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Abstract 

The Salmonella reversion based Ames test is the most widely used method for 

mutagenicity testing. For rapid toxicity assessment of e.g. water samples and for effect-

directed analysis, however, the Ames test suffers from lack of throughput and is 

regarded as a laborious, time consuming method. To achieve faster analysis, with 

increased throughput, a (downscaled) luminescent derivative of the Ames 

Salmonella/microsome fluctuation test has been developed through expression of the 

Photorhabdus luminescens luciferase in the Salmonella TA98 and TA100 strains. The 

applicability of this test is demonstrated by analysis of environmentally relevant 

compounds, a suspended particulate matter extract and an industrial effluent sample. 

Use of the luminescent reporter reduced the required detection time from 48 to 28 

hours with a specificity of 84% for responses reported in the literature to a set of 14 

mutagens as compared to 72% in the unmodified fluctuation test. Testing of the same 

compounds in a downscaled luminescent format resulted in an 88% similarity with the 

response found in the regular luminescent format. The increase in throughput, faster 

analysis and potential for real-time bacterial quantification that luminescence provides, 

allows future application in the high-throughput screening of large numbers of samples 

or sample fractions, as required in effect-directed analysis in order to accelerate the 

identification of (novel) mutagens. 

Introduction 

Mutagenicity is one of the classical toxicological endpoints in water quality control of 

the drinking water production process. Polycyclic aromatic hydrocarbons1, aromatic 

amines2 and nitro compounds1, amongst others, which are released into the 

environment through industrial and urban effluents, or as combustion products, are 

known to act as mutagens. Contaminated surface water or groundwater, when used 

as source for drinking water production, could introduce such mutagens into the 

drinking water production process. In addition, drinking water treatment by medium 

pressure UV/peroxide oxidation and ozonation could lead to mutagens through the 

formation of radicals3 and transformation products4. These compounds are, however, 

no longer present after subsequent treatment of the water with granulated activated 

carbon5. The ability to rapidly determine the presence and identity of mutagens in 
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drinking, surface, ground and effluent water is essential in efforts to keep track of their 

release into the environment and to assure their removal during the drinking water 

purification process.  

The Salmonella/microsome test (Ames test) is a widely used bioassay to determine 

mutagenic potential of compounds in toxicological risk assessment and the most 

commonly used method of genotoxic assessment in environmental monitoring. The 

original plate incorporation test, developed in 1973 by Bruce Ames6, uses Salmonella 

typhimurium strains made histidine-dependent through single point mutations in key 

histidine synthesis pathway genes. Grown on minimal agar medium with trace amounts 

of histidine, sufficient for a limited number of cell divisions, the cells are exposed to a 

sample in the presence or absence of Aroclor 1254 induced male Sprague Dawley rat 

liver S9 fraction for metabolic activation of indirect mutagens. The single point 

mutations can be reverted to their wild-type genotype during DNA replication, when 

the DNA becomes susceptible to chemically induced mutations. After a 20 minute 

exposure and a 48-72 hours incubation period7, the mutagenic potential of a sample is 

quantified as the number of revertant bacteria colonies that, in contrast to non-revertant 

bacteria can grow on the histidine-free medium. 

A modified version of the plate incorporation test, called the Ames fluctuation test or 

Ames II was developed by Bridges in 19808. Bacteria are exposed in liquid medium in 

24-wells plates for 100 minutes, after which revertant bacteria are allowed to grow in 

liquid medium with pH indicator in 384-wells plates. Respiration of the revertant 

bacteria acidifies the medium and causes a shift in pH indicator color after which the 

number of revertant wells can be quantified. Compared to the original plate 

incorporation test performed in Petri dishes, the colorimetric measurement using a 

plate reader greatly increased read-out speed and drastically reduced material 

consumption. After its development, the fluctuation test has been thoroughly validated, 

using the TA98 and TA100 Salmonella tester strains which can detect frame-shift and 

base-pair substitution mutations, respectively, and has been accepted as regulatory 

standard in the analysis of water samples9. 

The fluctuation test has also been used in Effect-directed analysis (EDA) studies in 

addition to target analysis commonly performed in routine water monitoring10,11. Target 

analysis is limited to a select number of well characterized compounds and overlooks 

mutagenic potential caused by unknown (novel or emerging) genotoxic compounds. 
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Via a non-target EDA approach, these compounds can be detected and identified. 

After chromatographic separation and parallel analysis on a mass spectrometer, 

collected fractions are tested for their biological (genotoxic) activity in biological testing 

systems (bioassays). Fractions that are responsive in the bioassay can be linked to 

corresponding masses in the mass chromatogram and facilitate the identification of the 

compounds responsible for the observed activity. 

Reducing fraction complexity through high-resolution fractionation decreases the 

number of compounds and masses to be identified per fraction, but increases the total 

number of fractions. For the fluctuation test, the number of fractions that can be tested 

in a single experiment is limited by the 48 wells required in the 384-wells plate to 

produce a read-out for each single exposure (fraction), resulting in a lack of throughput. 

Another major drawback of both the original plate incorporation test and the fluctuation 

test is the required incubation period of 48 hours to visualize revertants. To improve 

throughput, reduce labor intensity and reduce assay time of mutagenicity testing, a 

number of alternative genotoxicity assays have been developed. The bacterial SOS 

chromotest DNA damage reporter12 and its luminescent adaptation, the Vitotox test13, 

reduced assay time to 1.5-6 hours. The RAD51-luciferase DNA damage reporter yeast 

assays14,15 and the cell-based GADD45a-luciferase DNA damage reporter 

BlueScreen16, similar to the Ames test, require 48 hours to perform but with increased 

throughput. Compared to the Ames test, these reporter gene assays indicate general 

genotoxicity as activation of DNA damage repair pathways and do not distinguish 

between different mechanisms of action of the mutagens. 

With the development of increasingly sensitive luminometers, the use of luminescent 

reporters allows detection of minor fluctuations in cell concentration, as used in acute 

bacterial toxicity testing17,18. In an attempt to incorporate a luminescent reporter into 

the Ames test, TA98 and TA100 Salmonella tester strains expressing the Vibrio harveyi 

luxAB bacterial luciferase were tested in a 48-well fluctuation test19. An aldehyde 

substrate had to be added during the test as the luxC, D and E genes, responsible for 

substrate synthesis, were not expressed. In 2007, a 24-well agar based luminescent 

assay was developed, that incorporated the full luxCDABE operon from Xenorhabdus 

luminescens20 in the TA98 and TA100 tester strains. For this bioluminescent Ames 

test, 93-95% concordance with the regular agar based Ames test was reported in an 

inter-laboratory study21. Incorporation of luxCDABE operon expressing tester strains 



Chapter 2 Luminescent Ames test 

27 
 

in the Ames fluctuation test has not yet been reported. The combination of increased 

throughput with improved detection of revertants would make downscaling feasible and 

allow its application as a screening tool in effect-directed analysis. 

