health
of polluted drinking water is not solely the sum of the effects of
individual compounds. Therefore, there is growing concern for
the additive, synergistic, and antagonistic effects of such
complex mixtures of pollutants (Wilkinson et al., 2000), particularly the genotoxicity of organic residues in polluted
groundwater.
The Jialu River, which is located in Fugou County, Zhoukou
City, Henan Province, is 256 km long, and its basin is 5896 km2.
The Jialu River is an important tributary of the Huaihe River,
which is seriously polluted by the direct discharge of contaminants associated with economic growth and urbanization,
such as industrial and domestic wastewater (Ma et al., 2012a),
industrial wastes, and untreated or lightly treated sewage
(Zhang et al., 2009). Large numbers of treated and untreated
sewage from alongshore cities and villages were estimated to
be 25,124 × 104 tons per year from 1996 to 1999, 81% of which
were discharged from Zhengzhou city (Xiao et al., 1999). As one
of the six most important industrial cities by “the development
of central zones” stratagem of the Chinese Government,
Zhengzhou City has a long history of textile and metallurgy
industries and is therefore regarded to exert a strong impact
on surface water quality of the Jialu River basin. In rural areas,
the main source of drinking water for many residents living
along the river is shallow, untreated groundwater. In this
area, the incidence of cancers of the digestive system, such
as carcinoma of the esophagus, stomach, and liver during
2004–2006, was 6.1 × 10−4, which is 1.71-fold higher than that
during 1973–1975 (Yang, 2010). Epidemiological studies of
verbal accounts of autopsies have shown that mortality rates
of patients with digestive cancers are three to four times
higher along the Huai River basin compared with those in the
control areas (Wan et al., 2011). Nitrosamines and secondary
amines, which are mutagenic and carcinogenic (Bogovski
and Bogovski, 1981; Eichholzer and Gutzwiller, 1998), are
the predominant toxic compounds in the Jialu River and
its adjacent groundwater (Ma et al., 2012a). Comparative
genotoxicity of nitrosamine in drinking water DBPs showed
that genotoxic potencies of five nitrosamine DBPs in Salmonella

