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ABSTRACT

Dichlorodiphenyltrichloroethane (DDT) is an organochloride pesticide with a global impact on agriculture. De-
spite the international ban on this pesticide in 2001, DDT is still illegally used for malaria control in some parts of
the world, such as India and South Africa. The presence of DDT and its metabolites in waters, soil, and sediments
continue to adversely affect living organisms. Understanding the toxic effects of DDT is crucial for global environ-
mental health. The goal of this study was to investigate the toxicity of DDT in E. coli ATCC-25922, Sarcina spp.,
ATCC-35659, Enterobacter homaechei LBM ATCC-700323, Staphylococcus aureus ATCC-25923 and Candida
albicans ATCC-1023. To confirm oxidative stress as a mechanism of toxicity, sod4 promoter induction in the
Escherichia coli sodA:luxCDABE biosensor strain and ROS (Radical Oxygen Species) synthesis in E. coli ATCC-
25922 strain, across various DDT concentrations (10, 1, 0.1, and 0.01 mg/L) were measured. The results showed
that DDT in the range of applied concentrations shows a toxic effect on bacteria/fungi. Analysis of sod4 promoter
induction and ROS synthesis values in E. coli strains showed an increase in these indicators following exposure
to the tested DDT concentrations. The results confirmed the validity of the hypothesis that the molecular mecha-
nism of DDT toxicity is by induction of oxidative stress. Therefore, the need to develop more effective methods
of removing DDT from wastewater and water and reducing the transport of this pesticide into the environment is
justified. Moreover, recent evidence has increasingly confirmed positive correlations between human exposure to
DDT and the development of cancers.
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INTRODUCTION some of which are listed as priority pollutants of
natural water resources (European Union, 2016).

Currently, one of the top international and Once in the environment, pesticides and their
national priorities is water pollution control. Ma- metabolites can cause a range of disturbances in
jor environmental pollutants include pesticides,  food chains and microbial activity. It has been
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scientifically proven that, as even at low doses,
pesticides exhibit toxicity and have carcinogenic
potential (Lescano et al., 2022). Several legal reg-
ulations have been introduced in European Union
countries regarding properly handling plant pro-
tection products and limiting their transport to
the environment. The main piece of legislation is
Regulation (EU) 2017/625 of the European Par-
liament and of the Council of 15 March 2017 on
official controls and other official acts performed
to ensure the application of food and feed law,
animal health and welfare rules, plant health and
plant protection products. In the countries of the
European Union, the most important document
protecting the quality of drinking water is the Di-
rective Council Directive 98/83/EC (1998). This
Directive sets out the following requirements that
water intended for human consumption should
meet: must be free of microorganisms, parasites,
and harmful chemicals. In Poland, the main docu-
ment adapting Polish law to the requirements of
the EU Directive is the Dz. U. p. 2294 (2017) and
Dz. U. p. 1311 (2019) (Cybulski et al., 2021).
Dichlorodiphenyltrichloroethane (DDT) is
an organochloride pesticide (Fig. 1.). DDT was
synthesized in 1874, and it was used to control
insects including pink bollworm, codling moth,
Colorado potato beetle, and European corn borer
from 1945 (Liu and Sing, 2022). Due to its lipo-
philic nature and significant resistance to biodeg-
radation, DDT is classified as a persistent organic
pollutant (POP) (Chueycham et al., 2021; Liu and
Sing, 2022). It was estimated that the half-life of
DDT in the field would be from 2 to 15 years. In
aquatic environments, the half-live of DDT ex-
tends up to 150 years (Chueycham et al., 2021).
DDT concentrations detected worldwide in sur-
face waters range from 1 ng/L (USA) and 250
ng/L (China) to even a value of 5794 mg/L in the
Bhopol River (India) (Mansouri et al., 2016).
The primary biodegradation metabolites of
DDT include toxic 4-chlorophenol-acetate and
highly persistent compounds such as 1,1-di-
chloro-2,2-bis(p-chlorophenyl) ethylene (DDE),
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Figure 1. Chemical structure of DDT
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1,1-dichloro-2,2-bis(p-chlorophenyl) ethane
(DDD), and 4,4 -dichlorobenzophenone (DBP).
DDE and DDD are highly toxic to many aquatic
organisms, and in many cases, it has been shown
that these metabolites have higher toxicity com-
pared to the parent pesticide, DDT (Mansouri et
al., 2016). DDT and its metabolites are still de-
tected in waters, soil, sediments and living organ-
isms. For example, within China’s Zhejiang Prov-
ince, significant exceedances of the soil environ-
mental quality standard for DDT were detected
in farmland soil samples with values as high as
1.208 mg/kg (Ebsa et al., 2024). Moreover, DDT
has been detected in human milk, blood, sweat,
and urine (Malusa et al., 2020; Chueycham et al.,
2021). Data from measurements of DDT content
in Antarctic waters showed the presence of this
pesticide in concentrations ranging from 0.07
to 0.25 pg/L (Malagon et al., 2023). Due to the
ability to bioaccumulate and the adverse impact
of DDT on living organisms, this pesticide was
banned for agricultural uses worldwide by the
2001 Stockholm Convention on Persistent Or-
ganic Pollutants. Despite this, DDT is still ille-
gally used for malaria control in some parts of the
world, such as India and South Africa (Liu and
Sing, 2022). According to a WHO report in 2014,
at least 10 countries, including Botswana, the
Democratic Republic of Congo, Gambia, India,
Mozambique, Namibia, South Africa, Swaziland,
Zambia, and Zimbabwe, used DDT as an insec-
ticide for indoor residual spraying (IRS) (WHO
2014a, 2014b, 2015). Moreover, DDT is used in
dicofol production in China, another widely used
pesticide. The final product may contain up to
10% DDT (Tao et al., 2007). In the last years in
Mexico waters, high levels of total DDTs, even
up to concentrations of 811 ng/ml, were detected
(Ochoa-Rivero et al., 2017).