To develop a luminescent derivative of the Ames fluctuation test, the luxCDABE 

bacterial luciferase operon (cloned from the Photorhabdus luminescens bacterial 

luciferase22) was introduced into the TA98 and TA100 tester strains via a plasmid DNA 

vector. The constitutive expression of the lux operon provides continuous light 

production as an early detectable and semi-quantitative response without the need for 

substrate supplementation. The luminescent read-out was compared to the regular 

colorimetric fluctuation read-out based on their responses to reference mutagens used 

as positive controls, to fourteen TA98 and/or TA100 mutagens reported in the literature 

and described in the EURL ECVAM Genotoxicity & Carcinogenicity Consolidated 

Database of Ames Positive Chemicals23, to an extract of a suspended particulate 

matter (SPM) sample, and to an industrial effluent sample. To improve sample 

throughput, a downscaled luminescent test format was developed, in which bacteria 

are exposed in 96- instead of 24-well plates and revertants are grown in 5 instead of 

48 wells on a 384-well plate. For the set of fourteen selected mutagens, results from 

this downscaled luminescent test format were compared to the regular format. 

A rapid Ames test increases throughput in routine monitoring of environmental samples 

and provides an advantage in situations where time is a critical factor such as acute 

pollution events with a health risk potential. When performed in a downscaled format, 

it allows high-throughput screening of multiple samples required for applications like 

EDA. This adaptation of a well-established bioassay for mutagenicity provides a faster 

alternative for the Ames fluctuation test as screening tool while maintaining its relative 

ease, sensitivity and reliability. 

Materials and methods 

Materials 
Bromocresol purple, 4-nitro-o-phenylenediamine (4-NOPD), nitrofurantoin (NF), 4-

nitroquinoline-1-oxide (4-NQO), 2-aminoanthracene (2-AA), buffer salts, kanamycin 

ampicillin, biotin, and histidine were obtained from Sigma-Aldrich (Zwijndrecht, The 

Netherlands), peptone was obtained from BD (New Jersey, USA), restriction enzymes 
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were obtained from New England Biolabs (Ipswich, MA, USA), and Aroclor 1254 

induced rat liver S9 fraction was obtained from MP Biomedicals (Santa Ana, USA). 

Fourteen (suspected) mutagenic compounds (see Table 1) were obtained from various 

suppliers (see Supporting Information Table S1). All plasmid isolations were performed 

using a Plasmid DNA Miniprep kit (Invitrogen, Carlsbad, CA) and all PCR-clean ups 

were performed with the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, 

Düren, Germany). Salmonella strains TA98 and TA100 were a kind gift from Dr. Georg 

Reifferscheid (BfG, Germany). The pAKlux2 vector was a kind gift of Dr. Atilla Karsi 

(Mississippi State University, Starkville, Mississippi, USA). 

Reporter construction 
Salmonella tester strains received a luminescent phenotype by introducing 

constitutively expressed bacterial luciferase reporters from one of two expression 

vectors. To allow for low level luciferase expression, a luxCDABE operon was inserted 

into a kanamycin resistance bearing low copy number pET-28a vector modified with a 

weak constitutive LacI promoter. From the original pET-28a vector (Novagen; see Fig. 

S1), the LacI promoter was amplified by PCR with primers which added an NcoI and 

BglI restriction site to the end of the fragment (Fwd: 

AAGCCTTGCCGGCCTCAACCTACT Rev: 

AACCATGGCTGAATTGACTCTCTTCCGGG). Next, the original pET-28a vector was 

modified by excision of the original LacI gene and T7 promoter with NcoI and BglI and 

reinsertion of the amplified LacI promoter in an inversed orientation. The resulting pET-

28a[LacI] was digested with EcoRI, dephosphorylated with CPI (New England Biolabs) 

and ligated to the EcoRI luxCDABE fragment from the pAKlux2 24 vector, in a 1:3 ratio 

to form the pET-28a[LacI/Lux] reporter vector (Fig. 1). Clones of successfully 

transformed E. coli (DH5α) cells carrying the correct pET-28a[LacI/Lux] reporter vector 

were selected based on their ability to produce light and their resistance to the antibiotic 

kanamycin. The pET-28a[LacI/Lux] reporter vector will be further referred to as the 

pETlux vector. 
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Figure 1. Vector map of the pET-28-LacI/Lux reporter vector carrying the luxCDABE operon 
under control of the constitutive LacI gene promoter, and the kanamycin resistance gene. 

A second, high copy number, reporter vector, coined pETlux2, was constructed 

through ligation of the luxCDABE operon into a pET-28/pUC19 fusion vector in which 

the multiple cloning site (MCS) of the pET-28a was replaced by the MCS of the pUC19 

vector (see Supporting Information Figure S1). From the original pET-28a vector, the 

backbone was amplified by PCR with a forward primer which added a BglII restriction 

site and a reverse primer which included the BspEI restriction site on the pET-28a 

vector (Fwd: ACAGATCTACCTCTGACACATGCAGCTC Rev: 

AAAGCCCGAAAGGAAGCTGA). From the pUC19 vector, the MCS was amplified with 

a forward primer which added a BspEI restriction site 

(ACTCCGGATATCACGAGGCCCTTTCGTC) and a reverse primers which added a 

BglII restriction site (ACAGATCTGAGTCAGTGAGCGAGGAAGC). The pET-28a 

backbone and pUC19 MCS PCR products were digested with BglII and BspEI and 

ligated in a 1:4 ratio to form the pET/pUC fusion product. Clones of successfully 

transformed E. coli (DH5α) cells carrying the correct pET/pUC vector were selected by 

screening for the presence of the LacZ gene from the pUC fragment by blue/white 

screening using X-gal and for presence of the kanamycin resistance gene from the 

pET fragment by adding kanamycin to the growth medium. The high copy number 

characteristic of the pET/pUC vector was achieved by loss of the repressor of primer 
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(rop) gene from the pET-28a vector, which was not included in the amplification of the 

pET-28a fragment used in construction of the pET/pUC vector. The rop protein is 

responsible for suppression of plasmid replication from the ColE1 origin25 by binding 

to RNAI. The consequent enhanced formation of the RNAI/RNAII complex inhibits 

RNAII function as primer in (plasmid) DNA replication. The luxCDABE operon was 

ligated in a 1:3 ratio after EcoRI digestion of both insert and vector to form the 

pET/pUC[LacZ/Lux] reporter vector. DH5α cells were transformed with the reporter 

vector and colonies carrying the correct plasmid were selected by their ability to 

produce light and grow on medium with kanamycin. Both developed vectors pETlux 

and pETlux2 were cloned in DH5α E. coli and isolated for the transformation of 

Salmonella tester strains. 

Development of luminescent tester strains 

Salmonella TA98 and TA100 were made chemically competent as described by 

Sambrook and Russell26 but with 50 µM, instead of 100 µM, calcium chloride and 

magnesium chloride. 50 µL ice-cold chemically competent cells were transformed with 

each plasmid through a 37°C heat shock for 20 seconds and recovered in 700 µL LB 

medium at 37°C for 45 minutes. After recovery, bacteria were plated on LB kanamycin 

(25 µg/mL) agar plates to isolate the transformed bacteria. TA98 and TA100 strains 

carrying the pETlux (pET-28-LacI/Lux) reporter vector will be further referred to the 

TA98lux and TA100lux strains, respectively. 

