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A new bacterial genotoxicity detection strain was constructed, in which the cell lysis gene of SRRz from
a lambda phage was controlled by a new designed SOS responsive element, designated as Escherichia
coli BL21/pUC-PST. The biosensor responded only after 0.5 h contact with mutagens and the changes in
cell culture turbidity could be easily differentiated with the naked eyes from the control sample. This
SOS/SRRz system presented a dose-dependent manner to five model DNA-damaging agents with an
improved detection sensitivity. The limits of detection (LODs) were 0.026 uM for mitomycin C, 320.4 uM
for azinphos-methyl, 34.4 puM for methyl methanesulfonate, 4.6 uM for dithianone and 6.0 uM for
dichlofluanid, which were much lower than previously reported. By performing binary and ternary
mixture experiments, the toxic equivalency concept was validated in the E. coli SOS/SRRz system by
comparison with bioanalytical equivalent concentrations (BEQ) and overall toxic equivalent
concentration (TEQmixture) UsiNg Cr(v) as the reference compound. Pearson analysis indicated that

a strong correlation existed between the TEQmixture and BEQ values. Thus the TEQumixure could be
Received 9th August 2019 ted as the Cr{v) equivalent tration from its dose—effect lysis profiles for the envi tal
Accepted 19th October 2019 presented as the Cr(v) equivalent concentration from its dose—effect lysis profiles for the environmenta
sample. The proposed genotoxicity reporter strain allows for easier qualitative characterization and

DOI: 10.1039/c9ra06202e quantitative interpretation of the TEQmixwure Values using Cr(v) as the reference for environmental water
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1. Introduction

The advancement of industrialization and agricultural activi-
ties produces various chemicals and has posed high health
and environmental risks for their uncontrolled discharge to
the air, soil and water. Many thousands of chemicals,
including pharmaceutical products, pesticides and petroleum
products, are mutagenic or cancerogenic because of their
ability of inducing inheritable somatic mutations." These
chemicals are often presented in trace amounts in the envi-
ronment. There is a widespread desire to evaluate the geno-
toxicity and carcinogenicity of these chemicals. Although
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many modern chemistry analysis methods, such as mass
spectrometry, have been developed, it remains impracticable
to monitor every chemical presented in samples because of
limitations in analytical capacity, complexity, cost and time.*?
Moreover, these chemical monitoring methods are generally
targeted to specific individual or groups of compounds, and do
not provide information about health impacts or cumulative
effects from complex mixture interactions.* These push
forward the development of sensitive, cost-effective and rela-
tively simple bacterial bioassays which can indicate the pres-
ence of unknown genotoxic chemicals, also estimate the
contribution of unknown chemicals and chemicals below
detection limits to the overall mixture effect.

Bacteria have been proved to be more attractive to be used
in mutagenicity assays than methods based on tissue culture
and animal experiments, i.e. micronucleus test and comet
assay. In vitro bacterial genotoxin assays are useful methods
to evaluate the genotoxic properties of compounds due to
their sensitivity, simplicity and flexibility. Bacterial genotox-
icity tests are generally classified into two classes, gene
mutation assays (Salmonella and E. coli), including reverse
and forward mutation assays>® and DNA-damage assays,

This journal is © The Royal Society of Chemistry 2019
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including the SOS test systems”® and umu-test.” The SOS
Chromotest, developed at Pasteur Institute (France), was
activated by DNA damage and respond to genotoxic chem-
icals.” The method was standardized according to the
International Standardization Organization (ISO) (ISO/CD
13829) (ISO, 2000) and DIN (DIN 38415-3). Now, it has been
extensively employed to investigate and monitor genotoxicity
in different environmental samples including tap water,"
reclaimed wastewater'” industrial wastewater® and airborne
particles. The SOS Chromotest assays were adapted to a 96-
well microplate for high throughput screening of samples in
the early of 1990s.**

In the common SOS Chromotest assays, a reporter gene lacZ
under the SOS responsive promoter of umuDC or sfiA” is
induced and expressed when the test strain was exposed to
chemical carcinogen. Then it is possible to check the inductivity
of reporter gene expression by measuring the B-galactosidase
activity using UV/vis spectrometry or fluorometry."” However,
the SOS test system is unable to direct evaluate samples con-
taining a high concentration of chromophoric or colored dis-
solved organic matters because it depends on the
spectrophotometric detection.'® In addition, enzyme extraction
is another key-step in the SOS/umu bioassay to measure the -
galactosidase activity. Conventional protein extraction deter-
gents, such as sodium dodecyl sulfate (SDS) and the combina-
tion of SDS with Z-buffer, have been widely used in umu test.
Due to the report that SDS treatment may result in the dena-
turation of B-galactosidase,'® a more effective and commercially
available protein extraction detergent, BugBuster Master Mix
containing nuclease and lysozyme, was applied to the SOS
Chromotest assay.>