DDT and its metabolites have the ability to
bioaccumulate in the tissues of both plant and ani-
mal organisms, gradually integrating into the food
chain. As the final link in this chain, humans are
exposed to these pesticides through the consump-
tion of contaminated plant and animal products.
Tests on living organisms such as oysters, fish,
mammals, and birds have so far demonstrated the
neurotoxic effects of DDT and those that disrupt
the functioning of the endocrine (potential EDCs)
and reproductive systems in living organisms
(Chueycham et al., 2021). It has also been es-
tablished that DDT damages DNA in blood cells
and stimulates the development of pancreatic and
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breast cancers (Rizqi et al., 2023). Scientific stud-
ies have found that DDT exposure was associated
with a statistically significant 5-fold increased
risk of breast cancer among young women (Cohn
et al., 2007; Chueycham et al., 2021). In addition,
a positive association was also detected between
rectal cancer and colorectal cancer (CRC) risk
and exposure to DDT and its metabolite DDE.
DDT was still detected in food worldwide in
2018 (Matich et al., 2021). Although the toxic-
ity of DDT, on aquatic organisms and laboratory
animals as well as human epidemiological stud-
ies has been documented so far, the molecular
mechanism of action of DDT is not clear (Agency
for Toxic Substances and Disease Registry (US)
- ATSDR, 2022). Although there are several stud-
ies which suggest that the oxidative stress can be
a key factor in DDT toxicity, the molecular mech-
anism should still be extensively studied (Jin et
al., 2014; Harada et al., 2019; Russo et al., 2019).

Due to possible toxic and carcinogenic effects
of pesticides on the environment, there is a con-
stant need to study the toxicity and environmental
impact of pesticides, which are being used in in-
creasing quantities around the world (Ahmed et
al., 2016; Lescano et al., 2022). Therefore, in this
study the toxicity tests were carried out with select-
ed microorganisms such as E. coli ATCC-25922,
Sarcina spp., ATCC-35659, E. homaechei, LBM
ATCC-700323, S. aureus ATCC-25923 and C. al-
bicans ATCC-10231, among them are fungi and
bacteria, both Gram-positive and Gram-negative.
These toxicity tests will allow the assessment of a
potential impact of that pesticide on microorgan-
isms present in the natural environment, activated
sludge and included in the natural microflora of
the human body. DDT entering wastewater treat-
ment plants (WWTPs) can negatively affect and
disrupt the biodiversity of activated sludge con-
taining the complex microbial consortia, leading
to a reduction in the biodegradation efficiency of
micropollutants, which then enters surface waters
with treated wastewaters, posing a threat to the
quality of drinking water (Ahmed et al., 2016).
On the other hand, DDT present in contaminated
food and drinking water, once it enters the gastro-
intestinal tract of humans, can disrupt the optimal
composition of the gastrointestinal microbiome,
and this can lead to serious health effects. More-
over, in the present study the sod4 promoter in-
duction in the E. coli SM342 sodA:luxCDABE
and ROS level in the E. coli ATCC-25922 strain
were determined to confirm oxidative stress as

the possible DDT toxicity mechanism. The men-
tioned microorganisms are often chosen as model
organisms in toxicity and oxidative stress tests
(Matejczyk et al., 2023; Tasselli et al., 2023).

METHODOLOGY

Chemical compounds

DDT was purchased from Sigma-Aldrich
(Sigma-Aldrich, UK) and used without further
purification. The chemical compound was dis-
solved in dimethyl sulfoxide (DMSO). To limit
the effects of DDT on microbial cells, its solutions
were diluted in 0.86% NaCl in a ratio of 1:9 (100
pL DMSO and 900 pL 0.86% NaCl). The tested
concentrations of DDT were 0.01, 0.1, 1, 10 mg/L.
The selected DDT concentrations were within the
range of DDT concentrations detected in the envi-
ronment (on the basis of literature review) as well
as the higher concentrations were also examined
to study whether the molecular mechanism of
DDT toxicity is concentration dependent.