Regular fluctuation format protocol 
Both the colorimetric and luminescent Ames fluctuation tests were performed 

according to the regular fluctuation format protocol as described in the ISO/CD 1135027 

with slight modifications. Bacteria strains were grown overnight in 20 mL growth 

medium (7.5 g meat extract, 7.5 g peptone, 5 g NaCl/1000 mL pH 7.5±0.1) with 25 

µg/mL kanamycin and 50 µg/L ampicillin at 37°C for 10 hours. A bacterial suspension 

was made by diluting the overnight bacterial culture to a density of 180 formazine 

attenuation units (FAU) (TA98) or 45 FAU (TA100) in filter-sterilized (0.2 µm) exposure 

medium consisting of minimal medium (0.2 g MgSO4⋅7H2O, 2 g citric acid, 10 g 

K2HPO4, 3.5 g NaNH4HPO4·4H2O, 4 g D-glucose/1000 mL pH 7.0±0.2) with 0.732 

mg/L D-biotin and 1 mg/L L-histidine. Exposures were performed with or without 

addition of S9-mix (300 µL rat liver S9 fraction per mL, 33 mM KCl, 8mM MgCl2∙6H2O, 

6.5 mM glucose-6-phosphate, 4 mM NADP, 100 mM sodium phosphate buffer pH 7.4) 
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for generation of metabolites. In each experiment (n=1), 10 µL of compound in DMSO 

was added to 490 µL bacteria suspension in a single exposure with or without 17 µL 

of S9-mix in a 24-well plate for 100 minutes at 37°C (150 rpm), resulting in twenty-four 

different exposures per plate. Before and after exposure, cell density was measured at 

OD595, to determine cell growth, and compared to growth in the negative control as 

measure for cytotoxicity. Cell densities below 75% of the negative control density were 

considered cytotoxic. This was only performed with the TA98 strain as the growth rate 

of the TA100 strain was too low to produce a reliable read-out. 

For both the colorimetric and luminescent read-outs, protocols thus far were exactly 

the same. From here on, protocols diverge based on the read-out chosen. After 

exposure, 2500 µL reversion medium (minimal medium with 2.67 mg/L D-biotin but 

without histidine) was added to each well for the luminescent read-out or reversion 

medium with bromocresol purple (49.5 mg/L) for the colorimetric read-out. The 

bacterial suspension in each well was divided in 50 µL aliquots over 48 wells of a white 

PP 384-well plate (Greiner Bio-One) for the luminescent read-out or transparent PS 

384-well plate (Greiner Bio-One) for the colorimetric read-out. Incubation plates were 

kept at 37°C for 28 hours for the luminescent read-out or 48 hours (as described in 

ISO/CD 11350) for the colorimetric read-out, and were measured on a VarioSkan Flash 

luminometer (Thermo) preheated to 37°C or Multiscan (Thermo) respectively. For real-

time luminescence measurements, incubation plates with closed lid were kept in the 

VarioSkan Flash luminometer for a period of 48 hours at 37°C and measured at hourly 

intervals. 

Downscaled format protocol 
The luminescent strains were exposed to reference compounds 4-NOPD, 2-AA and 

NF in DMSO in the presence or absence of S9. In each experiment (n=1), 1 µL of 

compound in DMSO was added to 49 µL bacteria suspension in a triplicate exposure 

in a 96-well plate for 100 minutes at 37°C (150 rpm), resulting in 32 different exposures 

per plate. After exposure, cells were supplemented with 250 µL reversion medium, and 

contents of each exposure well were distributed in 50 µL aliquots in five wells of a white 

PP 384-well plates (Greiner Bio-One), leading to a total of 15 wells per sample, and 

measured after a 28 hour incubation period at 37°C. The outer two rows of 384-well 

plates were filled with 50 µL sterile Milli-Q water to avoid changes in incubation volume 
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due to evaporation. The number of revertants was reported as the average number of 

revertant wells per 5 wells. 

Sample preparation 
A suspended particulate matter (SPM) extract from the river Rhine at Lobith (NL) 

collected during extreme low river discharge conditions in October 1997, was 

previously tested positive in the Ames fluctuation test (TA98 strain with S9)28. Briefly, 

sample preparation consisted of accelerated solvent extraction of the dried sample and 

subsequent cleanup by gel permeation chromatography as previously described29. 

Extract was taken up in DMSO and diluted 10 times to a final concentration equivalent 

to 3.6 gram dry weight/mL. 

In addition, an industrial effluent sample was filter-sterilized (0.2 µm) and stored in the 

dark at room temperature until testing in the fluctuation test with the colorimetric and 

luminescent read-out with no prior extraction. The sample contained 18 µg/L pyrazole 

(CAS No. 288-13-1) among other, unknown pollutants. Pyrazole was considered as a 

potential mutagenic compound based on QSAR estimates. 

Read out and data analysis 
The colorimetric read-out was performed by measuring the absorbance of the 

bromocresol purple pH indicator at 430 nm. Absorbance increases when the indicator 

changes from purple to yellow after acidification of the medium by cellular respiration 

of the revertant bacteria. Luminescent revertants, measured by luminometer, were 

determined after a 28 hours incubation period as the number of wells with a measured 

luminescence exceeding the mean luminescence of the negative control by two 

standard deviations. Mutagenicity of each exposure was reported as the mean ± 

standard error of the mean (SEM) number of wells that reverted out of the total 48 wells 

in the regular format or 5 wells in the downscaled format. Samples were regarded 

mutagenic with either read-out when one of the exposure concentrations reported, on 

average, a minimum of 5 revertants per 48 possible revertants in the regular format or 

0.66 revertants per 5 (or 2 revertants per total of 15) possible revertants in the 

downscaled format. The corresponding concentration is further referred to as the limit 

of detection (LoD). Tests with an average revertant frequency in the negative control 

exposure >3 in the regular format or >0.33 (or 1 revertant per total of 15 possible 

revertants) in the downscaled format, exhibited an increased rate of spontaneous 

revertant formation and were excluded. 
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Results 

Development of luminescent reporter plasmids 

Initial testing of the luminescent strains focused on determining the bacterial 

luminescence in the 48-hour period following exposure to mutagens or vehicle (DMSO) 

at hourly intervals following the regular fluctuation format protocol with luminescent 

read-out (Fig. 2). Post-exposure levels of luminescence showed a steady decline that 

lasted for 20 to 25 hours. After 20 hours, light produced by revertants from TA98lux 

cells exposed to 4-NOPD (panel A) or 2-AA (with S9; panel B) became distinguishable 

from the negative control (DMSO) until it reached a maximum between 28 and 30 

hours. After this period, light intensity decreased again until it reached a baseline level 

without fully extinguishing. Light production by revertants from TA100lux cells (used at 

a four times lower density compared to TA98lux following the ISO/CD 11350 

protocol27) exposed to NF (panel C) or 2-AA (with S9; panel D), was distinguishable 

from the negative control after 3 hours. This TA100lux revertant response did not 

decrease in intensity to levels observed in the negative control after reaching a 

maximum response as observed with the TA98lux strain. A common measurement 

time for both bacterial strains was established at 28 hours after exposure. At this point, 

TA98lux reached its maximum revertant response, while the response of TA100lux 

was distinguishable from the background. The induction of luminescence in the 

TA100lux strain was higher than in the TA98lux strain and improved with time as 

background luminescence reduced.  

