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Abstract: In the presented paper, autofluorescent reporteEswherichia coliK-12 recA::gfpmut2 strain, which
contained a plasmid-borne transcriptional fusiotwben DNA-damage induciblecA promoter involved in the SOS
regulon response and fast folding GFP variant tepgenegfpmut? have been used. GFP-based bacterial biosensors
allowed the detection of bacterial cells respomssdiected tested genotoxic compounds such as guior@ (MMC),
actinomycin D,N-methylN’-nitro-N-nitrosoguanidine (MNNG) and formaldehyde ({tH. Experiment indicated that

E. coli K-12 recA::gfpmut2biosensor strain is more specific and sensitiveefpecially two genotoxins: actinomycin D
and MNNG and with very low response to other ageBtsit was concluded that for formaldehyde and MECcoli

K-12 recA::gfpmut2genetic system is disqualified for genotoxicityesming.

Key words DNA damage, genotoxicityecA promoter, SOS response.

1. Introduction

Contamination of environment with chemical compand
originating from the industralisation and technatad)
development, connected with  widespread

In addition to the classic Ames tests for measureme
of mutagenicity and genotoxicity of chemicals aie®yr of
tests have been developed with application of wffe
promoters-reporter genes fusions which are maiogted

use by eitherE. coli (SOS chromotest) ddalmonellaspecies

of petroleum product and hazardous substances,lynain (SOSumu test Such promoters in fusion with a reporter

toxic compounds is highly toxic for natural ecosyss,
in particular for public health. The hazards of aggnic
and carcinogenic effects connected with increakingls
of environmental pollution on living organisms, lunding
human health requires specific, sensitive, rapidl an
effective tests for monitoring the presence of gexio
agents in surface, subsurface water, soil, sedsnent

gene-lacZ (5-galactosidase) for genotox biosensor
construct, including promoters of the SOS respgeses:
recA, umuG sulA from SOS regulon. There are some
advantages in application of biosensors in comparts
the classical reverse mutation Ames tests. Firgthg
carcinogenic nature of a compound earlier was detie
the Ames test. Nowadays as a consequence of mafecul

sewage, air and food products (Hansen and Sorensen,genetics development it is possible to obtain bisswg

2001; Stiner and Halverson, 2002; Belkin, 2003;e6al.,
2004).

cells which are more sensitive, faster and capalble
classifying a compound on the basis of the manner i

There are some conventional methods for toxicity which DNA is damaged and there are not limitedhe t

assessment of environmental pollutants which redjniyn
on extraction and chromathography, but these doalyt
techniques, although highly precise, suffer frone th
disadvantages of high cost, time-consuming or thedn
for trained personnel and all these methods aretlynos

chemical make-up of the sample, as was the Amés tes
Additionally, with the use of reporter genes ifpisssible
to apply biosensorin-situ, that was impossible for the
Ames test (Gu et al., 2004).

A microbial biosensors is an analytical device that

laboratory bound. The assessment of mutagenic and couples microorganisms with a transducer to enapil,

carcinogenic ability of chemicals mainly are bassd
biological tests with using of living microorganisrand
higher organisms (Bongaerts et. al., 2002; Casaataailt,
2003).

Y E-mail of correspondence author: m.matejczyk@pbpdu

accurate and sensitive detection of target analgtéslds

as diverse as medicine, environmental monitoring,
defense, food processing and safety. Recently tigaitg
engineered microorganisms based on fusing ofjfhdux

or lacZ gene reporters to an inducible gene promoter have
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been used to developed biosensors for
environmental application, genotoxicity and
bioavailability assessment of different compountis,
example: detecting toluene and related chemicdlxS-S
inducing activity of genotoxic compoundsN-acyl
homoserine lactones in soil, measuring water aviitha

in microbial habitat, monitoring cell populations,
(Kostrzyniska et. al., 2002; Lee et al., 2005; Lei et al.,
2006; Rogers, 2006). Expression of reporter genels as
variants ofgfp in transformed cells, can effectively used to
reveal cellular and molecular changes associatdd wi
cancer, for example neoplasia in vivo (Contag, 2000
Recently, bioluminescent biosensors lise luc or gfp

genes have been developed to detect a variety of GFP-green fluorescent protein. Generally,

various development and represent of the advantages cothpare

with traditional methods (D’'Souza, 2001; Stiner and
Halverson 2002; Belkin 2003; Gu et al. 2004; Hazed
Stahl, 2006). In such living cell systems, bacteaia
especially attractive due to their rapid growtheraow
cost, and easy handling (Kuang et al. 2004; Gigtdtal.,
2008).