Mitomycin C (MMC) and methyl methanesulfonate (MMS)
are direct-acting alkylating agents that may induce SOS
response in E. coli through forming cross-links to adjacent
guanines in DNA.?"*> MMC may strongly induces the SOS
response, while MMS showed lower mutagenic activities in
the SOS/umu-test.">*"**> Azinphos-methyl is classified by the
World Health Organization (WHO 2010) as groups 1 (acute
toxicity) and 3 (environmental toxicity). Results indicated
that the azinphos-methyl might induce mutation through
frameshift mutation and pair base substitution.>® While in
some studies the response is negative,** and in another it is
weak positive.*® Dithianon and dichlofluanid have been used
as multi-site contact fungicides since 1965. The previous
study showed that dithianon and dichlofluanid were geno-
toxic.>?® However, the Joint FOA/WHO meeting concluded
the contradictory data that dithianon is unlikely to be geno-
toxic in vivo.*”

In this study, a new SOS response element was designed to
control the expression of phage-derived SRRz lysis gene. The
applicability of developed SOS/SRRz system was evaluated by
comparing its performance with the conventional SOS/umu
bioassay through examining the genetic toxicity of some pure
chemicals and their combinations. The results suggest that the
SOS/SRRz system may be useful for evaluating genotoxicity of
chemical carcinogens.
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2. Experimental section

2.1 Chemicals and reagents

Mitomycin C (MMC, CAS 50-07-7), methyl methanesulfonate
(MMS, 66-27-3), azinphos-methyl (CAS 86-50-0), dithianone (CAS
3347-22-6), dichlofluanid (CAS 1085-98-9), 3,4-benzo[a]pyrene
(BaP, CAS 50-32-8) and 2-aminoanthracene (2-AA, CAS 613-13-8)
and dimethyl sulfoxide (DMSO, CAS 67-68-5) were all purchased
from Sigma-Aldrich (St. Louis, MI, USA). All other chemical
reagents used were analytical grade and purchased from stan-
dard companies. For lower water solubility, the tested chemicals
were dissolved in DMSO followed by dilution with PBS to working
concentration. The final DMSO working concentration was kept
at 8% using serial dilutions with DMSO-PBS mixture.

For molecular cloning manipulation, DNA polymerase of
PrimeSTAR was purchased from TaKaRa (Dalian, China). Fast-
Digest restriction enzymes were obtained from Fermentas of
Thermo Scientific (Waltham, MA, USA). SanPrep Column
Plasmid Mini-preps Kit and SanPrep Column PCR Product
Purification Kit (Sangon, Shanghai, China) were used for the
preparation of plasmids and PCR products.

2.2 Construction of genotoxin-inducible vector

The genotoxin responsive vector, pUC18-PST, was constructed as
shown in Fig. 1A. For the construction of genotoxin-inducible
promoter (Pgospox, Fig. 1B), two complementary oligonucleotides
(5'-GCTTATTGACATGCTGGCAAGAACAGACTACTGTATATAAAAA-

CAGTATACTCGAGG-3' and 5-AATTGGTCGAGTATACTGTTTTTA-
TATACAGTAGTCTGTTCTTGCCAGCATGTCAATA-3') were chemic-
ally synthesized and mixed in equal molar amounts. The mixture
was heated at 95 °C for 5 min and gradually cooled to 25 °C within
an hour. The common terminator (T7) was obtained using the
similar procedures (5-AATTCTAAGTCCATGGCAAAAAACCCCTCA
AGACCCGTTTAGAGGCCCCAAGGGGTTATGCTA-3', 5'-CATGTAGC
ATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCC
ATGGACTTAG-3', Fig. 1C). The resulting double-stranded DNA
fragments containing the SapI-EcoRI and EcoRI-AfIIII overhangs for
Poosbox and T7, respectively. The annealed parts were phosphory-
lated by Shrimp Alkaline Phosphatase (rSAP, New England Biolabs,
Ipswich, MA, USA), and ligated through the EcoRI sticky ends.
Then the ligation product was inserted between the SapI and AfIIII
sites of pUC18 (TaKaRa, Dalian, China), generating the plasmid
pUC18-PT. The SRRz cluster (1540 nt) from Enterobacteria phage A
was synthesized by Sangon Biotech (Shanghai, China) and inserted
into pUC18-PT to yield pUC18-PST (between the Xhol and Ncol
sites). The construction vector was chemically transformed into
Escherichia coli (E. coli) BL21 (Novagen, Madison, WI, USA),
generating BL21/pUC18-PST as genotoxin tester strain.

