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Abstract: A newly isolated cadmium (Cd)-resistant bacterial strain from herbicides-polluted soil in
China could use atrazine as the sole carbon, nitrogen, and energy source for growth in a mineral
salt medium (MSM). Based on 16S rRNA gene sequence analysis and physiochemical tests, the
bacterium was identified as Arthrobacter sp. and named ST11. The biodegradation of atrazine by
ST11 was investigated in experiments, with the compound present either as crystals or dissolved in
di(2-ethylhexyl) phthalate (DEHP) as a non-aqueous phase liquid (NAPL). After 48 h, ST11 consumed
68% of the crystalline atrazine in MSM. After being dissolved in DEHP, the degradation ratio of
atrazine was reduced to 55% under the same conditions. Obviously, the NAPL-dissolved atrazine
has lower bioavailability than the crystalline atrazine. Cd2+ at concentrations of 0.05–1.5 mmol/L
either had no effect (<0.3 mmol/L), slight effects (0.5–1.0 mmol/L), or significantly (1.5 mmol/L)
inhibited the growth of ST11 in Luria-Bertani medium. Correspondingly, in the whole concentration
range (0.05–1.5 mmol/L), Cd2+ promoted ST11 to degrade atrazine, whether crystalline or dissolved
in DEHP. Refusal to adsorb Cd2+ may be the main mechanism of high Cd resistance in ST11 cells.
These results may provide valuable insights for the microbial treatment of arable soil co-polluted by
atrazine and Cd.

Keywords: atrazine; Arthrobacter sp. ST11; biodegradation; nonaqueous-phase liquid; cadmium

1. Introduction

Arable soil is often polluted with herbicides [1]. Atrazine (6-chloro-4-N-ethyl-2-N-
propan-2-yl-1,3,5-triazine-2,4-diamine) is one of the most widely-used persistent chlorine
herbicides that often remain in agricultural fields and water bodies for several years at
concentrations of hundreds of µg/kg [2]. Atrazine has lower bio-accessibility when present
in an unavailable phase, such as crystalline form, soil and sediment solids, or non-aqueous
phase liquid (NAPL). The environmental persistence of atrazine has been shown to be
a vastly significant problem [2]. No strong evidence could prove that atrazine causes
cancer; however, it affects the endocrine response and thus has a potential effect on human
reproduction and development [3]. Although it was banned for use by the European Union
in 2004, atrazine remains legal in China [2]. Atrazine is expected to persist in arable soil
sources for decades [4], thereby calling for appropriate remediation measures.

Cadmium (Cd), a potentially toxic heavy metal with no known biological function,
occurs widely in nature [5]. A national-scale study of soil Cd pollution in China re-
ported that the average and maximum concentrations of Cd in arable soil were 0.0024 and
1.36 mmol/kg, respectively [6]. As one of the most toxic trace elements in the envi-
ronment, Cd could cause serious health problems to microorganisms, plants, animals,
and humans [5,7].

Bioremediation is cost-effective and environmentally friendly and, thus, has become
one of the most popular approaches for removing atrazine [2]. Biodegradation by indigenous
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microbial populations is considered an important process that affects the fate of atrazine in
contaminated sites [2]. Since the 1990s, different atrazine-degrading bacteria and fungi have
been isolated from contaminated sites [8,9], including Arthrobacter [10], Nocardioides [11], She-
wanella [12], Rhodococcus [13], Stenotrophomonas [14], Pseudomonas [15], Paenarthrobacter [16],
and Trametes [17]. Bacteria are the foundation of microbial bioremediation, which can out-
perform fungi in the potential for atrazine-specific bioaugmentation [18]. However, the low
bioavailability of atrazine in the environment hindered the degradation efficiency of these
strains. Although many enhancement methods have been applied [19–21], little is known
about the mode of acquisition of atrazine when it is present in an unavailable phase. Heavy
metals and synthetic pesticides often co-occur in soil, although their hazards are usually
evaluated separately and in bulk soil [22]. Coexisting heavy metals may stimulate or inhibit
the biodegradation of herbicides [23,24]. When Cd pollution coexists, the fate of atrazine in
the soil will be difficult to predict. The potential ecological risk of combined pollution of
atrazine and Cd in waters and soils still exists, and it cannot be ignored, even when said
risk is lower than that of atrazine or Cd alone [25,26]. Overall, the search and isolation of
specific bacterial strains that could degrade atrazine efficiently with Cd resistance are of
great interest.