The pETlux2 TA98 and TA100 Salmonella strains, which were transfected with the 

high-copy number pET/pUC[LacZ/Lux] vector, both displayed 250-300-fold stronger 

luminescence over the pETlux Salmonella strains transfected with the low-copy 

number pET[LacI/Lux] vector (i.e. TA98lux and TA100lux). The pETlux2 TA98lux strain 

could also detect mutagenicity with the colorimetric read-out but the induction of 

revertant over non-revertants was lower and delayed compared to the low expression 

pETlux TA98lux strain (data not shown). 
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Figure 2. Average luminescence (with SEM) of the Salmonella tester strains in 48 wells of the 
384-wells revertant growth plate in the 48 hours following 100 minute exposure to positive 
control compound (PC) or DMSO vehicle as negative control (NC). TA98lux exposed to (A) 4-
nitro-o-phenylenediamine (4-NOPD) in the absence of S9, and (B) to 2-aminoanthracene (2-
AA) in the presence of S9. TA100lux exposed to (C) nitrofurantoin (NF) in the absence of S9 and 
(D) 2-AA in the presence of S9. For the TA98lux strain, the initial bacterial density at exposure 
and the growth rate are higher than for the TA100lux strain. This may explain the observed 
differences in initial luminescence intensity between both strains. 

Response of the TA98lux and TA100lux strains towards positive control 
compounds 

The luminescent tester strains were exposed in the regular fluctuation test format to 

serial dilutions of their respective positive control compounds and the response was 

measured after 28 hours by either the luminescent read-out or after 48 hours by their 

colorimetric read-out (Fig. 3). The luminescent read-out could be compared to the 

colorimetric read-out in the TA98lux strain but not the TA100lux strain in the regular 

fluctuation test, because the latter strain did not produce a change in color of the 

bromocresol purple pH indicator, which is indicative of the presence of revertant 
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bacteria in the regular format with the colorimetric read-out. In the absence of S9, 

mutagenicity was detected at a 4-fold lower LoD in the unmodified TA98 strain with 

colorimetric read-out than in the TA98lux strain with the colorimetric or luminescent 

read-out (panel A). However, no differences in LoD were observed when TA98 and 

TA98lux were tested in the presence of S9 (panel B). The LoD in the TA100lux strain 

with luminescent read-out was 8-fold lower than in the unmodified TA100 strain with 

colorimetric read-out in the absence of S9 (panel C) and 4-fold lower in the presence 

of S9 (panel D). 

 

Figure 3. Response from the colorimetric read-out after a 48h incubation period from 
unmodified strains (cross) and luminescent strains (open square) were compared to the 
responses from the luminescent read-out after a 28h incubation period from luminescent 
strains (filled square). (A) TA98(lux) exposed to 4-NOPD in the absence of S9; (B) TA98(lux) 
exposed to 2-AA in the presence of S9; (C) TA100(lux) exposed to NF in the absence of S9; and 
(D) TA100(lux) exposed to 2-AA in the presence of S9. The threshold for a positive response (5 
revertant wells per 48) is marked with a dotted line. All experiments were performed at least 
in two-fold, except for the experiments indicated with an arrow (←; n=1). 
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Figure 4. Response from the luminescent read-out after a 28 hours incubation period from 
luminescent strains in the downscaled format (n=1). (A) TA98lux exposed to 4-NOPD in the 
absence of S9; (B) TA98lux exposed to 2-AA in the presence of S9; (C) TA100lux exposed to NF 
in the absence of S9; and (D) TA100lux exposed to 2-AA in the presence of S9. The threshold 
for a positive response (0.66 average revertant wells per 5 wells) is marked with a dotted line. 

Downscaling 
The regular fluctuation format with the luminescent read-out was further downscaled 

by performing triplicate exposures in 96- instead of 24-well plates. This increased the 

number of triplicate exposures that can be performed from 8 on a single 24-well 

exposure plate to 32 on a 96-well exposure plate. However, the LoD in the 

downscaled format was slightly higher than in the regular format with the luminescent 

read-out (cf. Fig. 4 to Fig. 3). This was most prominent in the TA98lux strain in the 

absence of S9 (panel A) and the TA100lux strain in the presence of S9 (panel D) 

(both 4-fold higher LoD). The LoD of the TA98lux strain in the presence of S9 (panel 

B) was 2-fold higher in the downscaled format than in the regular format, whereas no 

difference in LoD was observed between both test formats for the TA100lux strain in 
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the absence of S9 (panel C). For testing extracts from environmental samples, 

however, this higher LoD is compensated by the 90% reduction in required sample 

volume, allowing higher concentrations to be tested in the 96-wells plate compared to 

the 24-wells plate protocol. 

Table 1. Responses (n=2) from the colorimetric, luminescent or downscaled luminescent read-
outs to exposure of regular and luminescent tester strains in the presence or absence of S9 
metabolic activation with fourteen Ames positive compounds 

Conditions marked grey were those reported in the literature to produce a mutagenic response while 
conditions marked blue were reported as inactive and conditions marked white had not been reported 
on before as mutagenic. 

  

Compound 

TA98/TA98lux TA100/TA100lux 
-S9 +S9 -S9 +S9 

C
olorim

etric 

Lum
inescence 

Lum
inescence 

dow
nscaled 

C
olorim

etric 

Lum
inescence 

Lum
inescence 

dow
nscaled 

C
olorim

etric 

Lum
inescence 

Lum
inescence 

dow
nscaled 

C
olorim

etric 

Lum
inescence 

Lum
inescence 

dow
nscaled 

BTA30 - + + - + + - + + - + + 

1-NP31,32 + + + + + + - + + + + + 

3,3'-DCB32,33 + + + + + + - - + + + + 

4,4'-TDA34 + + + + + + - - - + + + 

4-NBP35,36 + + + + + + - + + + + + 

4-NQO32,37 + + + - - - + + + + + - 

B(h)Q38,39 - + + - - - - - + - + + 

Cisplatin40,41 + + + + + + - + + + + + 

GW966242 + - - + - - + - - + + + 

Ifosfamide43 - + + - - - - + - + - - 

ThioTEPA44 - + + - - - + + + + + + 

Ziram45 - + + - + - - + + - + + 

B(a)P46,47  - - - + - + - + + + + + 

4-AAB32 + - - + - - - - - - + - 

Total responses 8 11 11 8 7 7 3 9 10 10 13 11 
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Response of the TA98lux and TA100lux strains to a set of known mutagens 
The luminescent responses of the TA98lux and TA100lux strains in the regular and 

downscaled format were compared to the colorimetric response in the regular format 

of the unmodified TA98 and TA100 strains after exposure to fourteen compounds 

which were reported to be mutagenic in the Ames test (mainly in the original plate 

incorporation method) according to the EURL ECVAM Genotoxicity & Carcinogenicity 

Consolidated Database of Ames Positive Chemicals23 (see Supporting Information 

Table S1). The set of fourteen compounds consisted of 1,2,3-benzotriazole (BTA), 1-

nitrophenol (1-NP), 3,3'-dichlorobenzidine, 4,4'-thiodianiline (4,4'-TDA), 4-

nitrobiphenyl (4-NBP), 4-nitroquinoline-N-oxide (4-NQO), benzo(h)quinoline (B(h)Q), 

cisplatin, 2-chloro-5-nitro-N-phenylbenzamide (GW9662), ifosfamide, N,N',N''-

triethylenethiophosphoramide (ThioTEPA), ziram, benzo(a)pyrene (B(a)P) and 4-

aminoazobenzene (4-AAB) (Table 1). 