typhimurium and Chinese hamster ovary (CHO) cells showed
identical descending rank order for genotoxicity and were
highly correlated (Wagner et al., 2012). In addition, Wagner et
al. (2014) also found that the genotoxicity of analogous Nnitrosamines and N-nitramines relevant to CO2 capture
present a potential risk for contaminating airsheds and
drinking water supplies. Flumequine and nitroarenes are the
main contributors to the genotoxicity of adjacent groundwater
around the Jialu River because of their high soil permeability
and lateral seepage (Ma et al., 2012b). We reasoned therefore
that assessing the overall effects of these compounds will be
facilitated by investigating the cytotoxicity and genotoxicity of
the river water and its adjacent groundwater.
Numerous in vivo tests on the genotoxicity of water samples
were conducted, particularly using indigenous aquatic organisms such as fish (Bahari et al., 1994; Alsabti and Metcalfe, 1995;
Minissi et al., 1996), sea urchins (Hose et al., 1983), mussels
(Ericson et al., 2002; Klobucar et al., 2003), oysters (Burgeot et al.,
1995), newts (Jaylet et al., 1986; Fernandez et al., 1993), and
marine worms (Jha et al., 1995). Nevertheless, because of the
insensitivity of aquatic organisms to genotoxic compounds
and complexities involved in manipulating these organisms
in the laboratory, the application of in vitro genotoxic tests of
water samples is more helpful for investigating the presence
and distribution of genotoxins (Ohe et al., 1993; Eckl, 1995;
Schnurstein and Braunbeck, 2001). For example, the Ames
test was used to demonstrate a dose-dependent increase of
five orders of magnitude in the number of TA98 revertants
associated with industrial effluent extracts, as well as a
lower but significant increase of three orders of magnitude
associated with river water extracts 6 km downstream (Cerna
et al., 1996). Blue rayon extracts collected downstream of
wastewater treatment plants from the Katsura, Nishitakase,
and Kamo rivers induce a higher frequency of sister chromatid
exchange in cultured Chinese hamster lung cells than those
collected upstream, with and without metabolic activation
(Ohe et al., 1993).
Although numerous in vitro studies demonstrate the
genotoxicity of polluted waters, mutations that play important roles in tumor development are not well documented.
Human–hamster hybrid (AL) cells stably express a single
copy of the human chromosome 11, which encodes the CD59
cell surface antigen, rendering AL cells sensitive to killing
by specific monoclonal antibodies in the presence of rabbit
serum complement (Hei et al., 1998). These hybrids were used
to detect the mutagenic effects of ionizing radiation (Wu et al.,
1999; Hong et al., 2010) and chemicals (Bao et al., 2009; Zhao
et al., 2011). For example, a 50-fold increase in mutations
at the CD59 locus occurs compared with the HPRT locus in
crocidolite-treated AL cells (Hei et al., 1992). Other studies
using this system demonstrated that arsenic, which was
considered a serious contaminant of drinking water and
a nongenotoxic carcinogen for decades, is actually a strong
mutagen (Jacobson-Kram and Montalbano, 1985; Lee et al.,
1985; Hei et al., 1998; Kessel et al., 2002). Similarly, the
mutagenicity of cadmium (Filipic and Hei, 2004) and asbestos
fibers (Xu et al., 1999, 2002) in contaminated environmental
compartments (sediment, water, and air) was demonstrated
using the AL mutagen detection system. Meanwhile, using
the Ames test, raw water and drinking water samples from
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the Yangtze River-based Waterworks C possessed higher
mutagenicity than those from Taihu Lake-based Waterworks
A and B (Xiao et al., 2017). Zetouni et al. (2017) also found that
in the Ames test without S9, whole acid extractable organics
in oil sands process-affected water was mutagenic in TA98
and TA100 strains above 10 × concentrations. Co-incubation
with S9 had little effect on TA100, but resulted in bioactivation
at midlevel doses (1.5–6.3 ×) and protection at higher doses
(10–25×) in TA98. In addition, Dong et al. (2017) found that
ozonation of wastewater with high Br− and I− levels may yield
organics with lower genotoxicity to CHO cells than chlorinebased disinfection. As two trihaloacetaldehydes commonly
detected in disinfected water, bromal hydrate exhibited
mutagenic activity in the Salmonella strain TA100 and induced
statistically significant Deoxyribonucleic acid (DNA) lesions in
CHO cells as shown in the comet assay and did not induce
micronucleus formation in CHO cells. In contrast, chloral
hydrate did not exhibit statistically significant genotoxic
effects in any of the three assays (Manasfi et al., 2017).
Although mutagenicity and genotoxicity of source water,
wastewater, and DBPs have been proven by S. typhimurium
reversion assay (Ames Test) and CHO cell line, the exploration
of water in actual environment was not developed using AL
cells. It was well known that the mutagenicity of a substance is
often a prerequisite to induce malignant transformation, and
the accumulation and evolution of mutant genes promote the
transformation of a cell to a malignant phenotype (Muhlbauer
et al., 2003; Petitjean et al., 2007). Here we used the AL cell
system to assess the cytotoxic and mutagenic potential of
the Jialu River and its adjacent groundwater as well as
the influence of different hydrological periods on these
attributes. Further, our study provides essential
information that enhances our understanding of the
origin, dispersion, and biological effects of water samples
from polluted areas.