The most popular reporter genes used in biosensors
construction includéacZ gene fromEscherichia coli the
lux genes fromVibrio fischeri or gfp from Aequorea
victoria. These devices are being designed for the
detection of chemical, physical or biological signgia
the production of a suitable reporter protein,dgample-
biosensor

chemicals, genotoxic agents and factors, which are could be defined as a any system that detectsrédsepce

responsible for DNA damage, oxidative damage of cel
growth inhibition (Errampalli et al., 1999; Kim ar@u,
2003; Vollmer and Van Dyk, 2004).

These bacterial biosensors are based on analysis of
intensity of reporter gene expression, typicallycbgating
transcriptional fusion between SOS promoter regaod
reporter gene in genetically engineered microosyasi
(GEMSs). The assessment of potential of genotoxiaty
on the response to DNA damage induced by genotdxins
bacteria cells.

In the presented experimentt. coli K-12
recA:gfpmut2 microbial biosensor as reporters for
detecting of activation of SOS promoter under gexiot
conditions has been used. The SOS regulon is otigeof
most thoroughly studied stress regulons for baai@u et
al., 2004). TherecA promoter transcription is induced
upon DNA damage and induction of the SOS respanse i
initiated by RecA protein activation to mediate thexA
repressor protein cleavage. With the cleavage ofAlLe
the promoters that it was bound to and repressiadhen
expressed that results in the induction of the $&8lon,

of a substrate by use of biological component witln
provides a signal that can be quantified (Gu et24l04).
Biosensors has been created to provide even cheaper
faster and potentially more cost effective altakmest and

to accomodate high-throughput screening (Normaai.et
2006; Sgrensen et al.,, 2006; Yagi, 2007).

Within bio-application the most popular and well-
known fluorescent protein is green fluorescent girot
(GFP). This protein has been isolated from coetatds,
for example the Pacific jellyfisAequorea victorigdGu et
al., 2004). GFP is being used increasingly to const
whole-cell biosensors, because of its useful ptogser
such as: high stability, minimal toxicity for lifeells and
the ability to generate the green fluorescence owith
addition of external cofactors. Additionally it ssible
non-invasive detection affp expression with application
of simple in use equipment, for instance UV lamp,
fluorescence microscope or spectrofluorymeter. The
chromophore is responsible for GFP light and igipoed
posttranslationally in the presence of oxygene feemnine-
tyrosine and glicyne. Wild type GFP absorbs blgétliat

so each downstream gene product participates in the 395 nm and emits green light at 509 nm. To increase

repair of the damaged DNA (Kostiska et al., 2002; Gu
et al.,, 2004). The popularity of application ofcA
promoter for creation of effective genotoxicity beta
biosensors is connected with broad involvement @fAR
protein in several DNA repair pathways, includire t
repair of daughter-strand gaps and double-strardkisy

es well as in an error prone damage tolerance mextha
called SOS mutagenesis (Kostigla et al., 2002). The
mechanism of the induction of the SOS responselaagu
genes and its application in microbial biosensoes w
widely described by Gu et al., 2004. The examples o
biosensors, limits of detection of analysed factansl
environmental application of these devices are diyoa
reviewed in works Lei et al., 2006; Ron, 2007 and i
earlier own papers (Rosochacki and Matejczyk 2002;
Matejczyk, 2004; Matejczyk and Rosochacki, 2006 and
2007).

Living organisms-based biosensors, as like badteria
biosensors can perform functional sensing and geovi
measurement, such as bioavailability, genotoxiaity
general toxicity. Above, due to their specificitiast
response time, low cost, portability, ease of umkgving
a continuous real time signal they are famous joachic
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rate of chromophore maturation, stability and ttaobthe
emission of stronger light signal several mutarit&BP
were developed. The most popular is GFP mutl wiésh
35-fold-increased fluorescence intensity per umdtgin
excited at 488 nm when compared with the wild-tgbe
GFP. Some variants with short live-time were créated
they are very useful in measuring of activity atrersgth
of promotersin situ and in real time monitoring
(Willardson et al., 1998; Chirico et al., 2002; ltagnska
et al., 2002; Mitchell and Gu, 2003. The descriptif
gfp and other reporter genes are broadly given elsewhe
(Errampalli et al., 1999; Kain, 1999; Bae et. 2003;
Jansson, 2003).