DDT antimicrobial activity

The microorganisms used

For DDT antimicrobial activity estimation,
the strains of E. coli ATCC-25922, Sarcina spp.,
ATCC-35659, E. homaechei LBM ATCC-700323,
S. aureus ATCC-25923, and C. albicans ATCC-
1023, representing bacteria and fungi, were used.
All microorganisms were purchased from ATCC
(American Type Culture Collection, USA).

Method for the determination of the
antimicrobial activity of DDT

The antimicrobial potency of DDT was mea-
sured based on the growth inhibition effect of test-
ed microorganism cultures. Overnight cultures of
the microorganisms mentioned above were estab-
lished at 37°C on Luria Bertani broth (LB) that
contained casein peptone 10 g/L; yeast extract 5
g/L and NaCl 10 g/L, pH 7.0. The next day, the
cultures were renewed, diluted with fresh LB
broth and incubated in a shaking water bath (130
rpm) at 37°C to the logarithmic growth phase
(OD,,=0.2). Next, in 96-well plates to 100 ul of
microorganism cultures, the 100 ul of appropriate
concentrations of DDT were added. After mixing,
samples were incubated at 37° C for 24 and 48 h.

365



Journal of Ecological Engineering 2025, 26(2), 363—-376

DDT was not added to the control sample. The mi-
croorganism culture growth inhibition effect after
DDT treatment was determined based on Optical
Density (OD) values measured at 600 nm and us-
ing a GloMax® microplate reader (Promega, MA,
USA). The results were presented as a percent-
age of inhibition/stimulation of the growth of the
microorganism culture compared to the control
sample. Experiments were conducted in triplicate.

Enterobacter hormaechei LBM ATCC and Candida
albicans ATCC-1023 cells viability assay

Viability assay with the use of BacTiter-
Glo™ Microbial Cell Viability Assay Kit (Pro-
mega, Madison, WI, USA) was performed for
Enterobacter hormaechei LBM ATCC and Can-
dida albicans ATCC-1023 that showed high sen-
sitivity in antimicrobial activity tests. In this test,
the principle of determining the viability of mi-
croorganisms in broth culture is based on the ATP
content in viable cells. The level of ATP in viable
cells is directly proportional to the intensity of
the luminescent signal. BacTiter-Glo™ Microbial
Cell Viability Assay Kit is a standard method for
the toxicity estimation of the selected chemicals to
the microorganisms (Promega instructions). Both
strains of E. hormaechei and C. albicans were
grown in Miieller Hinton II broth (MH II) at 37°C
for 24 hours. Next, the microorganism cultures
were diluted in fresh MH II broth and incubated
at 37°C with shaking (130 rpm) to the logarithmic
growth phase (OD,=0.2). After that, in 96-well
plates to 100 pl of microorganism cultures, the
100 ul of appropriate concentrations of DDT were
added. Samples were mixed and incubated for 24
h at 37° C. The control sample did not contain any
DDT. The viability inhibition effect for both cul-
tures of E. hormaechei and C. albicans after DDT
incubation was assessed based on luminescence
values measured using a GloMax® microplate
reader (Promega, MA, USA). Moreover, for each
sample the bacterial concentration was measured
spectrophotometrically as OD value at 600 nm.
The results were presented as a percentage of via-
bility inhibition/stimulation of the microorganism
culture compared to the control sample. Experi-
ments were conducted in triplicate.

Oxidative stress determination

To confirm oxidative stress as the mechanism
of DDT toxicity, the induction of the sod4 promot-
erin E. coli SM342/pBRIux-trp:sodA:luxCDABE
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and the level of ROS generation in the E. coli
ATCC-25922 strain was examined.

SodA promoter induction

Increased levels of ROS in living cells lead
to damage to DNA, proteins, lipids, and cell dys-
function. Cells are equipped with some antioxi-
dant enzymes whose task is to reduce the level of
dangerous ROS. One of the key enzyme in oxygen
defense systems is superoxide dismutase (SOD)
which carries out the dismutation of superoxide
anion into oxygen and H,O,. In further stages, the
resulting reaction products are converted into wa-
ter with the participation of catalase or peroxidase
(Merkamm and Guyonvarch, 2001). In this study,
to determine the potential of generating oxidative
stress by DDT, a microbiological luminescent E.
coli SM342/pBRlux-trp:sodA:luxCDABE bio-
sensor with a plasmid gene construct containing
the sodA promoter was used. In this method, the
principle of luminescent assay is based on ex-
posure to superoxide stress activating the sodA
promoter, resulting in luminescence emission.
The level of superoxide stress and luminescence
signal is proportional to the intensity of sodA
promoter induction in E. coli sodA:luxCDABE.
In the literature, E. coli strains containing the
sodA:luxCDABE plasmid gene construct are
often described as valuable tools for evaluating
the oxidative stress generation of many chemical
compounds, including antibiotics (Melamed et
al., 2012; Moraskie et al., 2021; Zhu et al., 2022;
Rojas-Villacorta et al., 2022).