2.3 Cell viability determination

The recombinant E. coli BL21 cells harboring pUC18-PST were
cultured overnight at 37 °C in Luria-Bertani (LB) medium (1%
tryptone, 0.5% yeast extract, 1% NaCl) supplemented with 100
pg mL ™' ampicillin. Saturated overnight cultures (in the range
of ODg 2.0-3.0) were diluted 100-fold into test tube containing
fresh cells and grown at 37 °C, 250 rpm for about 1.5 h to reach
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Fig.1 Construction of the new SOS response vectors. (A) The promoter (P) was first ligated with the T7 terminator through the EcoRl site, then

inserted between the Sapl and Afllll sites of pUC18 (in the backbone), yie
the Xhol and Ncol sites of pUC18-PT to obtain pUC18-PST. (B) SOS resp

lding pUC18-PT. The doubly digested SRRz gene was inserted between
onsive promoter sequence. (C) T7 terminator sequence. The gray bases

indicated that were not synthesized, and the restriction sites were underlined. The SOS-box sequences were boxed.

an ODgq of 0.3-0.4. 198 pL aliquots of cell culture were trans-
ferred to 96-well microplates (round-bottom, Corning, NY). 2 uL
of different chemicals or mixture were then added to each well.
0.1 uM MMC, 600 uM azinphos-methyl, 150 uM MMS, 18 pM
dithianone and 10 pM dichlofluanid were used, respectively in
cell viability determination.

The contents of the wells were mixed and covered with a lid.
After incubation at 37 °C at 250 rpm in a shaker equipped with
accessories specially for shaking 96-well plates (Zhichu,
Shanghai China), cell density was measured as turbidity at
600 nm at indicated interval time using a SpectroMAX® M5
Microplate reader (Molecular Devices, Sunnyvale, CA, USA). The
cell viability for each chemical was calculated by the absorbance
at 600 nm of the sample divided by the absorbance of the
controls (DMSO added into the cell culture) at the same time

(eqn (1)).
ODgqo (chemical)

Cell viability = ODgp (DMSO)
600

1)

2.4 B-Galactosidase activity assays

The B-galactosidase activity was assayed as previous method®
with minor modifications. The reaction system consisted of
0.2 mL cell lysates and 0.4 mL 4 g L™ o-nitrophenyl-B-p-gal-
actopyranoside (ONPG; Sigma, St. Louis, MO, USA) dissolved in
0.1 M phosphate buffer, pH 7.0 and 1.8 mL of buffer B (16.1 g
Na,HPO,, 5.5 g NaH,PO,-H,0, 0.75 g KCl, 0.25 g MgSO, - 7H,0,
1 g sodium dodecylsulfate, 2.7 mL B-mercaptoethanol in 1 L
H,O0, pH = 7.0). After incubated at 28 °C for 20 min, the reaction
was terminated by the adding 1.6 mL of 1 M Na,CO;. The
absorbance at 420 nm and 550 nm were recorded and the B-
galactosidase activity is calculated according to the ref. 15:

35664 | RSC Adv., 2019, 9, 35662-35670

1000 x (A42() —1.75 x A550)

1 unit =
t X v x ODgqp

(2)

where: A4, the absorbance of the yellow o-nitrophenol. 4ss,
the scatter from the cell debris. ¢, reaction time in minutes. v,
assayed sample volume in milliliters. ODgq0, cell density.