So in this work, the aim of research was the
assessment of usefulness of GFP-protein based
Escherichia coliK-12 MG1655 strain with plasmid-borne
transcriptional fusion of SOS reguloeeA promoter and
gfp mutated gene -gfpmut2 variant (Fig. 1),
as a biosensor for genotoxic activity monitoringtested
chemicals.
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G‘ (Sigma-Aldrich, Germany) at concentration of 500,10
o‘- 300, 500, 700, 900, 1100, 1300 and 1800 mg/ml. The
?(0 chemical structures of genotoxins used in experiraea
presented in Fig. 2. As a negative control 4% eihand
Gﬁ“ 4% acetone were used. Samples were incubated with
Xhol BamH| @ chemicals for 90 minutes at room temperature with
< vortexing. The control samples &&cherichia coliK-12
@ recA::gfpmut2 strain, not treated with chemical
- compounds were conducted in the same condition.
% pUA66 Additionally, Escherichia coli K-12 strain containing
X pUAG66 plasmid without the recA promoter was used as
a negative control of fluorescence reactivity. Afte
exposition of bacterial cultures to chemical palhis,
they were washed with PBS buffer. The intensity of

SC101 fluorescence (IF) was measured with spectrofluotgme
(Hitachi Japan, F-2500). The measurements were aone
Fig. 1. Reporter plasmid pUAG6 contains the g&tPmut2 excitation and emission wavelengths of 485 and &d7
Vector include @anH| and Xhd cloning site for the promoter The growth of bacteria strains was monitored with
region, a low copy origin (SC101 origin) and a kageim spectrophotometer at wavelength of 600 nm. Datavstio

resistance gene (Zaslaver, 2004). beow include the specific fluorescence intensitfI{S

which is defined as the raw fluorescence intenif)
divided by the optical density (OD) measured ahdane
point. SFI values are averages of three independent
experiments for the each tested chemicals.

The genetically modified strains &. coli K-12 with
ofp gene used in this work are the gift from Prof. Uri
Alon, Department of Molecular Cell Biology &
Department of Physics of Complex Systems, Weizmann
Institute of Science, Rehovot, Israel. Sar\ Sar

-~ ~
L-Pro L-Meval L-Pro L-Meval

2. Experimental ‘ |
D—Val O D—Val O

The experiment was developed according to the rdetho

Thr Thr
described by Cha et al.,, 1998 and Kosiska et. al.,
2002 with some modifications.
Escherichia coli K-12 MG1655 strain containing
pUAG66 plasmid with transcriptional fusion ofecA
promoter andgfp mutated gene -GFPmut2 variant
(Zaslaver et al., 2004) (Fig. 1) were cultured oigtt in

LB agar medium (Merck, Germany) at 30°C

supplemented with 100 pg/ml of kanamycin (Sigma- actmomycmD

Aldrich, Germany) in concentration of 100 pg/ml.ribg @)

the whole experiment the 30°C as a temperature for

strains incubation and room temperature for geringox )J\
treatment were selected to prevent overgrowth addae O O NH2
background fluorescence. Additionally, it is knowhat _CH
lower temperatures are optimal for correct GFP ifgd HQNK bo 3
(Errampalli et al., 1999; Kostragka et al., 2002). ‘ ‘ +H
Colonies were carried to LB broth medium (10 g NacCl 7 -

10 g tryptone and 5 g yeast extract per 1000 ml of ch N NH
destilled water) with 100 pg/ml of kanamycin and ‘s,
incubated 20 hours at 30°C. After that, cells weashed O H
with PBS buffer (1.44 g N&lPQ, 0.24 g KH PQ, mitomycin C