E. coli SM342/pBRlux-trp:sodA:luxCDABE
strain was grown overnight in M9 medium at
37°C. After that, the bacteria culture was diluted
in fresh LB and regrown at room temperature
with shaking (130 rpm) to the early log phase
(OD,,,=0.2). The oxidative stress level was
monitored as the intensity of sod4 promoter in-
duction and luminescence signal emission as a
response to DDT exposure at 10, 1, 0.1, and 0.01
mg/L concentrations. In the next step, in 96-well
plates to 100 pl of E. coli sodA:luxCDABE cul-
ture, the 100 pl of appropriate concentrations of
DDT were added. After mixing, samples were
incubated at 37° C for 2 and 24 h. The control
sample did not contain DDT. Nalidixic acid
(NA) was used as a positive control. The lumi-
nescence intensity was measured for each sam-
ple using a GloMax® microplate reader (Pro-
mega, MA, USA) at time zero and after 2 and
24 h of incubation. The luminescence of each



Journal of Ecological Engineering 2025, 26(2), 363—-376

sample was normalized to its bacterial concen-
tration measured spectrophotometrically as OD
value at 600 nm. The results are shown in terms
of the percent of induction/inhibition of sodA
promoter and luminescence signal compared to
the control. The experiment was carried out in
three independent series.

ROS generation

An increased level of ROS in the cell is an
indicator of oxidative stress, which has a destruc-
tive effect on the structural elements of the cell
and main molecules such as DNA, proteins, and
lipids. In these studies, the intracellular ROS gen-
eration potential in an E. coli ATCC-25922 strain
incubated with DDT was determined using 7'-di-
chlorofluoresceindiacetate (DCFH-DA) (Sig-
ma-Aldrich, UK). E. coli culture was incubated
overnight in LB broth at 37°C. The next day, the
bacteria culture was diluted in fresh LB broth and
then incubated at 37°C with shaking (130 rpm)
to reach the log phase (OD,, =0.2). After that,
the E. coli culture was treated with DDT at con-
centrations of 10, 1, 0.1, and 0.01 mg/L. Next,
DCFH-DA was added to each sample at a final
concentration of 5 uM and incubated at 37°C for
50 min. In the control sample, DDT was not in-
cluded. In this method, the analyzed parameter is
the DCF fluorescence intensity measured using
a GloMax® microplate reader (Promega, MA,
USA) at the excitation wavelength of 485 nm and
the emission wavelength of 535 nm. The level
of ROS generation is directly proportional to the
fluorescence intensity of the DDT-treated sample.
Moreover, the OD, values of bacteria cultures
were monitored spectrophotometrically for each
sample. The results of the ROS generation in E.
coli culture incubated with DDT were presented
as a percent (%) of ROS increase compared to the
non-treated control culture. The experiment was
done in triplicates.

Statistical analysis

The Tukey test for equilibrium samples was
used to verify the effect of the DDT concentrations
on the bacterial and fungal species under con-
sideration. Differences in the individual param-
eters and species of bacteria and fungi between
the control and the sample were verified after a
given observation period. The statistical analyses
resulted in a statistical significance level of o=
0.05. This level resulted from the methodological

assumptions of the laboratory tests. The statisti-
cal analysis showed the differences between the
control and test samples after a set observation
time and between the samples after individual ex-
posure times. In addition, before selecting a sta-
tistical test to verify the occurrence of the least
significant differences, the data set was subjected
to the Bartlett test to verify homogeneity of vari-
ance and the Shapiro-Wilk test to determine the
normality of the distribution of the variables ad-
opted for analysis.

RESULTS

DDT antimicrobial activity

The results showed potential for the antimicro-
bial action of DDT against E. coli ATCC-25922
and Sarcina spp. ATCC-35659, E. homaechei
LBM ATCC-700323, S. aureus ATCC-25923 and
C. albicans ATCC-10231 cultures (Figures 2—6).

Among the tested the microorganisms, Sar-
cina spp. and E. coli, especially at the highest
DDT concentrations at 10 and 1 mg/L, showed
the most significant sensitivity after 24 h and 48
h of incubation, respectively, up to 45. 82% (24
h) and 44. 23% (48 h) for Sarcina spp. and up
to 43.59% (24 h) and 36. 98% (48 h) for E. coli
(Fig., 2, 3). Also, 24 h exposure to DDT at a
concentration of 1 mg/L induced more than 42%
growth inhibition of Sarcina spp. cultures. In
contrast, exposure to Sarcina spp. cultures to the
lowest DDT tested concentration (0.01 mg/L)
induced more than 4% stimulation of culture
growth. Compared to Sarcina spp. and E. coli
strains, DDT showed lower antimicrobial activ-
ity against the Enterobacter homaechei strain
(Fig. 3), where both after 24 h and 48 h only at
the highest tested concentration of 10 mg/L more
than 13% (24 h) and more than 16% (48 h) inhi-
bition of bacterial culture growth was detected.
For the other DDT concentrations (1, 0.1, and
0.01 mg/L) after 24 h and 48 h of incubation of
E. homaechei culture, there was a stimulation of
culture growth ranging from 0.39% (48 h, 0.01
mg/L) to over 19% (48 h, 1 mg/L). The Staphy-
lococcus aureus strain also had lower DDT sen-
sitivity than E. coli and Sarcina spp. The pes-
ticide induced more than 14% (24 h) and more
than 21% (48 h) growth inhibition of bacterial
cultures after incubation with S. aureus (Fig. 4)
cultures at the highest DDT concentration tested
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Figure 2. The antimicrobial activity of DDT against £. coli ATCC-25922.