Arthrobacter is prevalent in the agricultural soil environment, and it could degrade
many kinds of environmental pollutants [10,27]. Many Arthrobacter strains have been
isolated to degrade atrazine, such as Arthrobacter Sp. DNS10, Arthrobacter sp. LY-1, and
Arthrobacter Aurescens TC1 [28–30]. In addition, some Arthrobacter strains were reported to
have metal resistance [31,32]. However, atrazine-degrading Arthrobacter strains with Cd
resistance have not yet been found.

The three primary goals of this study were designed to address gaps that currently
exist in the research. The first goal was to isolate high-efficiency atrazine-degrading bacteria
with Cd resistance and characterize them through 16S rRNA gene sequencing analysis and
physiochemical tests. The second goal was to investigate the bioavailability of crystalline
and NAPL-dissolved atrazine to the strain. The third goal was to explore the mechanisms
of the effect of Cd2+ on atrazine biodegradation. Finally, some valuable insights into the
treatment of atrazine in soil with Cd pollution were provided.

2. Results and Discussion
2.1. Identification and Characterization of Test Strain

An efficient atrazine-degrading bacterium ST11 was isolated from herbicide-polluted
soil. Under scanning electron microscopy (SEM), ST11 appeared as rods when rapidly divid-
ing and cocci when in the stationary phase (Figure S1), showing the typical characteristics
of Arthrobacter cells [33]. The strain was further identified as Arthrobacter sp. by physio-
chemical tests (Table S1) and 16S rDNA analysis (GenBank OP435654). A phylogenetic tree
was constructed using an approximate maximum-likelihood analysis (Figure 1).

2.2. Characterization of Cd2+ Resistance

The ST11 strain was assessed for its ability to grow in the presence of Cd2+. As shown
in Figure 2, no difference was found from the control samples when ST11 was incubated
for 48 h in a culture medium containing <0.3 mmol/L Cd2+. The growth of ST11 was
slightly suppressed in the presence of 0.5–1.0 mmol/L Cd2+ and significantly suppressed
in the presence of 1.5 mmol/L Cd2+. The effective concentration-25 (EC25) and effective
concentration-50 (EC50) were defined as the Cd2+ concentration required to obtain 25% and
50% cell growth inhibition effects, respectively. The EC25 and EC50 of ST11 toward Cd2+

were 1.21 and 2.01 mmol/L, respectively.
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Figure 2. Growth curves (A) and inhibition fitting curve (B) of ST11 in the presence of Cd2+. The cells
were cultured with the Luria-Bertani (LB) medium in the presence of Cd2+ (0–1.5 mmol/L) at 30 ◦C
at 150 rpm in darkness for 48 h. At the timed interval, flasks were taken out and 1 mL culture was
withdrawn for OD600 measurements.
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The adsorption capacities of ST11 for Cd2+ were shown in Figure 3. Before and after
cell adsorption, the difference of Cd2+ detected was negligible. The result shows that ST11
cells have limit adsorption capacity for Cd2+.
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Figure 3. Adsorption isotherm of Cd2+ on ST11 cells as a function of Cd2+ concentration. The cells
were harvested at 6380× g centrifugation for 10 min after ST11 was cultured in LB for 48 h. The cells
were washed three times with deionized water to remove the residual medium. The obtained wet
cells were used directly for Cd2+ adsorption without further treatment. The adsorption of Cd2+ by
ST11 cells was carried out at 25 ◦C and pH 7.

Arthrobacter is prevalent in the agricultural soil environment, and it could degrade
many kinds of environmental pollutants, but evidence of its resistance to heavy metals is
limited [10]. For instance, a quinaldine-degrading Arthrobacter sp. Rue61a was suggested
to have the potential to tolerate heavy metals, such as Zn2+, Pb2+, and Co2+ [31]. However,
for atrazine-degrading Arthrobacter, a strain with the ability to resist heavy metals has not
been reported. In this study, Arthrobacter sp. ST11 was shown to survive in the presence of
up to 1.5 mmol/L Cd2+. The microbial metabolism of heavy metals includes extracellular
complexation, extracellular precipitation, cation outflow, in-vivo detoxification, and in vivo
complexation [32]. Living ST11 cells do not adsorb Cd2+, so the resistance of ST11 to heavy
metals may be based on cation outflow or the absence of a Cd2+ binding site on the cell
membrane of ST11.