1. Materials and methods
1.1. Sample collection and preparation
In Fugou County, Henan Province, China, the M and N sampling
sites shown in Fig. 1 were chosen as the study area. The Jialu
River flows across site M. The soil in this study area is mainly
composed of silt, fine, and medium sand; therefore, it is highly
permeable. In September 2009 and March 2010, river water
samples in the Jialu River (SM-1, 34.157 N, 114.336 E) and samples
of its adjacent groundwater (SM-2, <1 km from the Jialu River,
34.147 N, 114.361 E) were collected from the M sampling site.
Meanwhile, three groundwater samples (SN-1, 34.297 N, 114.491
E; SN-2, 34.299 N, 114.492 E; and SN-3, 34.296 N, 114.490 E) were
collected from the N sampling site, which is approximately
20 km from the Jialu River.
All groundwater samples were collected from wells with
depths < 10 m (shallow aquifers). There was no rainfall during
the sampling periods or at least 1 week before sampling.
Samples were collected in amber glass bottles, and on the
day of collection, they were filtered through a glass microfiber filter (GF/C, 1.2 μm; Whatman, Maidstone, UK), and
HCl was used to adjust the pH of the samples to 3.0 to
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Fig. 1 – Study area and sampling locations. A river water
sample (SM-1) and an adjacent ground water sample (SM-2)
were collected from site M. Another three ground water
samples (SN-1, SN-2, SN-3) was collected from site N.

facilitate the extraction of mixtures of potentially toxic polar
compounds.
We collected 100 L of each water sample, from which 2 L of
each water sample was extracted using an Oasis HLB cartridge.
Before extracting each 2-L water sample at 5–10 mL/min, Oasis
HLB cartridges (6 mL, 500 mg; Waters, USA) that retain diverse
polar compounds were conditioned with 10 mL hexane, 20 mL
acetone, 10 mL methanol, and 10 mL ultrapure water. These
cartridges were kept on ice and transported to the laboratory
where they were dried using N2 gas. Each cartridge was eluted
with 20 mL acetone, and the eluates were dried under a gentle
flow of N2 gas. The five crude concentrated water samples
were dissolved in DMSO (20 μL).

1.2. Cell culture and exposure to water samples
AL cells were maintained in Ham's F-12 medium supplemented
with 8% heat-inactivated fetal bovine serum, 25 μg/mL gentamicin, and 2 × 10−4 mol/L glycine. Cells were incubated at 37°C
in an atmosphere containing 5% CO2 in a humidified incubator
and were passaged as previously described (Hei et al., 1998).
Exponentially proliferating AL cells were incubated with 0, 1, 10,
and 50 mL/mL (mL of water sample per mL fresh medium) water
samples in 60-mm-diameter petri dishes for 1, 8, and 16 days.
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1.3. Clonogenic assay
After exposure to water samples, cells were washed once with
phosphate-buffered saline (PBS), trypsinized, and replated
in 60-mm-diameter petri dishes to determine the number of
colonies. In an independent experiment, three dishes per
concentration were conducted. After incubation for 7–10 days,
cultures were fixed and stained with Giemsa. The number of
colonies (> 50 cells) was counted to determine survival fraction
(Hei et al., 1992).

1.4. Mutagenesis assay
After exposure to water samples, cells were added to 60-mmdiameter petri dishes and subcultured for another 7–14 days
to allow surviving cells to recover from the temporary growth
lag caused by the water samples and to sufficiently proliferate
to prevent the progeny of mutated cells from expressing
lethal amounts of CD59. To determine the fraction of mutants,
5 × 104 cells per dish were added to six 60-mm-diameter
petri dishes in 2 mL of growth medium, as previously
described (Hei et al., 1988, 1992, 1997). In an independent
experiment, three dishes per concentration were conducted.
After incubation for 2 hr, cultures were treated with 0.3%
CD59 antiserum and 1.5% (V/V) freshly thawed complement
(Merck, Darmstadt, Germany). After continuous incubation
for 7 days, cultures were fixed and stained, and the number
of CD59− mutant colonies was counted. Dishes containing
antiserum alone, complement alone, or neither served as
controls. The mutant fraction was defined as the number of
surviving colonies divided by the number of plated cells, after
correction for any nonspecific killing caused by complement
alone, and is expressed as the number of mutants per 105
clonogenic cells.