Note: *- statistically significant difference at o= 0.05 between control sample, +- statistically significant
difference between 24 and 48 h for a given concentration of DDT. Error bars indicate the standard deviation (SD)
of the mean of three independent replicates.
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Figure 3. The antimicrobial activity of DDT against Sarcina spp., ATCC-35659.

Note: *- statistically significant difference at o= 0.05 between control sample, +- statistically significant
difference between 24 and 48 h for a given concentration of DDT. Error bars indicate the standard deviation (SD)
of the mean of three independent replicates.

30

Inhibition

20 [8 Enterobacter- antimicrobial activity- 24 h * 3
[8 Enterobacter- antimicrobial activity- 48 h

T = =
* + *
* * +

Bacteria growth inhibition or stimulation

-20
’

0.01 0.10 1.00 10.00
DDT concentration [mg/L]

Figure 4. The antimicrobial activity of DDT against E. homaechei LBM ATCC-700323.

Note: *- statistically significant difference at o= 0.05 between control sample, +- statistically significant
difference between 24 and 48 h for a given concentration of DDT. Error bars indicate the standard deviation (SD)
of the mean of three independent replicates.
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Figure 5. The antimicrobial activity of DDT against S. aureus ATCC-25923.

Note: *- statistically significant difference at o= 0.05 between control sample, +- statistically significant
difference between 24 and 48 h for a given concentration of DDT. Error bars indicate the standard deviation (SD)
of the mean of three independent replicates.
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Figure 6. The antimicrobial activity of DDT against C. albicans ATCC-1023.

Note: *- statistically significant difference at o= 0.05 between control sample, +- statistically significant
difference between 24 and 48 h for a given concentration of DDT. Error bars indicate the standard deviation (SD)
of the mean of three independent replicates.

(10 mg/L). Lower DDT concentrations (1 and
0.1 mg/L) stimulated bacterial culture growth up
to more than 19% after 24 h (1 mg/L) and up to
more than 12% after 48 h (1 mg/L). At a concen-
tration of 0.01 mg/L DDT and after 24 h, a slight
inhibition of S. aureus culture growth to over
4% was detected. The study showed that after 24
h of exposure to DDT, Candida albicans ATCC-
10231 cells appeared to be the least sensitive to
the pesticide (Fig. 6). At the concentrations of 1,
0.1, and 0.01 mg/L, DDT induced growth stimu-
lation of C. albicans cultures with a peak value
of over 8% for 1 mg/L. After 48 h, for C. albi-
cans, the most inhibitory culture growth effect
up to almost 18% was detected at the concentra-
tion of 0.01 mg/L. DDT.

Statistically significant differences in DDT
antimicrobial activity

It was observed that, for most of the tested
DDT concentrations and considered bacterial
or fungal species, statistically significant differ-
ences occurred between the control sample (Fig.
2-6). This regularity was present for almost all
adopted variants of the experiment. A deviation
from the indicated regularity was observed in
the following cases: for Sarcina spp., ATCC-
35659 at a DDT concentration of 1.00 mg/L,
where no statistically significant differences
were observed between the control sample and
the test sample after 24 h, and in the case of a
DDT concentration of 10.00 mg/L, for E. coli
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ATCC-25922 after 24 h of observation to the
control sample, and for C. albicans ATCC-1023
when observed after 24 and 48 h.

E. homaechei and C. albicans cells viability
assay

Studies conducted with BacTiter-Glo™ Mi-
crobial Cell Viability Assay showed that DDT in
the range of all concentrations affected the viabil-
ity of E. homaechei and C. albicans cultures (Fig.
7). In the case of E. homaechei, DDT stimulated
an increase in the number of viable bacterial cells
to more than 26% and 20% after 24 h incubation
at the concentrations of 1 and 0.1 mg/L, respec-
tively. In contrast, for concentrations of 10 and
0.01 mg/L, bacterial cell viability was reduced to
more than 4% for the 10 mg/L concentration and
more than 3% for the 0.01 mg/L concentration.
In viability assay, comparable to E. homaechei,
a different sensitivity to DDT was found for C.
albicans, where 24 h incubation of the fungal cul-
ture with the pesticide-induced in all tested DDT
concentrations of 10, 1, 0.1 and 0.01 mg/L an in-
hibition of culture viability ranging from over 9%
(1 mg/L) to over 22% (0.01 mg/L).