2.3. Biodegradation of Crystalline and NAPL-Dissolved Atrazine

The cell growth and biodegradation of crystalline and NAPL-dissolved atrazine by
ST11 are shown in Figure 4A,B, respectively. Di(2-ethylhexyl) phthalate (DEHP) is a
commonly used typical NAPL [34] that is biocompatible and could not be used by ST11.
Meanwhile, atrazine could be degraded by physical, chemical, and biological methods [35].
In the absence of microorganisms, they could attenuate naturally under some physical
and chemical factors [18]. A non-inoculated control experiment was set up in the present
study to exclude the effects of temperature, pH, dissolved oxygen, ionic strength, and other
physical and chemical factors. For the whole culture cycle, significant bacterial growth
of non-investigated samples was not detected under these conditions. For inoculated
samples, during the first 16 h, the numbers of cells produced at the two systems were not
statistically (Student’s t-test) significant. The bacterial growth rates during this phase were
0.0171 ± 0.0013 and 0.0185 ± 0.0005 OD600/h with 1.85 mmol/L crystalline and DEHP-
dissolved atrazine, respectively. Subsequent bacterial growth led to an increased number
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of cells until growth stopped after 40 h. At that time, the average final OD600 values of cells
were 0.61 ± 0.01 and 0.44 ± 0.03 with crystalline and DEHP-dissolved atrazine, respectively.
In the following 8 h, the cells almost stopped growing. Most of the bioavailable atrazine at
that point was assumed to be consumed. Therefore, residual atrazine was detected after
48 h of culture (Figure 4B). Physical and chemical factors were found to degrade atrazine
by no more than 15%. With crystalline atrazine as the substrate, the degradation ratio of
atrazine increased significantly and reached 68% after 48 h. When atrazine was dissolved
in DEHP, the degradation ratio of atrazine decreased to less than 55%, which is consistent
with the low number of cells.
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Figure 4. Cell growth (A) and biodegradation of atrazine (B) in crystalline form or in DEHP by
ST11. The initial concentration of atrazine was 1.85 mmol/L. For biological samples, 1 mL of bacterial
suspension (OD600 1.0) was inoculated. For blank tests, no inoculation was prepared to control the
non-biological effects. (A) The growth was monitored spectrophotometrically by measuring OD600 at
an interval of 4–8 h. (B) At the end of culture (48 h), the biodegradation ratio of atrazine was detected.
Data points represent the mean of three replicates and error bars show the standard deviation. Different
lower-case letters (a, b, and c) over the bars indicate significant differences at p < 0.05.

The atrazine degradation pathway includes hydrolysis, deamination, dealkylation,
and ring cleavage [2]. Liquid Chromatography-Ultraviolet (LC-UV) analysis was performed
at 225 nm to determine whether a new metabolite was generated after atrazine degrada-
tion (Figure S2). A new absorption peak (Figure S2c) appeared at the retention time of
4.145 min, which was not found in the atrazine standard (Figure S2a) and the culture
medium before atrazine was degraded (Figure S2b). In the process of atrazine biodegrada-
tion by the Bacillus licheniformis ATLJ-5 strain, intermediate metabolites hydroxyatrazine
and n-isopropylammelide were detected by LC-UV [8]. Similarly, during the process of
ST11 using atrazine, a UV detectable metabolite was found. This finding suggested that the
new compound was a metabolite of the degraded atrazine.