1.5. Micronucleus assay
The cytokinesis-block technique was adopted to assess
the frequency of micronuclei (MNs), as previously described
(Fenech, 2000). After exposure to water samples, approximately 3 × 104 cells were added to 35-mm-diameter petri
dishes. In an independent experiment, three dishes per
concentration were conducted. After incubation (2 hr), the
growth medium was replaced with fresh medium containing
2.5 μg/mL cytochalasin B (Sigma-Aldrich, St. Louis, MO, USA),
and plates were incubated for 30 hr. Cells were rinsed twice
with PBS, fixed using 9:1 (V/V) methanol:acetic acid for
20 min, and stained with 0.01% (W/V) acridine orange for
5 min. Micronucleated cells in binucleated (BN) cells were
assayed using a fluorescence microscope (Olympus1X71,
Tokyo, Japan) and identified according to their morphology.
At least 1000 BN cells were scored, and the frequency of
micronucleated cells per 1000 BN cells was calculated.

1.6. Statistical analysis
Data were pooled from at least three independent experiments and represented as the mean ± standard error of the
mean. The significance of differences in the data was assessed
using one-way analysis of variance with Fisher's post hoc least

significant difference test. A p value of ≤ 0.05 was considered
significant.

1.7. Theories and models
As an efficient computational tool, artificial neural networks
(ANNs) have been successfully applied to solve many scientific and engineering problems such as pattern classification
(Dunne, 2007), function approximation (Huang et al., 2006),
and medical diagnosis (Wang et al., 2009). To model the
mutagenic dispersion of water, here we adopted multilayer
perceptrons (MLPs), which are frequently used ANNs, because
they perform well in modeling various types of functional
relationships. Generally, MLPs comprise three types of neuron
layers as follows: input, hidden, and output.
Variables studied here represent the distance from the Jialu
River, the exposure concentrations, and time, which naturally
comprise a three-neuron input layer and one response
covariate, the mutant fraction, which naturally forms a oneneuron output layer. To capture the nonlinear relationship
between the three variables and the mutant fraction, we
designed one hidden layer with 10 neurons between the input
and output layers. Overall, MLPs with a network structure of
3–10-1 were used to model the mutagenic dispersion of water,
which can be mathematically represented as follows:
0
1
!
10
3
X
X
w j1 f
wij xi þ θ0 j þ θ1 A; x ¼ ½x1 ; x2 ; x3 
O ¼ f@
j¼1

i¼1

where xi, i = 1,2,3, represents the distance, exposure time, and
concentration variables, respectively, O represents the toxicity
index, and f is an activation function (sigmoid). The parameters wij and wj1 represent the connection weights from the
input layer to the hidden layer and from the hidden layer
to the output layer, respectively, and θ0j and θ1 represent the
thresholds of the jth neuron in the hidden and output layers,
respectively. These parameters were learned according to a
widely used resilient back propagation learning algorithm
(Anastasladis et al., 2005). To avoid the cross-influence between
high-and low-flow periods, mutagenic dispersion models for the
two hydrological periods were separately established according
to the MLPs.

2. Results and discussion
2.1. Water samples collected during high- and low-flow periods
differ in cytotoxicity
Colony formation assays are widely used for detecting the effects
of ionizing radiation and chemicals (Bao et al., 2009; Chen et al.,
2009). There was less difference in cytotoxicity when AL cells
were exposed to 1 mL/mL water samples, independent of the
hydrological period, distance from the Jialu River, or exposure
time (Fig. 2). However, the cytotoxicity of these water samples
markedly differed between high- and low-flow periods when
exposure concentrations were increased to 10 and 50 mL/mL.
For example, compared with samples acquired during the lowflow period, survival fractions of AL cells were much lower when
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exposed to an extract that contained organic residues from SM-1
and adjacent SM-2 water samples during the high-flow period
(Fig. 2a and b). In contrast, the cytotoxicity of the SN water
sample located 20 km from the Jialu River was higher during the
low-flow period compared with that during the high-flow period
(Fig. 2c). These results were partially consistent with another
study that showed that at the site located upstream, pollutant
concentrations during the high-flow period were greater than
those during the low-flow period because of runoff from the
basin and redissolution and resuspension of the sediment.
However, in the site located downstream of the river, greater
discharge of water caused greater dilution of pollutant concentrations during the high-flow period than that during the
low-flow period (Chen et al., 2010).