2.5 Dose-lysis profile measurement

The overnight culture of E. coli BL21/pUC18-PST (in the range of
ODyg 2.0-3.0) was diluted with fresh LB medium containing 50
pg mL~" ampicillin and grown at 37 °C to the early exponential
phase, followed by the addition of isopropyl [-p-1-thio-
galactopyranoside (IPTG) to a final concentration of 0.1 mM to
induce the indigenous B-galactosidase expression. After 1 h
induction, specific concentrations of test chemicals (MMC,
MMS, azinphos-methyl, dithianone, dichlofluanid or K,Cr,0-)
were added to the cell cultures and incubated at 37 °C for
another 2 h. The supernatant was harvested by centrifugation
for extracellular B-galactosidase activity assay. The cell pellets
were recovered and resuspended in equal volume of 0.1 M Z
buffer (pH 7.5) to release intracellular B-galactosidase. The lysis
efficiency (LE) was derived from comparing the extracellular
enzyme activity to the sum of the extracellular and intracellular

activity (eqn (3)).
Eextra

LEY% = ————
Eextra + Eintra

x 100% (3)
where: Ecxra, the extracellular B-galactosidase activity, unit.
Eintray the intracellular B-galactosidase activity, unit.

From the lysis efficiency, a log-logistic concentration-effect
curve (eqn (4)) can be fitted using Prism 8.0 software (GraphPad,
San Diego, CA, USA). The minimum values must be greater than

0.

This journal is © The Royal Society of Chemistry 2019
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Min. + Max. — Min. )

0/
LB = 1+ 1((log ECsp—x)slope

where: x, concentration of chemical. Max., maximum lysis effi-
ciency, %. Min., minimum lysis efficiency, %. Slope, slope factor.

After running this fitting program, the related parameters,
the maximum and minimum values, ECs, and slope are all
output automatically through Prism 8.0 software.

The genotoxic potency was also expressed as the induction ratio
(IR). The IR was defined as the ratio of the sample lysis efficiency
divided by the average lysis efficiency of the control (DMSO).

LE(chemical)

R=_———=J_
Ave LE(DMSO)

(5)
where: LE (chemical), lysis efficiency of specific chemical at
given concentration. Ave LE (DMSO), average lysis efficiency of
the cells mixed with DMSO.

The semi-logarithm concentration-induction ratio curves
were also plotted through the log-logistic concentration-effect
curve in Prism 8.0 software. The EC;y, 5 values were deduced from
this nonlinear regression curve when IR is equal to 1.5 (eqn (6))

Max. — Min

IR = Min. + 1 ++ 10(log EC5o—ECiry.5)slope (6)

Limit of detection (LOD) is the lowest analyst concentration
likely to be reliably distinguished from the solvent and at which
detection is feasible. LOD is determined by utilizing both the
mean value and standard deviation (SD) when replicates of
a DMSO sample containing no analyte are tested (eqn (7)).2®

LOD = meanpmso 3 x SDDMSO (7)

2.6 Mixture experiments

For hexavalent chromium [Cr(vi)] is a known respiratory
carcinogen that is capable of interacting with DNA to yield
genotoxic and mutagenic effects,” it served as the reference
chemical in this study.

The toxic equivalency concept is a widely applied method to
express the toxicity of complex mixtures of compounds.®*® The
toxic equivalent concentration (TEQ) is the sum of the analyti-
cally determined concentration of chemicals sample i multi-
plied by each chemical's relative effect potency (ECiris ref/
ECiry.5:) in relation to a specific potent reference compound

[Cr(v1)] (eqn (8)).*

TEQuue = Z TEQ, = ZMG (®)
where C; represented the concentration of sample i.

The bioanalytical equivalent concentration (BEQ) for each
mixture sample is the sum of the potency-scaled concentrations
of unknown chemicals that have toxic action as the reference
compound and act concentration-additively. It is often calcu-
lated from the concentration-responsive curve of the reference
compound and translated into concentrations of the reference
compound.

This journal is © The Royal Society of Chemistry 2019
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Chemical mixture experiments were performed at a fixed
concentration of the chosen five model genotoxicants, and cell
lysis efficiencies induced by these chemicals were determined.

The correlation between the pair of TEQ-Cr(vi) and BEQuxture
was directedly computed by Correlation Matrix Analysis in
GraphPad Software, and the Pearson's correlation coefficient
(PCC) r and one-tailed p values were derived at the confidence
interval 95%. The PCC values were automatically output, which
was displayed as Spearman r in the GraphPad software.

Each experiment (individual compounds and mixtures) was
carried out in three independent replicates on different plates.