Statistically significant differences in
E. homaechei and C. albicans cells viability assay

For studies dedicated to analyzing the effect
of selected DDT concentrations on inhibition or
stimulation of bacterial or fungal viability (Fig.
7), E. homaechei LBM ATCC-700323 and C.
albicans ATCC-1023 were tested as representa-
tive microorganisms for the concerned groups.

40

During the research work for E. homaechei, vi-
ability stimulation was observed for a DDT at
concentrations of 0.01 mg/L and 10.00 mg/L. Vi-
ability inhibition was observed for concentrations
0f 0.10 and 1.00 mg/L. In the case of C. albicans,
viability stimulation was observed for the indi-
vidual DDT concentrations. In addition, it should
be noted that statistically significant differences
were observed for all considered samples com-
pared to the control sample, which relates directly
to a clear viability stimulation or inhibition of E.
homaechei and C. albicans for the considered
DDT concentrations.

Oxidative stress determination

SodA promoter induction

Studies on the oxidative stress generation po-
tential of DDT showed that the pesticide, at all
concentrations, 10, 1, 0.1, and 0.01 mg/L after 2
and 24 h incubation induced the sodA promoter
in the E. coli SM342 sodA:luxCDABE strain
(Fig. 8). The strongest effect of DDT on the sod4
promoter and /uxCDABE gene expression was
detected after 2 h incubation of E. coli SM342
sodA:luxCDABE cultures with DDT compared to
24 h incubation. The most significant increase in
sodA promoter induction to almost 190% was de-
tected at a concentration of 1 mg/L DDT and after
2 h of incubation. For the other tested concen-
trations, sod4 promoter induction values ranged
from more than 118% (0.01 mg/L) to 130% (10
mg/L). After 24 h incubation of E. coli SM342
sodA:luxCDABE cultures with DDT, a decrease
in sodA promoter activity and luxCDABE gene
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Figure 7. The E. homaechei LBM ATCC-700323 and C. albicans ATCC-1023 vability assay after exposure to DDT

Note: *- statistically significant difference at o= 0.05 between control sample. Error bars indicate the standard
deviation (SD) of the mean of three independent replicates.
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expression was observed compared to 2 h. For an
incubation time of 24 h, the highest level of stim-
ulation of the sodA promoter, up to 128%, was
detected for a concentration of 1 mg/L DDT. In
contrast, DDT at the concentration of 10, 0.1, and
0.01 mg/L induced the sod4 promoter in a range
of values from 104% (0.01 mg/L DDT) to 125%
(10 mg/L DDT).

Statistically significant differences for sodA
promoter induction

For the induction of the sod4 promoter in E.
coli sodA:luxCDABE (Fig. 8), statistically signifi-
cant differences were observed for a DDT dose of
1.00 mg/L. Then, the observed exposure results
indicated statistically significant differences ob-
served in the control sample after 2 and 24 h of
observation and between 2 and 24 h of exposure.
For a DDT concentration of 10.00 mg/L, a differ-
ence in the induction value of the sodA4 promoter
was observed in the control sample only after 2 h.
For DDT concentrations of 0.01 and 0.10 mg/L,
no statistically significant differences in sod4
promoter induction values were observed.

ROS synthesis

In the range of studied DDT concentration,
10, 1, 0.1, and 0.01 mg/L, a stimulating effect
of ROS synthesis was detected in E. coli ATCC-
25922 cultures exposed to this pesticide (Fig.
9). Concentrations of 10 and 1 mg/L induced a
significant increase in the level of ROS genera-
tion (up to 136.1% and 119.2%, respectively)

220

in bacteria. The lower DDT doses (0.1 and 0.01
mg/L) had much less effect on ROS synthesis lev-
els. DDT at 0.1 mg/L induced stimulation of ROS
synthesis to 110.1%. On the other hand, the low-
est of the tested pesticide concentration of 0.01
mg/L slightly (102.7%) affected the values of the
ROS parameter.

Significant differences in ROS synthesis

For ROS synthesis in E. coli ATCC-25922
(Fig. 9), statistically significant differences were
observed between the control sample for DDT
concentrations of 1.00 and 10.00 mg/L. How-
ever, in the case of DDT concentrations of 0.01
and 0.10 mg/L, no statistically significant dif-
ferences were observed in ROS values for the
control sample.

DISCUSSION

Our results are consistent with the data from
the work of previous authors in which the anti-
microbial activity of DDT against bacteria, fungi,
and algae was detected (Lal and Saxena, 1982;
Liu et al., 2021). In the available literature, most
studies are also concerned with the effects of DDT
on soil microorganisms. The main ways microor-
ganisms are exposed to DDT in the environment
are the application of this pesticide to the soil,
the spread of spraying, and infiltration into the
soil. In addition to bacteria and fungi, microalgae
are present in the soil, which can be an essential
component of the soil microflora, making up to
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Figure 8. The sodA promoter induction in E. coli sodA:luxCDABE after exposure to DDT.