2.2. The cytotoxicity of groundwater is influenced by the
infiltration of Jialu River water
There were not only differences in the cytotoxicity of water
samples between high- and low-flow periods but also a
significant difference associated with the increasing distance
from the Jialu River. Cell viability values in the 10 mL/mL SM-1
and SM-2 water samples for the 8-day treatment group were
significantly decreased to 21.84% ± 9.44% and 31.06% ± 2.58%
during the high-flow period, respectively (Fig. 2a and b).
However, at the N sampling site during the high- or low-flow
period, the survival fraction of AL cells was slightly changed
with increased exposure time (Fig. 2c). Further, during the highflow period, AL cell viability was decreased to 10.67% ± 0.74%
and 20.55% ± 6.09% when exposed to 50 mL/mL SM-1 and SM-2
water samples for 1 day (Fig. 2a and b). In contrast, the change
in the value of 50 mL/mL SN water sample was not significant
(Fig. 2c). Similarly, after exposure to 50 mL/mL SM-1, SM-2, and SN
water samples collected during the low-flow period for 1 day, AL
cell viability was remarkably decreased to 0%, 19.74% ± 10.49%,
and 53.69% ± 12.96%, respectively (Fig. 2). These data indicate
that the cytotoxicity of polluted river water was higher than
that of groundwater and that the groundwater in the Jialu River
basin was influenced by river water because of the potential
leaching from the river water.

2.3. The mutagenic potential of water samples did not
significantly differ during high- and low-flow periods
AL cell line is an ideal model for genotoxicity assays because of
its high sensitivity to organic (Bao et al., 2009; Zhao et al., 2011)
and inorganic mutagens (Xu et al., 1999; Liu et al., 2001). Our
comparisons of the mutagenic potential of water samples from
high- and low-flow periods show that the hydrological period
did not affect the mutagenic potential of groundwater in the
Jialu River basin. For example, when AL cells were exposed to
SM-1 water samples from high- or low-flow period, the mutant
fractions were not dramatically influenced (Fig. 3a and b).
Moreover, during the high-flow period, the mutant fraction was
significantly increased to 188 ± 39 mutants per 105 survivors

Fig. 2 – Effect of SM-1 (a), SM-2 (b), SN (c) water samples on
survival fraction in AL cells in high- and low-flow periods.
Data were pooled from three independent experiments.
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Fig. 3 – Effect of SM-1 (a, b), SM-2 (c, d), SN (e, f) water samples on CD59− mutants in AL cells in high-flow period (a, c, e) and in
low-flow period (b, d, f). Data were pooled from three independent experiments and analyzed with one-way Analysis of
Variance (ANOVA). * and ** indicated p < 0.05 and p < 0.01, respectively. Error bars indicate Standard Error of Mean (SEM).

from 46 ± 7 mutants per 105 survivors in the corresponding
control group, when AL cells were treated with the 50 mL/mL
SM-2 water sample for 1 day (Fig. 3c). Similarly, during the lowflow period, the mutant fraction of the 50 mL/mL SM-2 water
sample of the 1-day treatment group was significantly increased to 240 ± 20 mutants per 105 survivors from 108 ± 13
mutants per 105 survivors in the corresponding control group
(Fig. 3d). When AL cells were treated with SN water samples
collected during the high- or low-flow period, the mutant
fractions increased as a function of time and concentration,
independent of the flow period (Fig. 3e and f).