3. Results and discussion
3.1 Construction of SOS responsive cell lysis strain

The genotoxin responsive expression cassette was constructed
first (Fig. 1A). The SOS responsive promoter (Psosboxs 47 bp)
containing two consensus SOS-box sequences was obtained
through annealing of two chemically synthesized complemen-
tary sequences (Fig. 1B).** The sticky-end ligation was carried
out through the overhanging base pairs on the Pyo.pox promoter
and T7 terminator (Fig. 1C) to yield pUC18-PT. The SRRz lysis
gene cluster containing the XhoI-Ncol cohesive-ends was inser-
ted into pUC18-PT to generate the genotoxin detection vector of
pUC18-PST.

The promoter sequence from any of these genes could in
theory be coupled to a suitable reporter gene to create
a biosensor, but obviously the specific choices of the
promoter and reporter will greatly affect the performance of
the system. As many people know, SOS response is controlled
by the LexA repressor. Expression of the SOS genes depends
on the properties of LexA-binding sequence (SOS box) in the
promoter, which shares high homology but is distinct from
gene to gene. The preferred SOS response promoters in the
early SOS-based genotoxicity assays are from the recA, umuDC,
sulA and colD, and most of the length of these promoter
sequences are longer than 300 bp.*** There are many
redundant sequence for the SOS transcription initiation. In
this study, only 47 bp promoter sequence containing two re-
ported SOS boxes (deduced from umuDC"*') was employed
(Fig. 1B), which functioned normally and perfectly with low
leaky expression and good induced target expression. To our
best knowledge, this is the shortest SOS-inducible promoter
used in the genotoxin detection.

The high copy number of vector pUC18 was chosen as the
backbone for the expression of the lysis gene cluster SRRz from
bacteriophage Lambda in E. coli.** Phage lysis is a ubiquitous
biological process. The lysis cluster coding for holin (S),** endo-
lysin (R) and spanins (Rz and Rz1) could lead the E. coli to death.?

3.2 Characterization of genotoxicity-inducible bacterial lysis
system

To test the efficiency of the new constructed genotoxicant assay
strain, different strengths of genotoxic substances based on
previous research,” i.e. MMS, MMC, azinphos-methyl, ditha-
none, and dichlofluanid were employed. SOS induction was

RSC Adv., 2019, 9, 35662-35670 | 35665
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performed by measuring the cell density (ODgg0) over time in E.
coli BL21 and BL21/pUC18-PST treated with 0.1 pM MMC, 600
uM azinphos-methyl, 150 pM MMS, 18 uM dithianone and 10
uM dichlofluanid, respectively. Results showed that the cell
viability in the wild-type and recombinant E. coli strains was
significant distinct (Fig. 2). The cell viabilities dramatically
decreased to about 0.6 when BL21/pUC18-PST cells after 0.5 h
incubation with the different five mutagens, indicating that the
expression of SRRz was initiated because of the contact with
genotoxicants. As time went on, the cell viabilities of BL21/
pUC18-PST treated with MMC, azinphos-methyl and dichlo-
fluanid still decreased to various degrees (0.2-0.4) but later
started to increase again (Fig. 2A, B and E). For MMS and
dithianone treatments, cell viabilities did not rise but remained
at 0.4-0.6. The culture turbidity changes were the results of
SRRz expression induced by mutagens. However, the cell
viabilities for the wild-type E. coli BL21 without SOS-response
vector always remained above 0.9 during the entire test period
(4 h). The results implied that the five chemicals at the tested
concentrations were not cytotoxic to E. coli cells. It is worth
mentioning that the cell turbidities of the recombinant BL21/

View Article Online
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pUC18-PST cultured with genotoxins appeared to be much
clearer compared with that cells incubated with DMSO (Fig. 2F).
The changes in cell turbidity could be easily observed with the
naked eyes, indicating that the SOS/SRRz for genotoxicity
detection could be easily achieved without cumbersome steps
and advanced facilities. Cell growth curves of different strains
were determined and showed in Fig. S1.1 Results indicated that
the leaky expression of SRRz could be ignored for no apparent
difference in growth patterns between E. coli BL21/pUC-18 and
the cells containing pUC18-PST was observed.

In this study, no S9 mix (S9 microsomal fraction for meta-
bolic activation) was added as previous umu-test,*® which is an
important factor for efficient activation of indirect mutagens. It
was reported® that only 1 ug mL~" BaP and 0.3 ug mL ™" 2-AA
could result the induction of the umu operon in the presence of
S9 mix. However, 31.5 ug mL ™' BaP and 19.3 pg mL " 2-AA
could not initiate the SOS responsive SRRz expression in E. coli
BL21/pUC-PST (Fig. S21). This result implied that the con-
structed system was not suitable for detecting the promutagens.