0.2 g KCI, 8 g NaCl per 1000 ml of destilled watand NH O O
the Optical Density (OD) of bacterial cultures was I JJ\
standardized with spectrophotometer to 0.2 at vesaggth OZN - JJ\ -N

of 600 nm. Cells were resuspended in 10 ml of P&&b N H H
and were tested for their ability to detect suldetavels H ' formaldehyde

of known genotoxins: mitomycin C (Sigma-Aldrich, CHS

USA), actinomycin D (Sigma-Aldrich, USA), N-metyl-  N-methyl-N’'-nitro-N-nitrosoguanidine
N”-nitro-N-nitrosoguanidine  (Sigma-Aldrich, USA)  (MNNG)

at concentration of 1 ng/ml, 10 ng/ml, 100 ng/mind/ml Fig. 2. The structure of compounds used in the Exat.
and 10 mg/ml for each chemicals and formaldehyde
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Specific fluorescence intensity was calculated
according to the formula:
IF
SFl=— 1
oD 1)

where:
SFI— Specific Fluorescence Intensity.

IF — The raw fluorescence of the culture treated with
chemicals.
OD - Optical Density at 600 nm of treated with

chemicals culture.
The percent of stimulation of gfp expression in
comparison to the control was calculated accortbnipe
formula:

SFI, x100%
SFl,

X% = )

where:

X% — the percent of stimulation of gfp expression in
comparison to the control.

SFl— the specific fluorescence intensity of control
sample.

SFI, — the specific fluorescence intensity of the aatu
treated with chemicals.

3. Results

In  experiment the positive fluorescence reactivity
of Escherichia coliK-12 recA::gfpmut2was obtained for
each tested chemicals. The highest stimulationgfpf
expression, above 136%, 100% and 50% in comparison
to the control was noticed with application of
actinomycine D at concentration of 10 mg/ml, 1 mg/m
and 100 ng/ml, respectively. In the case of 10 hginal

1 ng/ml concentration the higher about 14% and 71%.4
levels ofgfp expression in comparison to the control were
detected. The increase of concentration of actirdsheyD

at 1 ng/ml to 10 mg/ml lifted the efficiency dffp
expression above 780%. Between the concentration
of 1 mg/ml and 100 ng/ml in comparison to the 1nmg/
we obtained above 575 and 280% of stimulatiorgfpf
expression were obtained. At the concentration @f 1
ng/ml the smallest stimulation of gfp expressiohput
20% in comparison to the concentration of 1 ng/rabw
noticed.

Different fluorescence reaction dEscherichia coli
K-12 recA::gfpmut2was observed for N-metyl-N"-nitro-
N-nitrosoguanidine (MNNG). With using of this aniy
the highest stimulation offp gene expression, 45.15%
and 29.81% was noticed at concentration of 1 mg#mal
10 ng/ml, respectively in comparison to the control
The changes in the fluorescence intensity gfp
in comparison to the control for 10 mg/ml, 100 nigamd
1 ng/ml were obtained, too. For 10 mg/ml it was4266
of stimulation, for 100 ng/ml 20.49% and for 1 ng/m
it was 5.33% ofgfp gene expression activation in
comparison to the control. Use of five different
concentration of MNNG had developed stranger reacti
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of recA-gfpmut2 genetic system. In concentration
of 1 mg/ml, 10 ng/ml, 10 mg/ml and 100 ng/ml th& &4
559.28%; 495.68% and 384.43% aqffp expression
stimulation were registered in comparison to the
concentration of 1 ng/ml.

The treatment oEscherichia coliK-12 recA::gfpmut2
with mitomycin C differentiatedfp fluorescence response
in comparison to the control. The highest stimolati
of gfp: 16.08%, 10.36% and 8.36% were registered
at concentration of 10 mg/ml, 100 ng/ml and 1 ng/ml
respectively. Less efficient flexibility igfp expression
system was observed after bacteria incubation with
1 mg/ml and 10 ng/ml of mitomycin C. It was 6.19%
of gfp expression stimulation for 1 mg/ml and 1.89% for
10 ng/ml in comparison to the control. The applaat
of mitomycin C from concentration of 1 ng/ml to
10 mg/ml had expanded fluorescence activity ghp
construct withrecA promoter. The highest stimulation
of gfp expression was noticed for concentration
of 10 mg/ml and 100 ng/ml and it was 192.34% and
123.92% in comparison to the 1 ng/ml. At concerdrat
of 1 mg/ml and 10 ng/ml the smallest stimulation
of gfp expression, about 26% and 77.4% in comparison
to the concentration of 1 ng/ml was noticed.