Table 2. Sensitivity, specificity, and accuracy of the different read-out/format combinations 
tested under different conditions (TA98 orTA100; with or without S9) when compared to a list 
of fourteen compounds reported to be Ames-positive in literature (see Table 1) 

Test specifications Colorimetric 
Regular format 

Luminescent 
Regular format 

Luminescent 
Downscaled format 

Sensitivity 23/32 (72%) 27/32 (84%) 26/32 (81%) 
Specificity 7/8 (88%) 3/8 (38%) 3/8 (38%) 
Accuracy 30/40 (75%) 30/40 (75%) 29/40 (73%) 
Similarity between different read-outs and formats in positive and negative 
responses: 

 Colorimetric 
Regular format 

Luminescent 
Regular format 

Luminescent 
Downscaled format 

Colorimetric  
Regular format 56/56 (100%) 31/56 (55%) 32/56 (57%) 

Luminescent  
Regular format  56/56 (100%) 49/56 (88%) 

Luminescent 
Downscaled format   56/56 (100%) 

Similarity between the responses (positive and negative) of the different readout/format combinations 
is indicated in the matrix at the bottom of the Table. 

All fourteen compounds were tested with TA98(lux) and TA100(lux) strains in the 

absence and presence of S9 in the regular fluctuation test format with the colorimetric 

and luminescent read-out and in the downscaled test format with only luminescent 

read-out, yielding a total of 14x2x2=56 test conditions. Out of these 56 test conditions, 

32 different test conditions were previously reported in the literature to be Ames 

positive (see grey-marked cells in Table 1). Mutagenicity for the remaining 24 test 

conditions had not been detected (8) or had not been determined (16). Based on the 
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32 different positive test conditions, an 84% test sensitivity was observed for the 

luminescent read-out in regular format, an 81% sensitivity for the luminescent read-out 

in down-scaled format, and a 72% sensitivity for the colorimetric readout in regular 

format (Table 2). Based on the 8 different negative test conditions for these 14 test 

compounds that were reported Ames positive in different test conditions, an 88% test 

specificity was observed for the colorimetric read-out and a 38% test specific for both 

luminescent read-outs. Accuracy did not differ between the different read-out/format 

combinations (Table 2). When considering all 56 test conditions together, a 55%-57% 

overlap was observed between the colorimetric read-out and the luminescent read-

outs, whereas an 88% overlap was observed between the regular and the downscaled 

luminescent read-out (Table 2). 

Application to environmental samples 
Results from the regular fluctuation test with the colorimetric and luminescent read-out 

were further compared for two samples from the aquatic environment, i.e. a suspended 

particulate matter (SPM) extract and an industrial effluent which contained 18 µg/L 

pyrazole among other pollutants. The SPM extract sample was recently tested positive 

for mutagenicity in the TA98 strain in the presence of S9 in the regular fluctuation test 

with the colorimetric read-out28. Current results with the colorimetric read-out confirm 

the previously reported mutagenicity in a dose-dependent manner (Fig. 5) (black bars). 

However, the luminescent read-out only detected mutagenicity in the 40x diluted 

sample (grey bars). 
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Figure 5. Mutagenicity observed in the suspended particulate matter extract produced a dose-

dependent response when measured with the colorimetric read-out (TA98) (n=3) after 48 hours 

while the luminescent read-out (TA98lux) (n=1) after 28 hours reports only at the 40x dilution. 

The threshold for a positive response (5 revertants) is marked with a dotted line. Error bars 

indicate SEM between experiments. 

The industrial effluent was tested in the regular fluctuation format with luminescent 

(grey bars) and colorimetric read-outs (black bars) (Fig. 6). The colorimetric read-out 

reported no mutagenicity for the sample. The response from the luminescent read-out, 

however, indicated maximum mutagenicity of the sample in both TA98lux (panel A) 

and TA100lux (panel C) in the absence of S9, and lower mutagenicity in the presence 

of S9 (panel B and D) in a dose dependent manner. Pyrazole, while not found active 

by the colorimetric read-out, was mutagenic according to the luminescent read-out in 

TA98lux -S9 (≥12.5 µg/L), TA98lux +S9 (≥ 40 µg/L) and TA100lux -S9 (≥12.5 µg/L), 

but not in TA100lux +S9. No cytotoxicity was observed for any of the exposure 

conditions (data not shown). 
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Figure 6. Responses from the colorimetric read-out in unmodified strains (n=2) and 

luminescent read-out in luminescent strains (n=6) to an industrial effluent sample containing 

18 µg/L pyrazole and a pyrazole standard. No response was observed in the colorimetric read-

out in TA98 (panel A and B) and TA100 (C, D) in the presence or absence of S9 in the regular 

fluctuation test. Without S9, TA98lux (A) and TA100lux (C) reported mutagenicity in the water 

sample and in response to pyrazole. In the presence of S9, exposure to the industrial effluent 

sample elicited a response in TA98lux (B) and TA100lux (D) and exposure to pyrazole elicited a 

response in TA98lux but not TA100lux. The threshold for a positive response (5 revertant wells 

per 48) is marked with a dotted line. Error bars indicate SEM between experiments. 
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Discussion 

Luminescent reporter visualizes TA98 and TA100 revertants 
With the introduction of luminescent Salmonella TA98 and TA100 tester strains in a 

regular and downscaled format, we developed a fast derivative of the Ames fluctuation 

assay. We demonstrated that constitutive expression of the luxCDABE operon from 

plasmid DNA produced light that can be measured in the living bacteria in a real-time 

fashion. By measuring luminescence at hourly intervals, an increase in luminescence 

could be observed in exposed, but not in (non-exposed) negative control cells. This 

luminescence correlated with the presence of revertant cells that have undergone 

mutations (Fig. 2). Background luminescence levels, observed in negative control 

wells, decreased to near zero in the TA100lux strain but increased in the TA98lux strain 

after a minimum was reached around 25 hours incubation. Small numbers of 

revertants, resulting from low exposure concentrations, might remain undetected as 

their low levels of luminescence are potentially masked by the background, leading to 

reduced sensitivity. This background luminescence may be explained by two different 

phenomena, i.e. the presence of starving but surviving non-revertant bacteria and/or 

the presence of spontaneous revertants. Due to starvation, bacteria, including 

Salmonella, enter a viable but non-culturable (VBNC) state as a survival mechanism48. 

In this state, metabolic activity is reduced and maintained at a low level. This stringent 

response is mediated by the (p)ppGpp (guanosine pentaphosphate) alarmone 

released in response to stress. The alarmone acts mainly through inhibition of the RNA 

polymerase complex49 to regulate gene expression but also through interaction with 

metabolic enzymes50 in order to reduce energy and resource consumption. Lack of 

control over the expression and activity of the (foreign) luxCDABE proteins could lead 

to sufficient residual luminescence as cause of the observed background. Alternatively, 

the four-fold higher density at exposure and higher growth rate of TA98 compared to 

TA100 could be directly related to increased levels of spontaneous reversion and 

consequently increasing background luminescence in TA98lux. The resulting 

background luminescence in the tester strains obstructs detection of revertant bacteria 

at earlier time points and at lower concentrations, and poses a limitation in both 

luminescent tester strains. Inhibition of (p)ppGpp alarmone signaling by addition of an 

inhibitor causes cell death of starving cells49 and could possibly be applied with the 
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tester strains to reduce background luminescence from non-revertants in favor of 

revertant luminescence. 