Based on the SOS regulation mechanism, Quillardet” first
constructed the bacterial genotoxicity assays by means of

(A) (B) (C)
1.0 1.0 1.0
> B >
£ 0.8 £ 0.8 £ 0.8
Q0 o) Q0
© © ©
Z 0.6 Z 0.6 2 06
8 8 8
0.4 0.4- 0.4
02 T T T T T 0.2 T T T T T 02 T T T T T
0123475 012345 0123 4°5
Time/h Time/h Time/h
(D) / (B) / /
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> >
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Q Q
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0.4 0.4
02 T T T 0.2 T T T
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MMC Azinphos-methyl MMS

Dithianone Dichlofluanid

Fig. 2 Response of E. coli strains to genotoxicants. Cell viabilities of E. coli BL21/pUC18 (square) and BL21 containing the SOS-responsive lysis
vector pUC18-PST (circle) incubated with MMC (A), azinphos-methyl (B), MMS (C), dithianone (D) and dichlofluanid (E). (F) Cell culture turbidities
of E. coli BL21/pUC18-PST incubated with the tested chemicals for 1 h. "DMSO” indicated that cells were cultured with 8% DMSO. Cell viabilities

were calculated as egn (1). Experiments were done in triplicates.
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a sfiA::lacZ operon fusion in E. coli. The tester was rapid (a few
hours) and did not require survival of the tester strain as previous
Ames test.*” Later on, methods based on the activation of the
bacterial SOS response for the genotoxin detection have been
developed. The reporter elements could be lacZ (galactosidase),*®
luxCDABE (luciferase),®® phoA (alkaline phosphatase)*® and gfp
(green fluorescence protein),* which can be measured colori-
metrically, luminometrically, electrochemically or by emission of
fluorescence light, respectively. All these test systems seem to
have some practical advantages compared Salmonella/micro-
some assay.'®* However, the results obtained need a few hours and
some optical or electronic instruments. In this study, lysis cluster
SRRz were employed downstream of the SOS-responsive
promoter. When the recombinant E. coli cells incubated with
genotoxins, an obvious change occurring in cell culture turbidity
in 0.5 h could be easily seen with the naked eyes (Table 1). This
new constructed E. coli BL21/pUC18-PST have a great future in
genotoxin qualitative detection because of its low cost, short
time, good applicable without special equipment, etc.

3.3 Dose-effect of genotoxicity on cell lysis

In order to estimate the dose-effect of chemicals more accu-
rately, the B-galactosidase basically expressed in E. coli BL21 was
determined as the extracellular and intracellular activity.
Because B-galactosidase is endocellular enzyme, the detected
extracellular enzyme activity for E. coli BL21/pUC18-PST was the
result of cell lysis induced by mutagens.

As shown in the semi-log plots (Fig. 3), the test strain BL21/
pUC18-PST displayed an apparent concentration-dependent
cell lysis response to the five genotoxicants, which are previ-
ously reported as “positive” with at least one of the Ames tester

Table 1 Comparison of most commonly used for genotoxicity testing
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strains.” The cell lysis efficiencies reached the largest values at
the highest concentration used, which ranged from 67%
(dithianone) to 81% (MMS). For the tested chemicals are weakly
polar and nonpolar compounds, they were dissolved in DMSO.
The analytical noise resulted from DMSO in the absence of
tested chemicals were determined as 8.26 & 2.31%. LOD is
estimated by utilizing the eqn (7)*® and presented in Table 2.
The lowest LOD was observed as 0.026 uM for MMC using B-
galactosidase activities as the response parameters, which was
roughly comparable with the classical strain TA1535/pSK1002
possessing the plasmid with fused gene wmuC'-'lacZ. To be
noted that the LOD values derived from the B-galactosidase
activities were all much lower than Reifferscheid et al. reported
for azinphos-methyl, MMS, dithianone and dichlofluanid.”
However, the LOD values calculated from the cell turbidities
(ODggo) were not satisfying, which might be due to the low
sensitivity of OD determination. Results indicated that the
constructed SOS/SRRz strain has potential applications in
genotoxin detection.