Microscopic observation explained that atrazine dissolved in DEHP had decreased
bioavailability (Figure 5). For the microbial adhesion to hydrocarbons (MATH) experiment
of ST11, the solution was vigorously homogenized and then allowed to stand for 2 h to
ensure complete phase separation. The OD600 of cells in the water phase increased from
0.6 to 0.68 (Figure 5B), possibly because some DEHP micro-droplets suspended in the water
phase hindered the transmission of light. The DEHP oil phase (Figure 5B) was as clear and
transparent as the sterile sample (Figure 5A), and no obvious emulsification was observed.
The liquid at the oil-water interface was sampled for microscopic observation (Figure 5C).
The results showed that the ST11 cells were evenly scattered in the water phase and not
observed on the oil-water interface. Therefore, ST11 is a water-soluble bacterium that could
only use atrazine dissolved in the water phase in the oil-water two-phase system.
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Atrazine has low bioavailability because of its low aqueous solubility (log Pow, 2.28;
water solubility, 0.153 mmol/L at 20 ◦C) [36]. However, when atrazine is used as a substrate
in crystalline and DEHP-soluble forms, it could be speculated to have different bioavail-
ability. The mass transfer of atrazine is not limited by the mass transfer rate, and ST11
cells could only use the substrate dissolved in water. When atrazine is a crystal, the mass
transfer between the solid and water is only limited by the saturated solubility of atrazine.
At this time, the concentration of atrazine in the aqueous phase could be approximately
regarded as the saturated solubility (0.153 mmol/L). When atrazine is dissolved in a NALP,
the mass transfer of atrazine between the NAPL and water is affected by the octanol-water
partition coefficient (log Pow, 2.28) of atrazine. In the experiments, the additional amount
of atrazine in DEHP was 11.13 mmol/L. If the difference between DEHP and octanol was
not considered, the concentration of atrazine in the aqueous phase was only 0.058 mmol/L.
Therefore, when atrazine was used as a substrate in crystal form or dissolved in DEHP,
the bioavailability of the former was 2.8 times that of the latter. The low bioavailability of
atrazine in DEHP delayed its degradation by ST11 (Figure 4B).

For other hydrophobic organic compounds in soil, such as polycyclic aromatic hy-
drocarbons, the bioavailability mechanism of substrates in the non-aqueous phase has
been deeply studied [34,37]. Although the bioremediation of atrazine has been extensively
studied [38], little is known about the mode of its acquisition when it is present in an
unavailable phase, such as soil and sediment solids or NAPL. For a naphthalene-degrading
Arthrobacter sp., the attachment of this strain to the NAPL-water interface is necessary, and
the cells at the interface could degrade organic compounds at rates higher than those of
abiotic partitioning [39]. However, for ST11 cells that could not adhere to the oil-water
interface (Figure 5), the biodegradation of atrazine in DEHP was limited by the mass
transfer of the substrate between the two oil-water phases. Therefore, the findings of this
study indicated that when atrazine is dissolved in NAPL in soil, its biodegradation is likely
to be restricted, which may be one of the reasons why atrazine is a persistent contaminant
in arable soil [4].

2.4. Effect of Cd2+ on the Growth of Strain ST11 and Atrazine Biodegradation

The effects of Cd2+ on ST11 cell density and degradation of atrazine in crystal form or
dissolved in DEHP were determined (Figure 6). At Cd2+ concentrations below 0.3 mmol/L,
cell growth and atrazine degradation were stimulated with Cd2+ concentration. The
highest removal of atrazine (almost 100% at 48 h) in crystal form or dissolved in DEHP
occurred in the case of Cd2+ concentration of 0.1 and 0.2 mmol/L, respectively. The DEHP-
dissolved atrazine with decreased bioavailability, which may cause more Cd2+, is needed
to obtain high degradation ratio. When the concentration of Cd2+ was increased from
0.5 to 1.5 mmol/L, the effect of stimulating cell growth and atrazine degradation gradually
weakened. However, in this Cd2+ concentration range, the growth was partially inhibited
when ST11 was used soluble substrates (Figure 2A). A notable detail that at the same Cd2+
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concentration (such as 0.1 mmol/L), the biodegradation enhancement effect of Cd2+ on
crystalline atrazine was stronger than that of the DEHP-dissolved atrazine. As mentioned,
the main reason could be the lower bioavailability of atrazine in DEHP. Correspondingly,
the promotion of atrazine biodegradation in the presence of the Cd2+ concentration of
0.05–1.5 mmol/L could be attributed to the enhanced atrazine catabolism (Figure 6). Low
concentrations of heavy metal ions could stimulate the catabolism of organic substances [40].
Cu2+ concentrations of 15 and 2 mg/L stimulated the degradation of decabromodiphenyl
ether and benzo[a]pyrene, respectively [41,42]. An assessment of Cd pollution in arable
soil in China showed that the average and maximum Cd concentrations were 0.0024 and
1.36 mmol/kg, respectively [6], both lower than the 1.5 mmol/L shown in the present study.
Therefore, ST11 is not affected by soil Cd when it degrades atrazine in arable soils.