Note: *- statistically significant difference at o= 0.05 between control sample, +- statistically significant
difference between 24 and 48 h for a given concentration of DDT. Error bars indicate the standard deviation (SD)
of the mean of three independent replicates.
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Figure 9. ROS synthesis (%) in E. coli ATCC-25922 after exposure to DDT

Note: *- statistically significant difference at a= 0.05 between control sample. Error bars indicate the standard
deviation (SD) of the mean of three independent replicates.

27% of the total microbial biomass in the soil
(Megharaj et al., 2000; Mansouri et al., 2017).

The earlier study on the effects of DDT on
soil microorganisms was comprehensive, includ-
ing tests on soil cultures of bacteria, fungi, green
algae, and cyanobacteria (Mansouri et al., 2017).
The results showed a decrease in the number of
bacteria and algae with an increase in DDT dose
up to 27 mg of DDT residue per kg of soil. In
the case of fungi from the species Aspergillus fla-
vus and Aspergillus parasiticus, culture growth
was stimulated under the influence of DDT at a
concentration of 2 ppm. The researchers also ob-
served changes in algae and cyanobacteria spe-
cies composition in DDT-contaminated soils,
with sensitive species being eliminated in soils
with moderate and high contamination levels.
This indicates that DDT also affected the biodi-
versity of soil microflora. Additionally, the dif-
ferential sensitivity of soil microorganisms to
DDT was found, a conclusion that aligns with the
results obtained in our study and those of others
(Mansouri et al., 2017; Russo et al., 2019; Ebsa
et al., 2024).

Studies on DDT’s cellular mechanism of
action have shown that the pesticide affects the
function of cell membranes, enzymes, and nucleic
acids. Experiments conducted on E. coli revealed
that the action of DDT caused changes in the pro-
portions of polar groups of major phospholipids
and the composition of fatty acids (Lal and Sax-
ena, 1982, Encarnacao et al., 2019, Tasselli et al.,
2023). Polar phospholipids are the main building
blocks of cell membranes. Studies on Casearia
fasciculata found that the presence of DDT at a
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concentration of 425 ppm caused inhibition of
[*H]thymidine and [*H]uridine uptake, resulting
in an inhibitory effect on DNA and RNA produc-
tion. This effect on nucleic acid synthesis has been
attributed to the interaction of DDT with complex
regulatory processes involved in the transport of
precursors necessary for nucleic acid production
(Lal and Saxena, 1982; Kumar et al., 2018; En-
carnacao et al., 2019). Disruption of the proper
function of cell membranes and genetic material
in the cells of the microorganisms probably un-
derlies the toxicity of DDT, as we demonstrated
in the antimicrobial activity and viability assays
presented in this work.

Oxidative stress is caused by increased levels
of ROS synthesis in living cells. The most sig-
nificant forms of ROS in oxidative stress are O,,
hydrogen peroxide, and hydroxyl radical. ROS
are highly reactive molecules that cause oxida-
tive damage to critical cellular biomolecules such
as DNA, RNA, proteins, and lipids. To date, the
induction of ROS generation and oxidative stress
in bacteria exposed to metals, acids, salts, redox
compounds, pesticides, antibiotics, disinfectants,
and nanoplastics has been demonstrated in the
scientific literature (Imlay, 2019; Buchser et al.,
2023). The results of this study demonstrated an
increase in ROS synthesis across the tested DDT
concentrations (10, 1, 0.1, and 0.01 mg/L), sug-
gesting that oxidative stress is a key mechanism
of DDT toxicity. Following 2 h of exposure to 1
mg/L DDT, the E. coli sodA:luxCDABE strain
exhibited the most significant activation of the
sodA promoter, showing an increase of ap-
proximately 190% compared to the control. The
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intensity of sod4 promoter excitation in E. coli
sodA:luxCDABE 1is directly proportional to the
level of superoxide stress (Melamed et al., 2012;
Moraskie et al., 2021; Zhu et al., 2022; Rojas- Vil-
lacorta etal., 2022). A previous study by Melamed
etal. (2012) showed an increase in sod4 promoter
induction in E. coli sodA.:luxCDABE in the super-
oxide stress response of bacterial cells to selected
antibiotics.

In recent years, more papers have appeared
in the scientific literature reporting the signifi-
cant potential of ROS generation and oxidative
stress in tests on bacteria and animal and human
cell lines treated with pesticides (Sazykin and Sa-
zykina, 2023). Unfortunately, there are no studies
on the correlation between bacterial exposure to
DDT and the potential for oxidative stress genera-
tion, so we can only contrast the results obtained
in our study with those obtained in studies with
other pesticides.