The induction ratio (IR) of 1.5 is defined by the EN ISO
guideline (International Standard Organization, 2000) as the
threshold of genotoxic effect, indicating the sample was not
cytotoxic. The effect concentration that induced IR = 1.5 (or
ECiry5) was interpolated from the sigmoidal concentration-
effect curve (Fig. S31) and also presented in Table 2. For the
cytotoxicity assay, the highest detected concentration in dose-
effect experiment, 1 uM MMC, 60 mM azinphos-methyl, 15 mM
MMS, 1.8 mM Dithianone and 1 mM dichlofluanid were added
into E. coli BL21 culture medium separately. No obvious
decrease in cell viability compared with control sets was noticed
(Fig. S4,7 p < 0.001). And the derived values of ECrq 5 are

Test method  Cell Detection type Detection time® Note Reference
Micronucleus Mammalian or plant cells  Aneugenic and chromosome- Several days depending on  Need to cultivate animals/  46-48
test breaking agents the experiment cells plants or mammalian/plant

Comet assay ~ Mammalian cell DNA damage

Ames test Salmonella typhimurium Gene mutations
TA100, TA98, TA1535, and
TA1537
SOS/umu- E. coli or Salmonella DNA damage
C":lacz typhimurium
SOs/ E. coli DNA damage
recA’::luxCDABE
SOS/sulA::phoA E. coli DNA damage
SOS/umuC'::gfp E. coli DNA damage
SOS/SRRz E. coli DNA damage

4 Cell cultivation time was not included.

This journal is © The Royal Society of Chemistry 2019

cells

3-4h Need to cultivate animals or 49
mammalian cells
>2.d 6 and 50
2h 18
3-4h Need a microplate 38
luminometer for detecting
chemiluminescence
3h Need electrochemical 39
equipments
5h Need fluorescence 40
spectrophotometer
0.5-1 h (turbidity) Naked eyes This
study
2 h (enzyme assay) B-Galactosidase activity assay This
study
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Fig.3 The dose-lysis curves illustrated E. coli BL21/pUC18-PST genotoxicity of five chemicals and fitted with dose-response model: Y = Min. +
(Max. — Min.)/(1 + 10109 ECso = 109X x slope) nder the constraint that the bottom parameter must be greater than 0 (eqgn (4)). The statistical analysis
of these data is shown in Table 2. (A) MMC, (B) azinphos-methyl, (C) MMS, (D) dithianone, (E) dichlofluanid. All the experiments were carried out in

triplicate.

approximately 20 times lower than the cytotoxicity assay
concentrations, indicating that there is a wide window between
induced cell lysis and cytotoxicity.

In this study, the five tested chemicals showed strong or
weak genotoxic (Table 2). However, in different studies using
different detection procedure, even the same substance
might present various levels of genotoxicity as introduction
section described. This is ascribed to the limitations of
current genotoxicity testing procedures which affect the
reliability of the methods. A single test is not sufficient for the
evaluation all relevant genotoxic substances. To improve the
accuracy, the predictions from various models could be
combined.**

Table 2 Dose-cell lysis response of chemicals

Since Oda et al.*® developed the SOS/umu-test strain for the
SOS-inducing carcinogens detection, this method has
received great attention and acceptance.>'®** Considering the
cell lysis requirements for the intracellular expressed B-
galactosidase activity measurement, we introduced cell lysis
cluster (SRRz) under the control of genotoxicity inducible
promoter. Research demonstrated that cell lysis efficiency was
dependent on the genotoxic effects (Fig. 3). The released B-
galactosidase increased as the genotoxin concentration
increased, thus the IR values of the tested five chemicals
in the
concentration range. The five maximum IR values were in the
range of 13.8 to 16.0, which are all higher than those literature

displayed a dose-dependent manner detection

LOD (uM) Max. IR Induction of genotoxic response
Highest concentration In this
Chemicals CAS number detected (mM) B-Galactosidase® ODygq0” Ref. 15 study Ref. 15 ECso (mM) ECirys (M) P value
MMC 50-07-7 0.001 0.026 0.1221 0.01 15.9 14.0 0.0018 0.1221 0.0012
Azinphos-methyl 86-50-0 60 320.4 2057.0 600 15.4 2.6 21.31 2057.0 0.0001
MMS 66-27-3 15 34.4 66.0 150 16.6 12.0 1.187 66.0 0.0016
Dithianone 3347-22-6 1.8 4.6 14.4 18 13.9 2.0 1.02 14.4 0.0003
Dichlofluanid 1085-98-9 1 6.0 32.5 10 15.0 3.5 1.049 32.5 <0.0001
K,Cr,0, 0.0006 0.0271 0.1747 15.6 0.0013 0.1747 <0.0001