Catalysts 2022, 12, x FOR PEER REVIEW  8  of  13 
 

 

A 

 

B 

 

Figure 6. Effect of Cd2+ of different concentrations on bacterial growth and atrazine biodegradation. 

(A) crystalline atrazine; (B) DEHP dissolved atrazine. The initial concentration of atrazine was 1.85 

mmol/L. Ctr: control samples with no cells inoculated. For each biological flask, 1 mL of bacterial 

suspension (OD600 1.0) was inoculated. At an interval of 24 h, the growth was monitored spectro‐

photometrically by measuring OD600 and the residual atrazine was detected. Data points represent 

the mean of three replicates and error bars show the standard deviation. 

3. Materials and Methods 

3.1. Chemicals 

Atrazine (product number TCI‐A1650, 97.0%), CdCl2∙2.5H2O (≥99.0%), ethyl acetate 

(>99%), and methanol (>99%) were purchased from Sinopharm (Shanghai, China). DEHP 

(≥99.5%) was obtained from Aladdin (Shanghai, China). 2‐(5‐Bromo‐2‐pyridylazo)‐5‐(di‐

ethylamino) phenol  (5‐Br‐PADAP,  97%)  and Triton X‐114  (laboratory  grade) were  re‐

ceived from Sigma‐Aldrich (Shanghai, China). The other reagents and solvents were of 

analytical grade and used directly. The stock solution of atrazine was prepared by dis‐

solving atrazine in dichloromethane (92.73 mmol/L).   

3.2. Microorganism and Culture Conditions 

Soil samples were collected by hand‐picking in a 5–10 cm soil layer with a modified 

sampling  technique  [46]. Each sample was placed  in a portable  icebox and  then  trans‐

ferred to the laboratory. An efficient atrazine‐degrading bacterium Arthrobacter sp. ST11 

was isolated from herbicide‐polluted soil. The bacterium was cultivated on LB medium 

(10 g tryptone, 5 g yeast extract, and 10 g NaCl per liter of Milli‐Q deionized water; pH 

6.8; stored at room temperature after sterilization) at 30 °C, with shaking at 150 rpm for 

18 h. The cells were harvested by centrifugation at 6380× g for 10 min at 4 °C and washed 

twice with mineral salt medium (MSM, 5.8 g Na2HPO4, 0.9 g KH2PO4, 0.2 g MgSO4∙7H2O, 

and 1 mL of trace element solution per liter of Milli‐Q deionized water; pH 6.5). The com‐

position  of  the  trace  element  solution  was  as  follows:  0.4  g  Na2B4O7∙10H2O,  0.5  g 

Na2MoO4∙2H2O, 0.8 g CuSO4∙5H2O, 2 g FeSO4∙7H2O, 2 g MnSO4∙H2O, 10 g ZnSO4∙7H2O, 

and 5 g EDTA disodium per liter of Milli‐Q deionized water; pH 6.5. The cells were resus‐

pended with MSM, and the optical density at 600 nm (OD600) was adjusted to 1.0.   

3.3. Cd2+ Resistance and Growth Curve of ST11 

The resistance of ST11 to Cd2+ was investigated. The Cd2+ concentrations ranged from 

0 to 1.5 mmol/L for ST11. The cells were cultured with an LB medium without Cd2+ at 30 

°C at 150 rpm  in darkness for 24 h. After the cells were washed three times and resus‐

pended with Milli‐Q deionized water, 1 mL of cell culture (OD600 = 1.0) was transferred 

into 150 mL sterilized flasks containing 30 mL of LB medium with various Cd2+ concen‐

trations. The flasks were incubated at 150 rpm in darkness at 30 °C for 48 h. Cell growth 
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represent the mean of three replicates and error bars show the standard deviation.