The incubation of Escherichia coli K-12
recA::gfpmut2 with formaldehyde created highegfp
fluorescence response, about 17.43% in concentratio
of 900 mg/ml in comparison to the control. In these
of the different used concentration of formaldehyde
the gfp expression were stimulated on a low levels. It:was
1.40% of stimulation at concentration of 50 mg/hB8%
at 100 mg/ml; 0.95% at 300 mg/ml; 0.97% at 500 nhg/m
5.97% at 700 mg/ml; 2.68% at 1100 mg/ml; 2.47% at
1300 mg/ml and 9.05% at 1800 mg/ml. The
differentiation of gfp response with application of nine
concentration of formaldehyde have made strange
fluorescence activity inE.coli K-12 recA::gfpmut2
At concentration of 900 mg/ml and 1800 mg/ml the
1245% and 646.43% offp stimulation was obtained
in comparison to the smaller concentration 50 mg/ml
of formaldehyde. The efficiency affp expression was
stimulated at the concentration of 100 mg/ml, 7GJm,
1100 mg/ml and 1300 mg/ml in comparison to the
50 mg/ml of formaldehyde. The levels of stimulativere
205.71%; 426.43%; 191.43% and 176.43% , respegtivel
for early pointed concentration. At the concentnati
of 300 mg/ml and 500 mg/ml the smallest stimulation
of gfp expression, about 32.86% and 30.70%
in comparison to the concentration of 50 mg/ml
formaldehyde were assessed.

With application of 4% ethanol and 4% acetone the
both chemicals have acted for recA promoter inducti
(data not shown), but no more than 6.43% for 4%reth
and 5.22% for 4% acetone in comparison to the obntr
Our data indicated thak. coli K-12 recA::gfpmut2
biosensor strain is more specific and sensitive for
actinomycin D and MNNG and with very low response
to other stressors.

In this work the fluorescence responsesEof coli
K-12::.gfp promoterless strain exposed to MMC,
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actinomycin D, MNNG, CHO, ethanol and acetone were screening. As presented in Figs. 3-6, with use of
tested. None of these treatments increased fluemesc recA-gfpmut2 genetic fusion a more dramatic and
response (data not shown) more than 3.37% sensitive fluorescence responses were obtainedviftan

in comparison to the control. So, it was concludeat gfpmut2 promoterless

this strain is not sensitive enough for genotoyicit

10000

LL L

n —&— E. coli K-12 recA::gfpmut2
—8— E. coli K-12 promoterless

1000 ------ control sample

I C [pg/ml]
B F e g--e

Fig. 3. Induction oE. coli K-12 recA:gfpmut2andE. coli K-12 promoterlesdy actinomycin D. Values are means * u (x)
(measurement uncertainty) fior3. SFI — Pecific Huorescencentensity; C — concentration.

10000

LL
n —&— E. coli K-12 recA::gfpmut2
—B— E. coli K-12 promoterless
------ control sample
1000 -

Fig. 4. Induction oE. coli K-12 recA:gfpmut2andE. coli K-12 promoterlesdy N-methyl-N’-nitro-N-nitrosoguanidine (MNNG).
Values are means + u (x) (measurement uncertafotyp)=3. SFI — $ecific Huorescenceritensity; C — concentration.

10000

e

SFI

—&— E. coli K-12 recA::gfpmut2
1000 —~8— E. coli K-12 promoterless
------ control sample

C [ug/ml]
B 5 3 -

Fig. 5. Induction oE. coli K-12 recA:gfpmut2andE. coli K-12 promoterlesdy mitomycin C. Values are means + u (x) (measurémen
uncertainty) fom=3. SFI — ecific Huorescencentensity; C — concentration.
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10000 + ]
¥ ot 3
T
)}
B —&— E. coli K-12 recA::gfpmut2
—8— E. coli K-12 promoterless
------ control sample
1000 —

C [ug/mi]

~ ttet-dHH

Fig. 6. Induction oE. coli K-12 recA:gfpmut2andE. coli K-12 promoterlesdy formaldehyde. Values are means * u (X) (measemém
uncertainty) fom=3. SFI — ecific Huorescencentensity; C — concentration.