2.4. Mutagenic potential was detected earlier in groundwater
samples near the Jialu River
Although there was no significant difference between the mutagenic potential of water samples acquired during high- and

low-flow periods, there was a significant association with
the distance from the Jialu River. For example, the mutagenic
potential of groundwater samples located <1 km from the Jialu
River was significantly increased in a concentration-dependent
manner after a 1-day exposure (Fig. 3c and d). In contrast, the
SN water samples located 20 km from the Jialu River did not
exhibit detectable mutagenic potential after a 1-day exposure,
although mutagenic potential exhibited a tendency to increase
with increased exposure time and concentration (Fig. 3e and f).
Moreover, when exposed to 10 mL/mL SN water samples
collected during the high-flow period for 8 and 16 days, the
mutant fractions of AL cells were significantly increased to
112 ± 14 and 176 ± 23 mutants per 105 survivors from 69 ± 7
and 89 ± 12 mutants per 105 survivors, respectively (Fig. 3e).
These findings reveal that significant genotoxicity of SN water
samples was detected relatively later than SM-2 water samples,
indicating that residents near the Jialu River may be more
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prone to suffer from cancer. This may be explained by findings
that pollutant concentrations of the groundwater in areas
near the Jialu River are higher than those in distant areas (Ma
et al., 2012a).
Further, with prolonged treatment during the high- or lowflow period, the mutagenic potential of the SM-2 water sample
decreased because of its high cytotoxicity (Fig. 3c and d),
which was similar to that of the SM-1 water sample (Fig. 3a
and b). It was speculated that perhaps cells treated with
highly cytotoxic water samples enter into apoptotic pathways
and avoid DNA mutagenesis. The river water in the Jialu River
basin is seriously polluted from wastewater generated by
industrial, agricultural, and domestic sources (Zhang et al.,
2009, 2011). Therefore, our results provide direct evidence that
justify further studies of the cause of the high incidence of
digestive system carcinoma in this area.

2.5. Confirmation of the genotoxicity of groundwater in the
Jialu River basin
The MN assay is widely used as a cytogenetic assay to assess
in vivo or in vitro chromosomal damage (Kirsch-Volders et al.,
2000; Grisolia and Starling, 2001; Giri et al., 2011). DNA damage,
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which causes mutations, is implicated in the initiation and
promotion of carcinogenesis (Rossman and Klein, 1988; Kryston
et al., 2011). To support the positive results obtained using
the CD59 mutant assay, the MN assay was performed to
determine MN frequencies of the water samples whose mutant
fractions were significantly increased compared with their
corresponding controls.
The average MN frequencies induced by the 50 mL/mL SM-2
water samples during high- and low-flow periods for 1 day
were significantly increased to 3.39% ± 0.03% and 3.20% ± 0.17%
from 2.27% ± 0.14% and 1.94% ± 0.12%, respectively, compared
with their corresponding controls (Fig. 4a and b). Further, after
AL cells were exposed to SN-1 water samples collected during the
high-flow period for 16 days, the mutant fraction of the control
group was 91 ± 7 mutants per 105 survivors, and the mutant
fraction of the 50 mL/mL treatment group was significantly
increased to 222 ± 44 mutants per 105 survivors (Appendix A
Table S3). The MN assay data show that MN frequencies in the
10 mL/mL and 50 mL/mL treatment groups were significantly
increased to 2.61% ± 0.28% and 3.02% ± 0.14%, respectively,
from 1.81% ± 0.03% in the corresponding control group (Fig. 5),
which support the genotoxicity data.