As is well known, Cd, similar to other heavy metals, such as copper, zinc, and lead,
has biological toxicity [5]. Cd could attach to proteins with sulfhydryl functional groups or
glutathione, thus interfering with the synthesis of cysteine or directly damaging DNA [43].
In addition, Cd could easily penetrate the cell membrane of bacteria, causing the emission
of substances in cells and affecting the metabolic process of cells [44]. The results of
the present study showed that Cd inhibited and stimulated the growth of ST11 using
soluble substrates (Cd2+ concentration of 0.5–1.5 mmol/L) and hydrophobic substrate
atrazine (Cd2+ concentration of ≤1.5 mmol/L), respectively. ST11 cells have negligible
Cd adsorption capacity, which may be one of the reasons why they could resist high Cd
concentration. In addition, the antagonistic effect of hydrophobic organics on Cd could be
used to mitigate Cd effect on soil living organisms [45]. The results of the present study are
consistent with that of the previous study. The biodegradation of crystalline atrazine and
NAPL-solubilized atrazine by ST11 could not be affected by Cd2+ with concentrations up
to 1.5 mmol/L.

3. Materials and Methods
3.1. Chemicals

Atrazine (product number TCI-A1650, 97.0%), CdCl2·2.5H2O (≥99.0%), ethyl ac-
etate (>99%), and methanol (>99%) were purchased from Sinopharm (Shanghai, China).
DEHP (≥99.5%) was obtained from Aladdin (Shanghai, China). 2-(5-Bromo-2-pyridylazo)-
5-(diethylamino) phenol (5-Br-PADAP, 97%) and Triton X-114 (laboratory grade) were
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received from Sigma-Aldrich (Shanghai, China). The other reagents and solvents were
of analytical grade and used directly. The stock solution of atrazine was prepared by
dissolving atrazine in dichloromethane (92.73 mmol/L).

3.2. Microorganism and Culture Conditions

Soil samples were collected by hand-picking in a 5–10 cm soil layer with a modified
sampling technique [46]. Each sample was placed in a portable icebox and then trans-
ferred to the laboratory. An efficient atrazine-degrading bacterium Arthrobacter sp. ST11
was isolated from herbicide-polluted soil. The bacterium was cultivated on LB medium
(10 g tryptone, 5 g yeast extract, and 10 g NaCl per liter of Milli-Q deionized water; pH 6.8;
stored at room temperature after sterilization) at 30 ◦C, with shaking at 150 rpm for 18 h.
The cells were harvested by centrifugation at 6380× g for 10 min at 4 ◦C and washed twice
with mineral salt medium (MSM, 5.8 g Na2HPO4, 0.9 g KH2PO4, 0.2 g MgSO4·7H2O, and
1 mL of trace element solution per liter of Milli-Q deionized water; pH 6.5). The composition
of the trace element solution was as follows: 0.4 g Na2B4O7·10H2O, 0.5 g Na2MoO4·2H2O,
0.8 g CuSO4·5H2O, 2 g FeSO4·7H2O, 2 g MnSO4·H2O, 10 g ZnSO4·7H2O, and 5 g EDTA
disodium per liter of Milli-Q deionized water; pH 6.5. The cells were resuspended with
MSM, and the optical density at 600 nm (OD600) was adjusted to 1.0.

3.3. Cd2+ Resistance and Growth Curve of ST11

The resistance of ST11 to Cd2+ was investigated. The Cd2+ concentrations ranged from
0 to 1.5 mmol/L for ST11. The cells were cultured with an LB medium without Cd2+ at
30 ◦C at 150 rpm in darkness for 24 h. After the cells were washed three times and resus-
pended with Milli-Q deionized water, 1 mL of cell culture (OD600 = 1.0) was transferred into
150 mL sterilized flasks containing 30 mL of LB medium with various Cd2+ concentrations.
The flasks were incubated at 150 rpm in darkness at 30 ◦C for 48 h. Cell growth was
recorded by measuring the OD600 of the medium. A survival curve was generated using
the growth changes in cultures supplemented with various concentrations of Cd2+ com-
pared with no-Cd2+-treated control samples. The regular interval for the biodegradation
experiment was 48 h.

3.4. Cd2+ Adsorption Experiment

The adsorption of ST11 cells for Cd2+ was examined. After culturing in an LB medium
for 60 h, ST11 cells were harvested through centrifugation (H2050R, Xiangyi, China) at
6380× g and 4 ◦C for 10 min. The cells were then washed three times with Milli-Q deionized
water to remove the residual medium. The obtained wet cells were used directly for Cd2+

adsorption without further treatment. An aqueous solution of Cd2+ with a concentration
of 0–12 µmol/L was prepared, and 10 mL of the solution was added to a 15 mL glass test
tube. Furthermore, the wet cells were added to the tube, and the cell concentration in
the aqueous solution was set as OD600 = 1.0. The above solutions were shaken at 25 ◦C
and 150 rpm for 1 h. After centrifugation, the residual amount of Cd2+ in the supernatant
was detected.