4. Discussion

Results indicated that the chemical structure ctetd
genotoxins: mitomycin C (MMC), actinomycin D,
N-methyl-N'-nitro-N-nitrosoguanidine  (MNNG) and
formaldehyde (CkD) differentiated the strength oécA
promoter induction inE. coli K-12 recA:: gfpmut2in
comparison toE. coli K-12 carrying pUA66 -gfpmut2
without recA promoter. The highest induction levelgfp
expression was obtained after exposureEs€herichia
coli K-12 recA::gfpmut2to actinomycine D (Fig. 3). For
MNNG the fluorescence responsere€A-gfpmutXusion
was smaller (Fig. 4). The fluorescence reactions
to formaldehyde and MMC were included into the erro
of the measured broads (Figs. 5 and 6). So it was
concluded that for formaldehyde and MMEC coli K-12
recA:: gfpmut2genetic system is disqualified for practice
application.

Results obtained in experiment are in agreemerit wit
studies of Kostrziska et al., 2002; Ahn et al., 2009;
Ptitsyn et al., 1997 and the others who presered t
reporter genes systems (witfip and lux reporters) are
sensitive and useful for measurement of genotoffece
of the same compounds and various chemicals (Chh, et
1999; Casavanth et al., 2003; Stiner and Halver3002;
Willardson et al., 1998; Baumstark-Khan et al., 200

In literature there are some discrepancies forlt®esu
of sensitivity ofgfp andlux genetic systems with specific
for DNA damage promoters for the same tested
compounds. Quite clear explanation we could findhia
work of Ahn et al., 2009, where authors developed\el
approach to predict the mode of genotoxic action of
chemicals using a group of seven different DNA dgena
sensing recombinant bioluminescent strains withegien
fusion of promoters involved in the SOS respomsdA-,
dinl-, sbmGC, recA, recN, sulA, alkA) and lux
as a reporter inE. coli. Strains were tested against
genotoxins such as: mitomycin Gl-methyl{N'-nitro-N-
nitrosoguanidine (MNNG), nalidixic acid (Nal) and
4-nitroquinoline  N-oxide (4-NQO). Each of these
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genotoxic compounds caused DNA damage by a differen
means. As a consequence of different responseg thes
biosensors were grouped to a specific mode of mctto
could be explanation for our results and otheraegeers.

In the light of Ahn et al., 2009, experiment thesiba
mechanisms of genotoxins activity to DNA and eéfiwy

of SOS promoters induction are strictly connectdath w
chemical structure of tested genotoxins and scheme
of their action to DNA. For example, the chemical
mechanism of mitomycin C action include: oxygen
radicals generation, DNA alkylation, and produces
interstrand DNA cross-links, thereby inhibiting DNA
synthesis. Mitomycin C also inhibits RNA and pratei
synthesis at high concentrations (Mao, 1999; Brgnde
2001). The main mechanisms of action of actinomyzin
rely on transcription inhibition. Also, Actinomyci can
bind DNA duplexes and interfere with DNA replicatio
to inhibit DNA synthesis (Turan et al., 200®&)-methyl-
N’-nitro-N-nitrosoguanidine (MNNG) is a DNA damage
alkylating agent known to covalently link alkyl gnos

at the position 6 of guanines in DNA (Ahn et aD09).
The most relevant type of formaldehyde-induced DNA-
damage are DNA-protein cross links (DPX) (Neuss and
Speit, 2008). In own work each of tested genotokimse
had different chemical structure and mechanism NAD
damage. So, it was considered that it could benthin
cause of differentiation of kinetic ofecA promoter
induction, after treatment of bacteria cells witie tsame
concentration of MMC, MNNG, actinomycine D and used
concentration of formaldehyde.

5. Conclusions

Current research indicated positive reactionEof coli
K-12 recA:.gfpmut2 genetic system for actinomycin D
and MNNG.

The fluorescence reaction to formaldehyde and MMC
were included into the error of the measured broads
So it was concluded that for formaldehyde and MMC



E. coliK-12 recA:: gfpmut2genetic system is disqualified
for practice application.
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