“ The LODs were calculated from the dose-response curves using the B-galactosidase activities as the response parameters. ” The LODs were
calculated from the dose-response curves using the cell turbidities (ODgg0) as the response parameters.
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reported (Table 1). Especially, the truncated SOS responsive
promoter (Pgospox, 47 bp) showed a much more intense
response to azinphos-methyl, dithianone and dichlofluanid
than the traditional umu operon.®®

3.4 Mixture effects of the known components

Hexavalent chromium [Cr(v)] is a well-known mutagen and
carcinogen, and therefore served as the reference chemical to
calculate the bioanalytical equivalent concentrations (BEQ) of
mixed genotoxicity. The sigmoidal concentration-effect curve
was plotted as Fig. 4, and the LOD and ECg, 5 values were
derived as 0.6 uM and 0.17 uM, respectively (Table 2).

To establish whether the genotoxicity of a combination of
chemicals will deviate from an effect expected for additivity, the
mixtures of five model genotoxicants at specific concentrations
(Table S1t) were prepared. All the mixtures could induce
apparent cell lysis through ODg(, detection. The bioanalytical
equivalent concentrations (BEQ) and the toxic equivalent
concentration (TEQ) using Cr(vi) as reference were determined.
The scatterplot shows a strong relation between TEQ-Cr(vi) and
BEQ-Cr(vi) (Fig. 5). The low TEQ-Cr(v1) values typically accom-
panied with low BEQ-Cr(vi) (calculated according to the dose—
effect fitting curves), and vice versa. Furthermore, this relation is
roughly linear. Through Pearson correlation evaluation, the
PCC value between TEQ-Cr(vi) and BEQ-Cr(v1) were determined
as 0.8182 and 0.8424, respectively. Results indicated that the
correlation between TEQ-Cr(vi) and BEQ-Cr(vi) is very strong.
This results clearly indicated that the toxic equivalent concen-
tration of Cr(vi) in aqueous phase sample could be derived from
the observed lysis efficiency induced by mixtures through the
dose-response curve of Cr(vi).

For the real environmental aqueous samples are a “cocktail”
of chemicals, containing a lot of contaminants that have
potential to induce gene mutation. Despite the rapid develop-
ment of chemical analysis methods, it was still difficult or
infeasible to track every genotoxicants in water. Especially, there

100 20
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O
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Q
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&
(O]
o
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4 3 2 -1 0 1 4 3 2 -1 0 1

Log concentration/mM Log concentration/puM

Fig. 4 The dose-response curves of Cr(vi). 198 uL of the log-phase
culture was distributed into the 96-well plate and 2 plL of test drugs
[Cr(v)] was added, and mixture in each well was incubated for 2 hours
at 37 °C with shaking. Each set of data was presented as mean plus
standard deviation in triplicates.
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Fig. 5 Pearson analysis of TEQmixwure With BEQ-Cr(v) at the confi-
dence interval 95% with one-tailed p values. (A) Two components
were mixed. (B) Three components were mixed. All the chemical
concentration in each sample is presented in Table S1.1

are many chemicals are not readily identified because of their
unknown structure, lack of pure sample preparation and
detection method.***** The rapid, less expensive and high-
throughput technology was pursued, that could screen thou-
sands of chemicals for potential genotoxicity in a relatively
simple way. The first use of a toxicity equivalence-like method
for risk assessment purposes was described by Eadon et al.
(1986).* In this study, we selected five representative chemicals
including MMC, azinphos-methyl, MMS, dithianone as well as
dichlofluanid to address the risk assessments. The good
correlation between TEQ-Cr(vi) and BEQ-Cr(vi) preliminarily
demonstrated that the SOS/SRRz system could be used in risk
assessment for environment samples, by converting the
concentration of unknown genotoxic compounds into equiva-
lent concentrations of Cr(vi).

4. Conclusions

In this study, we demonstrated that the activity of the new-
constructed strain of E. coli BL21/pUC-PST can be used in
genotoxin detection. For qualitative detection, it could be done
simply through observing the turbidity of the bacteria with
naked eyes after 0.5 h contact with the genotoxic substance.
While, for quantitative testing, determination of the extracel-
lular and intracellular B-galactosidase activity also can help
achieve. While, as also demonstrated here, the truncated SOS
responsive promoter may display improved detection sensi-
tivity. The SOS/SRRz cell lysis system provides a potential
approach on water samples for estimating the SOS-mediated
genotoxic risks.
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