3.5. Biodegradation of Crystalline Atrazine

For experiments with crystalline atrazine, the bacterium was grown at 30 ◦C and
150 rpm in 150 mL-triangular flasks containing 30 mL of MSM supplied with different
concentrations of atrazine as the sole source of carbon, nitrogen, and energy. A total of 1 mL
of resuspended cells (OD600 1.0) was added into MSM. A certain volume of atrazine stock
solution was evenly spread at the bottom of the pre-dried triangular flasks to avoid the
influence of insoluble atrazine crystals on the absorbance detection of cells in the culture
medium. A layer of homogeneous atrazine crystals was fixed at the bottom of the flask after
the volatilization of dichloromethane for 12 h. In the process of cell culture, these crystals
do not fall off from the bottom of the flask [47]. The regular interval for the biodegradation
experiment was 48 h.
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The biodegradation of atrazine was estimated indirectly as bacterial growth and
atrazine content reduction. The bacteria were collected by centrifuging the culture medium
at 6380× g and 4 ◦C for 10 min. The cells were washed three times with deionized water
to remove the residual medium. The obtained wet cells were resuspended with MSM
and the OD600 was determined. The complete biodegradation of atrazine was confirmed
microscopically by the disappearance of atrazine crystals at the bottom of triangular flasks
and by ethyl acetate extraction of the crystals after biodegradation and analysis of the
extracts with an Agilent high-performance liquid chromatography (HPLC) system.

3.6. Biodegradation of Atrazine in NAPL

DEHP was used as the NAPL for determining the ST11 biodegradability of NAPL-
dissolved atrazine. Experiments were performed in triangular flasks containing 24 mL of
MSM and 6 mL of DEHP containing 9.25 mmol/L atrazine. The concentration of atrazine
in the system was 1.85 mmol/L. For the inoculated sample, 1 mL of resuspended cells
(OD600 1.0) was added to MSM. For the non-inoculated control experiment, no ST11 cells
were added. The samples measured in triplicate were incubated at 30 ◦C on a rotary shaker
at 150 rpm for 48 h.

The adherence of suspended bacteria to the liquid organic phase was tested. The
method used was a modified assay of MATH [48]. DEHP (5 mL) and 20 mL of the cell
suspension (OD600 0.6) in MSM were vigorously homogenized in a test tube for 1 min by a
vortex agitator (SA8, Thomas Scientific, Swedesboro, NJ. USA). After 2 h of equilibration,
the cells’ adhesion to DEHP was estimated from the loss of aqueous phase absorbance at
600 nm. Furthermore, optical imaging of the droplets at the oil-water interface was carried
out to detect the location of bacterial cells by phase-contrast microscopy (Eclipse E200,
Nikon, Tokyo, Japan).

3.7. Effect of Cd2+ Ions

The effect of Cd2+ ions on the metabolic activity of ST11 was investigated when
atrazine was used as the substrate in crystal form or dissolved in DEHP. The concentrations
of Cd2+ in MSM were set to 0–1.5 mmol/L. MSM separately supplemented with different
concentrations of Cd2+ and 1.85 mmol/L atrazine was cultured at 30 ◦C, with shaking at
150 rpm for 48 h. Subsequently, the cell density of ST11 was monitored, and the residual
amounts of atrazine were detected at 48 h. A sterile control culture without ST11 was
included to assess the abiotic loss of atrazine. All measurements were carried out in
triplicate.