Real-time measurement of revertant luminescence also revealed that, while the 

response from TA100lux revertants increased with time, the response from TA98lux 

revertants declined after reaching a maximum (at 30 hours). The cause of this decline 

in luminescence in the TA98lux strain is likely linked to the depletion of the minimal 

medium by the larger number of TA98lux cells. However, attempts to improve the 

resolution between background and revertants by stimulating growth of revertant 

bacteria with use of the more complete MOPS minimal medium51 and optimization of 

biotin, histidine or glucose concentrations and cell density were unsuccessful (data not 

shown). Although light production increased, the sensitivity was reduced. 

Higher expression increases the limit of detection 
Compared to unmodified cells, the luminescent TA98lux strain displayed a higher LoD 

in the regular format with the colorimetric read-out (Fig. 3). This increase in LoD was 

even more pronounced in the strains expressing the luxCDABE operon from the high 

expression vector pETlux2 (data not shown). A possible explanation is that the 

increased expenditure towards protein expression, plasmid replication, and substrate 

synthesis for the luciferase system in Salmonella can also divert energy and resources 

from basic cell function and reduce the rate of cell division. Attenuation of cell growth 

or metabolism, and even cell death due to over expression, have been observed before 

in E. coli52. As cellular replication is essential for the introduction of mutations into the 

DNA, fewer divisions during exposure leads to less revertants. This increased energy 

consumption by the luciferase system could also impact the sensitivity of the TA100lux 

cells. However, this could not be checked experimentally as the TA100lux cells did not 

produce a response with the colorimetric read-out at all. In practice however, lower 

LoDs were found for TA100lux than for the unmodified TA100 strain. 

Application to environmental samples 
The luminescent tester strains were applied to environmental samples. With regard to 

the SPM extract, mutagenic activities were detected with the colorimetric as well as 

the luminescent read-out. However, where exposure to higher concentrations of SPM 

extract led to lower luminescence (Fig. 5), no cytotoxicity was observed and 

mutagenicity was detected by the colorimetric read-out. This indicates inhibition of 
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luminescence by complex (environmental) mixtures at high sample concentrations. 

The potential for similar inhibitory effects was also recognized for the luminescent 

Vitotox assay, a Salmonella mutagenicity test employing bacterial luciferase as 

reporter, when measuring environmental mixtures53. The five bacterial luciferase 

enzymes (luxC, D, A, B and E), provide targets that can be disrupted by compounds 

in a sample, resulting in a reduction in light production. Multiple compounds that can 

act as inhibitors on the bacterial luciferase enzymes have been reported in the 

literature. E.g. the oxidase activity of the luciferase (luxAB) can be inhibited by DPDA 

(N,N-diethyl-2,4-dichloro(6-phenylphenoxy)-ethylamine) and DPEA (2,3-dichloro(6-

phenylphenoxy)ethylamine) by blocking the aldehyde binding site54. SKF (2-

diethylaminoethyl-2-2-diphenyl-valerate)54 and 2-decanal55 can inhibit the reaction with 

reduced flavin mononucleotide (FMNH2). Two other compounds, PTB (N-

phenacylthiazolium bromide) and PFT-α (pifithrin-α), were reported as potent inhibitors 

but their mechanism remains to be elucidated56. The luxCE enzymes, involved in 

synthesis of the aldehyde substrate, were found to be inhibited by cerulenin57, while 

the transferase activity of luxD was inhibited by the serine protease inhibitor PMSF 

(phenylmethylsulfonyl fluoride)58. Alternatively, chromophores present in the 

environmental extracts with an absorbance wavelength close to the emission 

wavelength of bacterial luciferase (485 nm) may reduce the luminescent response by 

absorbing light, making revertants invisible. Dilution of the sample to avoid inhibitory 

effects would also dilute mutagens, potentially to the point where they can no longer 

elicit a response. A reduction in luminescence, resulting from acute inhibition of 

luciferase enzymes and/or absorption/quenching of produced light, at the 28-hour 

measurement can possibly lead to false negative scores with respect to the 

mutagenicity of a sample. To estimate if a negative response may be (partly) attributed 

to acute luciferase inhibition and/or absorption/quenching, an additional control 

measurement of the luminescence is recommended at the beginning of the 100 minute 

exposure period, before mutations may have taken place. 

Measuring cell viability by light also allows for determination of cytotoxicity after the 

100 minutes exposure period (data not shown). As the luxCDABE bacterial luciferase 

system relies on cellular metabolism to provide ATP and cofactors to drive light 

production, a reduction in luminescence as a result of damage to these metabolic 

processes, could thus be used as a measure of cytotoxicity. Luminescence thus 
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provides an alternative to optical density, in a similar fashion to the Microtox assay with 

bioluminescent Vibrio fischeri bacteria18. In the regular fluctuation test, these 

differences in TA100 cell density were, as a result of a slower growth rate, insufficient 

to be distinguished by optical density27. 

Response of luminescent read-out to known mutagens 
Mutagenic potential from the majority of the 14 mutagens selected from the EURL 

ECVAM Genotoxicity & Carcinogenicity Consolidated Database of Ames Positive 

Chemicals could be detected with both the luminescent and colorimetric read-outs 

(Tables 1 and 2). Not all activities reported in the literature could be reproduced in the 

currents tests (Table 2). Differences between the colorimetric fluctuation test and the 

plate incorporation test were previously also found by Kamber et al.59, who reported 

84% agreement between both assays for a test set containing 62 Ames-positive and -

negative compounds. The lower accuracy of 75% observed for the regular colorimetric 

fluctuation test format in the present study is most probably due to the relatively low 

72% sensitivity (Table 2), which was probably due to high cytotoxicity (measured in the 

TA98(lux) strain) at the concentrations tested (see Supporting Information Table S2). 

Higher sensitivity was obtained in the luminescent read-out test formats, which were 

apparently less prone to negative effects of cytotoxicity than the colorimetric read-out. 

Possibly, the low cell density as a result of cell death might still reveal an increased 

reversion frequency by measured luminescence, whereas it is insufficient to cause 

acidification of the medium and the colorimetric shift from the bromocresol purple pH 

indicator. Still, accuracy levels were similar between the colorimetric and luminescent 

read-outs, due to a lower specificity (i.e. more false positives) for the latter (Table 2). It 

should be realized, that the set of compounds did not contain true Ames-negative 

compounds, but only compounds that were mutagenic in at least one test condition 

and non-mutagenic in at least one other test condition. Possibly, the higher sensitivity 

of the luminescent bacteria may actually reveal true mutagenicity that could not be 

observed in the colorimetric fluctuation or plate incorporation test format. Nevertheless, 

avoiding false negatives is more important for screening purposes than avoiding false 

positives. Therefore, it is concluded that the luminescent tester strains are suitable for 

further application in EDA. 
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The higher sensitivity of the luminescent read-out compared to the colorimetric read-

out resulted in compounds like 1,2,3-benzotriazole and ziram to be exclusively 

detected by the luminescent read-out. The mutagenic response of 4,4-TDA and B(h)Q 

in the presence of S9 and the lack of a mutagenic response in the absence of S9 in 

TA100(lux), reported in the plate incorporation test, was confirmed with both the 

colorimetric and luminescent read-out (4,4-TDA) or only in the luminescent read-out 

(B(h)Q). This indicates the ability of the luminescent read-out to distinguish direct 

acting and indirect acting mutagens. However, as the number of ‘true’ indirect 

mutagens tested was limited, further investigation is required to reliably determine the 

specificity of the response to indirect mutagens in the luminescent read-out. The 

mutagenicity of 2-chloro-5-nitro-N-phenylbenzamide (GW9662), reported in the plate 

incorporation test in TA98 and TA100 with and without metabolic activation by S942, 

could be reproduced in the colorimetric read-out but the responses were very weak. 