2.6. Modeling the dispersion of the mutagenic potential of the
river water and adjacent groundwater in the Jialu River basin
We reasoned that suitable mathematical models might facilitate the evaluation of the dispersion of genotoxic potential
because of the limited data acquired from sampling sites and
provide a basis for improved interventional approaches to treat
and prevent. The mathematical models employed for aquatic
environmental risk assessment are recognized for their value in
predicting the behavior and fate of contaminants in river water
(Johnson et al., 2008; Zhang et al., 2011).
In the present study, the dispersion of the mutagenic
potential of the Jialu River and its adjacent groundwater
was evaluated using an ANN model. ANNs are representative
machine-learning techniques based on the neural structure
of the brain (Shon and Moon, 2007) and are considered as

Fig. 4 – Effect of SM-2 water sample on micronuclei (MN)
frequency in AL cells in high-flow period (a) and in low-flow
period (b). Data were pooled from three independent
experiments and analyzed with one-way ANOVA.
** indicated p < 0.01. Error bars indicate SEM.

Fig. 5 – Effect of SN-1 water sample on MN frequency in AL
cells in high-flow period. Data were pooled from three
independent experiments and analyzed with one-way
ANOVA. * and ** indicated p < 0.05 and p < 0.01, respectively.
Error bars indicate SEM.
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Fig. 6 – Simulated dispersion of the mutagenic potential with increasing distance from the Jialu River in 1, 8, and 16 days based
on artificial neural networks (ANNs) model.

powerful forecasting tools for modeling highly complicated
relationships compared with traditional modeling techniques
(Awchi, 2014). Further, a key advantage of this model is that it
can directly predict output values from input values only after
training and validation steps. Moreover, another most important advantage of the ANN model is that suitable ANNs
can be selected for precise modeling because of their ability
to accurately generate function approximations using small
data sets, such as feed forward MLPs. Therefore, ANNs have
been employed in numerous applications, including river flow
forecasting (He et al., 2014), rainfall–runoff modeling (Shoaib
et al., 2014), water quality forecasting (Wu et al., 2014), and
prediction of groundwater pollution from nearby chicken
farms (Karadurmus et al., 2012). Further, ANNs have been
employed to predict the effects of pH levels on the toxicity of
fatty acid amides and fatty acids (Bertin et al., 2014) and to
model the toxicity of chemicals to Tetrahymena pyriformis
(Kahn et al., 2007), which illustrate the toxicological aspects of
the application of ANNs.
To better assess the diffusion of groundwater pollution,
the following scenario was simulated: the constant variation
in the mutagenic potential of groundwater in the Jialu River
basin during high- and low-flow periods. The predicted
mutant fractions of AL cells exposed to groundwater in the
Jialu River basin under different scenarios are shown in Fig. 6.
The results, which are based on the mutant assay applied to
the scenario of the mutagenic potential of AL cells, demonstrate that the variance in mutant fractions could be plotted
as parabolic curves with increasing distance from the Jialu
River. In the estimated modeling that mimics likely scenarios
of the dispersion of organic residues from river water to
groundwater, the mutagenic risk steadily increases with
increasing distance of < 10 km from the Jialu River. However,
when groundwater samples were acquired from multiple sites

>10 km away from the Jialu River, the mutagenic potential
decreased with increasing distance (Fig. 6). These observations suggested that groundwater with the highest mutagenic
potential was located approximately 10 km from the Jialu
River, where residents needed the most protection against
groundwater and polluted foods. This will provide a foundation
for developing strategies for improving river water, preventing
further pollution, and implementing measures to protect public
health.

3. Conclusion
Here we used a highly sensitive in vitro mutagenicity detection
system to investigate the cytotoxic and mutagenic potential
of water samples in the Jialu River and its adjacent groundwater as well as their relationships with the hydrological
periods and the distance from pollution source. We modeled
the dispersion of mutagenic potentials according to an ANN
and found that the highest mutagenic potential of groundwater was present in an area distant from the Jialu River.
Although further investigation on the identification of the
spatial dispersion of mutagenic potential is required, our data
significantly contribute to our understanding of the origin,
dispersion, and biological effects in vitro of water samples from
polluted areas.
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