To date it has been shown that atrazine (ATR),
a widely used herbicide worldwide, have the abil-
ity to induce ROS synthesis and oxidative stress
in soil bacterial cells. The conducted experiments
proved that after exposure of bacteria to ATR,
the increased level of intracellular ROS led to
single and double-strand breaks in DNA and a
genotoxic effect (Sazykin and Sazykina, 2023).
The genotoxic effect of ATR was also observed in
the work of Matejczyk et al. (2023) in the E. coli
recA:luxCDABE strain. Moreover, it has been
shown that in E. coli K12 and Bacillus subtilis
B19 strains, atrazine induced an increase in activ-
ity of superoxide dismutase (SOD), catalase, glu-
tathione transferase and to increase the amount of
glutathione, which led to an enhanced of antioxi-
dant response (Sazykin and Sazykina, 2023).

The potential for oxidative stress induction
in Pseudomonas aeruginosa and Pseudomonas
fulva was detected when these bacteria were cul-
tivated in the presence of clomazone and ametrin
herbicides. Analysis of oxidative stress parame-
ters, such as the activity of glutathione reductase,
glutathione transferase, superoxide dismutase,
catalase, and cellular glutathione content showed
species-differentiated antioxidant system re-
sponses of P. aeruginosa and P. fulva to the tested
herbicides (Peters et al., 2014; Sazykin and Sa-
zykina, 2023).

In our studies we obtained the induction of
sodA promoter in E. coli strain and ROS synthe-
sis, after bacteria exposition to DDT. These re-
sults support the hypothesis that DDT in bacterial

cells increases ROS and oxidative stress, which
induces some disruptions of cellular signal trans-
duction pathways and homeostasis in living cells,
leading to cell death. In cellular defense response
to elevated levels of ROS, the expression of or-
ganized networks of genes encoding HSPs, is
switched on. HSPs have a cytoprotective func-
tion through their chaperoning activities, ranging
from polypeptide folding to conducting repairs
and degrading irreparable peptides (Ikwegbue
et al.,, 2018; Szller and Bill-Lula, 2021). ROS
in cells induces DNA fragmentation and a con-
sequent genotoxic effect. One of the molecular
mechanisms of action of the HSP70 family has
been shown to reduce this effect significantly.
Moreover, HSPs under conditions of cellular oxi-
dative stress have been shown to support the an-
tioxidant system against the destructive effects of
ROS (Wu et al., 2015).

A significant problem in the protection of the
environment and water resources is the high du-
rability and resistance to biodegradation of pes-
ticides, including DDT. Pesticides are not com-
pletely removed from wastewater and are trans-
ported from WWTPs together with treated waste-
water to surface waters, which are often drinking
water intakes. At the WWTPs, many metabolic
processes are engaged in the microbial degrada-
tion of pesticides in activated sludge (AS), in-
volving a variety of enzymes encoded by biodeg-
radation genes (BDGs) and pesticide degradation
genes (PDGs). In the work of Fang et al., (2018),
the authors demonstrated the linkages of bacterial
communities and BDGs/PDGs activity in the AS,
and the pesticide wastewater characteristics. Pes-
ticides contained in wastewater may affect biodi-
versity, metabolic activity and the level of gene
expression in activated sludge microorganisms
equipped with BDGs/PDGs. In the cells of acti-
vated sludge microorganisms exposed to DDT the
induction of oxidative stress occurred. Therefore,
ROS damages DNA (genotoxic effect), RNA,
proteins and cellular lipids, resulting in disorders
or inhibition of gene expression, lipid peroxida-
tion, degradation of cellular proteins and inacti-
vation of critical cellular enzymes (Brody, 2015;
Ikwegbue et al., 2018; Chueycham et al., 2021;
Matich et al., 2021; Rizqi et al., 2023). Finally,
oxidative stress induced by DDT affects miRNA
activity, which can regulate or block the expres-
sion of many genes (Ebrahimi et al., 2020; Arfin
et al., 2021; Jelic et al., 2021), including biodeg-
radation genes (BDGs) and pesticide degradation
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genes (PDGs), which leads to a decrease in the
metabolic activity of AS microorganisms and a
decrease in the biodegradation efficiency of pes-
ticides in wastewater (Fang et al., 2018; Lescano
et al., 2022).

CONCLUSIONS

In this study, the toxicity of DDT on vari-
ous microorganisms was evaluated, revealing
significant growth inhibitory effects, particularly
on E. coli and Sarcina sp., with oxidative stress
identified as a likely mechanism of DDT toxic-
ity. DDT exposure increased both the induction
of the sodA promoter activity and ROS synthe-
sis, with the most pronounced effects observed
at higher concentrations of DDT. These findings
align with global concerns about the environmen-
tal and health risks associated with DDT, par-
ticularly its potential role in carcinogenesis. The
study underscores the urgent need for improved
methods of pesticide removal from wastewater
and stricter regulatory compliance to mitigate the
harmful effects of DDT on the environment and
human health. Promising approaches for achiev-
ing this include bio-membrane technologies and
advanced oxidation processes (AOPs).
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