Higher concentrations, tested in the TA98 strain in the colorimetric read-out, did not 

increase the response, which appeared to have reached a maximum level (see 

Supporting Information Table S3). The mutagenicity of ifosfamide, reported in TA100 

in the presence of S943, could be reproduced in the colorimetric read-out but not in the 

luminescent read-out. Conversely, a response in TA98 in the absence of S9, not 

reported in literature, was only detected with the luminescent read-out. For 1-NP, 4-

NBP, cisplatin and ziram, the fluctuation test with the colorimetric read-out did not 

confirm mutagenic response in TA100 reported in the literature. For the very same 

compounds, the mutagenic response in TA98 was confirmed at the same 

concentration, indicating a higher sensitivity in TA98 than in TA100 in the colorimetric 

fluctuation test (see Supporting Information Table S3). This pattern was not followed 

in the luminescent read-out as TA100lux reported more revertant wells compared to 

TA98lux. Exclusively detected with the colorimetric read-out in TA98 was the synthetic 

dye 4-aminoazobenzene (4-AAB). This response was not observed in the luminescent 

read-out as the signal was quenched (data not shown) in the absence of cytotoxicity. 

4-AAB has a broad absorption peak spanning from 385 to over 500 nm60 which 

overlaps with the emission from the luxCDABE bacterial luciferase (485 nm) thus 

absorbing and masking the luminescent signal. Reduced luminescence was also 

observed in the presence of S9 (data not shown) but this was insufficient to influence 

the ability to detect a response in the luminescent read-out compared to the 

colorimetric read-out (Table I). Quenching can be explained by increased turbidity of 
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the exposure suspension, also observed during cytotoxicity measurements when 

measuring absorption at 595 nm. 

While not producing a response in the colorimetric read-out, both the industrial effluent 

containing pyrazole, a compound used in organic synthesis of predominantly 

pharmaceuticals, and the pyrazole standard elicited a response in the luminescent 

read-out (Fig. 6). Earlier studies reported pyrazole as non-mutagenic in the 

Salmonella-based L-arabinose resistance test61, but no reports in the plate 

incorporation or fluctuation test with TA98 and TA100 strains could be found. 

Derivatives of pyrazole however, like aminopyrazoles, were reported to be mutagenic 

in the Ames test in the presence or absence of S962. The presence of pyrazole in the 

sample might co-occur with the presence of such derivatives or reaction products of 

pyrazole. In the current tests, the compounds present in the sample, and pyrazole were 

prone to deactivation by the S9. The observed difference between the luminescent and 

colorimetric read-outs could not be explained by cytotoxicity, which was not observed, 

and remains unclear. 

Downscaled luminescent format increases throughput 
Downscaling of the Ames fluctuation test allowed triplicate exposures of one bacteria 

strain with 16 samples in the presence and absence of metabolic activation to be 

performed on a single 96-well exposure plate followed by revertant growth in two 384-

well plates instead of exposure in two 24-well and followed by revertant growth in six 

384-well plates according to the regular fluctuation format. The downscaled format 

reproduced the pattern observed in the regular fluctuation format using the response 

from the luminescent read-out after exposure to the 14 mutagens with an 88% 

similarity. Application of the developed strains in both the regular and downscaled 

format provides higher throughput combined with faster detection in contrast to other 

developed luminescent Ames tests19,20,63. These properties allow the luminescent 

downscaled Ames fluctuation test to be used for testing of large numbers of samples 

or fractions in high-throughput screenings or high resolution effect-directed analysis 

(EDA) for which the low throughput characteristics of the original Ames fluctuation test 

were limiting10. 
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Conclusion 

The incorporation of a luminescent reporter in the TA98 and TA100 Salmonella strains 

enabled detection of revertant growth in response to mutagens in the presence or 

absence of S9 metabolic activation, at an earlier time point (28 hours) than the regular 

Ames fluctuation test (48 hours). The luminescent reporter was able to produce a 

response even under cytotoxic conditions were the colorimetric read-out could not. 

This allowed an 84% specificity for the luminescent read-out to detect earlier described 

mutagens compared to 72% for the regular colorimetric read-out. The luminescent 

read-out was also capable of detecting mutagenicity in complex environmental 

mixtures, but at a higher LoD than with the regular colorimetric read-out. In the 

downscaled luminescent format, however, this higher LoD is compensated by the 90% 

reduction in required sample volume. Moreover, a clear dose-response relationship 

was not observed for all complex mixtures. Possibly, compounds within a mixture 

interfere with the light production by either inhibition of luxCDABE reporter protein 

function or quenching of the light. Although correction for interference with the 

luminescent read-out is possible, further optimization is required to compensate for the 

loss of sensitivity due to interference. Therefore, the colorimetric fluctuation test is 

currently still the preferred protocol for routine monitoring of complex mixtures in 

environmental samples. However, the ability of the luminescent strains to detect 

mutagens in a downscaled format combined with the reduction in detection time allows 

future application in EDA aimed at detection and identification of (novel) mutagenic 

compounds in drinking water production as we will demonstrate in future publications. 
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Chapter 2 - Supporting information 

 

Figure S1. Schematic representation of pET-28a, pETlux, pET/pUC and pETlux2 vector multiple 
cloning sites (MCSs) with surrounding elements. 

 

Table S1. Fourteen Ames positive compounds selected from the EURL ECVAM Genotoxicity & 
Carcinogenicity Consolidated Database of Ames Positive Chemicals and tested in the 
colorimetric and luminescent (downscaled) Ames fluctuation test 
Chemical name Supplier CAS No. 
1,2,3-Benzotriazole (BTA) Janssen 95-14-7 
1-Nitropyrene (1-NP) Sigma-Aldrich 5522-43-0 
3,3'-Dichlorobenzidine (3,3'-DCB) Sigma-Aldrich 91-94-1 
4,4'-Thiodianiline (4,4'-TDA) CPS 139-65-1 
4-Nitrobiphenyl (4-NBP) Fluka 92-93-3 
4-Nitroquinoline-N-oxide (4-NQO) Sigma-Aldrich 56-57-5 
Benzo(h)quinoline (B(h)Q) Fluka 230-27-3 
Cisplatin Sigma-Aldrich 15663-27-1 
2-Chloro-5-nitro-N-phenylbenzamide (GW9662) Sigma-Aldrich 22978-25-2 
Ifosfamide Sigma-Aldrich 3778-73-2 
N,N',N''-triethylenethiophosphoramide (ThioTEPA) Sigma-Aldrich 52-24-4 
Ziram Sigma-Aldrich 137-30-4 
Benzo(a)pyrene (B(a)P) Supelco 50-32-8 
4-Aminoazobenzene (4-AAB) Sigma-Aldrich 60-09-3 
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Table S2. Cytotoxicity of mutagens tested in TA98 and TA100. Increase of TA98 (or when not 
available for a specific concentration, TA98lux) cell density (%) after 100 minute exposure 
normalized against negative control (100%) as measure of cytotoxicity 

    Cell growth 
compared to NC (%) 

Compound Conc. (M) -S9 +S9 
1,2,3-BTA 
Reissig, 199030 

1.2E-03 65 89 
1.4E-02 13 19 

1-NP 
El-Bayoumy and Hecht, 1986; Hakura et al., 
200531,32 

5.0E-06 114 97 

2.0E-05 98 75 

3,3'-DCB 
Hakura et al., 2005; Lang and Iba, 198732,33 

2.0E-05 108 93 
7.9E-05 107 81 
2.4E-04 n.d. n.d. 

4,4'-TDA 
Lavoie et al., 197934 9.3E-05 101 80 

4-NBP 
Haack et al., 2001; Klein et al., 200035,36 1.0E-04 78 90 

4-NQO 
Hakura et al., 2005; Ogawa et al., 198532,37 

7.9E-10 99 81 
1.6E-09 96 86 

B(h)Q 
Matsumoto et al., 1978; Okamoto et al., 197938,39 1.7E-05 90 84 

Cisplatin 
De Pascali et al., 2011; Hannan et al., 198940,41 

3.4E-06 98 77 
5.1E-05 62 92 

GW9662 
Kapetanovic et al., 201242 

3.6E-05 116 103 
1.8E-04 83 87 

Ifosfamide 
Oesch-Bartlomowicz et al., 199043 

3.1E-05 100 83 
3.1E-04 102 99 
5.0E-04 105 104 

ThioTEPA 
Pak et al., 197944 

5.3E-04 100 85 
2.0E-03 92 97 

Ziram 
Franekić et al., 199445 

6.5E-05 52 52 
2.0E-04 -4 4 

B(a)P 
Maron and Ames, 1983; Smith et al., 201346,47 3.2E-05 71 39 

4-AAB 
Hakura et al., 200532 2.5E-04 47 63 

Responses under 75% were considered cytotoxic.  
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Table S3. Number of revertant wells out of 48 from the colorimetric, luminescent or 
downscaled luminescent read-out after exposure of the regular and luminescent tester strains 
in the presence or absence of S9 metabolic activation with fourteen Ames positive compounds 
(n=2) 

     Revertants per 48 wells 

Compound 

 

Conc. 
(M) 

TA98/TA98lux TA100/TA100lux 
 

-S9 +S9 -S9 +S9 
 Colorim

etric 

Lum
inescence 

Lum
inescence 

dow
nscaled 

Colorim
etric 

Lum
inescence 

Lum
inescence 

dow
nscaled 

Colorim
etric 

Lum
inescence 

Lum
inescence 

dow
nscaled 

Colorim
etric 

Lum
inescence 

Lum
inescence 

dow
nscaled 

Positive control   39 15 32 42 15 45 37 48 48 33 36 42 

1,2,3-BTA  

Reissig, 199030  
1.2E-03a 1 9 22 2 20 48 3 18 45 0 34 22 

1.4E-02a 0 n.d. n.d. 0 n.d. n.d. 0 n.d. n.d. 0 n.d. n.d. 
1-NP 
El-Bayoumy and Hecht, 
1986; Hakura et al., 
200531,32 

5.0E-06 40 26 35 48 33 48 n.d. n.d. n.d. n.d. n.d. n.d. 

2.0E-05 46 n.d. n.d. 48 n.d. n.d. 3 34 48 10 48 48 

3,3'-DCB  
Hakura et al., 2005; Lang 
and Iba, 198732,33 

2.0E-05 8 22 32 48 29 45 n.d. n.d. n.d. n.d. n.d. n.d. 
7.9E-05 5 n.d. n.d. 48 n.d. n.d. 0 n.d. n.d. 4 n.d. n.d. 

2.4E-04a n.d. n.d. n.d. n.d. n.d. n.d. 3 0 26 6 36 48 
4,4'-TDA  
Lavoie et al., 197934 9.3E-05 6 9 16 20 5 42 5 1 0 21 24 48 

4-NBP 
Haack et al., 2001; Klein 
et al., 200035,36 

1.0E-04 42 19 6 33 5 16 4 34 48 11 48 48 

4-NQO 
Hakura et al., 2005; 
Ogawa et al., 198532,37 

7.9E-10 26 38 42 5 4 0 48 48 48 21 48 0 

1.6E-09 44 n.d. n.d. 26 n.d. n.d. 48 n.d. n.d. 33 n.d. n.d. 

B(h)Q 
Matsumoto et al., 1978; 
Okamoto et al., 197938,39 

1.7E-05a 0 46 29 2 0 0 0 4 19 0 16 22 

Cisplatin 
De Pascali et al., 2011; 
Hannan et al., 198940,41 

3.4E-06 2 n.d. n.d. 0 n.d. n.d. 0 n.d. n.d. 2 n.d. n.d. 

5.1E-05a 15 20 6 6 13 10 2 48 42 23 48 26 

GW9662 
Kapetanovic et al., 201242 

3.6E-05 5 3 n.d. 6 0 n.d. 6 3 0 6 16 10 
1.8E-04 8 1 0 6 2 3 n.d. n.d. n.d. n.d. n.d. n.d. 

Ifosfamide 
Oesch-Bartlomowicz et 
al., 199043 

3.1E-05 3 n.d. n.d. 2 n.d. n.d. 0 n.d. n.d. 1 n.d. n.d. 
3.1E-04 n.d. 7 n.d. n.d. 1 n.d. n.d. 1 n.d. n.d. 4 n.d. 
5.0E-04a 1 10 29 0 0 0 1 7 3 34 3 0 

ThioTEPA 
Pak et al., 197944 

5.3E-04 0 n.d. n.d. 0 n.d. n.d. 4 n.d. n.d. 8 n.d. n.d. 
2.0E-03 1 25 10 1 1 0 30 11 16 34 12 13 

Ziram 
Franekić et al., 199445 

6.5E-05a 2 9 38 1 n.d. 0 0 48 48 1 48 48 
2.0E-
04ab n.d. 48 n.d. n.d. 48 n.d. n.d. 48 n.d. n.d. 48 n.d. 

B(a)P 
Maron and Ames, 1983; 
Smith et al., 201346,47 

3.2E-
05ab 0 4 3 13 1 10 1 6 6 5 39 48 

4-AAB 
Hakura et al., 200532 2.5E-04b 7 0 0 35 0 0 1 0 0 2 5 0 

Negative control   1 1 3 1 0 0 0 2 0 0 2 3 
For reasons of comparison, the response from the downscaled luminescence read-out was proportionally calculated 
from number of revertant wells per total of 5 wells into number of revertant wells per total of 48 wells. As positive 
controls 4-NOPD (TA98/TA98lux –S9), nitrofurantoin (TA100/TA100lux –S9) and 2-aminoanthracene (all strains 
+S9) were used. Negative control was DMSO under all conditions. a cytotoxicity observed (see Supporting 
Information Table S1) b precipitation; n.d. not determined; Conditions marked grey were those reported in the 
literature to produce a mutagenic response and conditions marked blue were reported as inactive in the literature. 
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