3.8. Analytical Methods

The method for atrazine extraction was as follows: each triangular flask was added
with 30 mL of ethyl acetate and shaken at 200 rpm for 1 h. Atrazine was extracted into the
ethyl acetate layer. Furthermore, the aqueous and organic phases were separated using a
separatory funnel. The organic phase was centrifuged at 6380× g for 10 min. A total of
500 µL of the supernatant was placed in a glass tube, and ethyl acetate was evaporated in
an oven at 70 ◦C. The residue was extracted with 1 mL of methanol-water solution (85%,
v/v). The extracts of the same sample were merged and filled into a 2 mL sample bottle
after filtration through a 0.22 µm organic filter membrane, and then sealed and stored in a
4 ◦C refrigerator. Atrazine was detected using an HPLC system (Agilent 1260, Tokyo, Japan)
with a UV detector. An Agilent HC-C18 (5 µm, 150 mm × 4.6 mm) column was used for the
analysis of atrazine samples. Deionized water and methanol at a ratio of 85:15 were used as
the mobile phase with a flow rate of 1 mL/min. The detection wavelength was 225 nm, and
the retention time was 5.11 min. The detection limit of this method was 2 mg/L.

Cd2+ was determined by spectrophotometry after cloud point extraction [49]. In a
10 mL polystyrene tube, 0.2 mL of Cd2+ sample, 1 mL of NH3-NH4Cl buffer (pH 9.5),
0.53 mL of 5-Br-PADAP ethanol solution (0.2 g/L), and 0.6 mL of Triton X-114 solution (2%,
v/v) were added successively. Furthermore, the liquid in the tube was diluted to 10 mL
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with deionized water and mixed with a vortex agitator for 30 s. The mixed solution was
heated at 45 ◦C for 15 min and then centrifuged at 1595× g for 5 min to accelerate the phase
separation of the cloud point system. The solution after phase separation was quickly
placed into an ice water mixture for quick freezing for 30 min to make the coacervate phase
viscous. After the water phase was discarded, the coacervate phase was dissolved in 2 mL
of absolute ethanol by shaking in a vortex agitator. Subsequently, these samples were
detected at 560 nm via spectrophotometry (UV2700, Shimadzu, Tokyo, Japan). Each sample
was measured at least three times.

4. Conclusions

In this study, an atrazine-degrading bacterial strain with Cd resistance from herbicide-
polluted soil was isolated. Based on 16S rRNA gene sequence analysis and physiochemical
tests, the bacterium was identified as Arthrobacter sp., and designated as strain ST11. The
ST11 cells were grown in MSM culture with atrazine as the sole source of carbon, nitrogen,
and energy. The strain could degrade atrazine in crystal form or present in DEHP as
NAPL. To the authors’ knowledge, this study was the first to report an Arthrobacter strain
actively degrading crystalline and NAPL-dissolved atrazine with Cd resistance. Cd2+

with concentrations < 0.5 and 0.5–1.5 mmol/L did not affect or slightly inhibited the
growth of ST11 in LB, respectively. Correspondingly, in the whole concentration range
(0.05–1.5 mmol/L), Cd2+ promoted ST11 to degrade atrazine, whether in crystalline form
or dissolved in DEHP. Refusal to adsorb Cd2+ may be the main mechanism of high Cd
resistance in ST11 cells. Therefore, ST11 may be a potential candidate for the industrial
elimination of atrazine from contaminated arable soils with Cd pollution. However, in-
situ studies that examine the mechanisms of atrazine degradation and Cd resistance are
necessary before this strain could be used in practice.
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Herbicides. Water 2022, 14, 1534. [CrossRef]
2. Rostami, S.; Jafari, S.; Moeini, Z.; Jaskulak, M.; Keshtgar, L.; Badeenezhad, A.; Azhdarpoor, A.; Rostami, M.; Zorena, K.; Dehghani,

M. Current Methods and Technologies for Degradation of Atrazine in Contaminated Soil and Water: A Review. Environ. Technol.
Innov. 2021, 24, 102019. [CrossRef]

3. Jowa, L.; Howd, R. Should Atrazine and Related Chlorotriazines Be Considered Carcinogenic for Human Health Risk Assessment?
J. Environ. Sci. Health Part C Environ. Carcinog. Ecotoxicol. Rev. 2011, 29, 91–144. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/catal12121653/s1
https://www.mdpi.com/article/10.3390/catal12121653/s1
http://doi.org/10.3390/w14101534
http://doi.org/10.1016/j.eti.2021.102019
http://doi.org/10.1080/10590501.2011.577681
http://www.ncbi.nlm.nih.gov/pubmed/21660819


Catalysts 2022, 12, 1653 11 of 12

4. Mudhoo, A.; Garg, V.K. Sorption, Transport and Transformation of Atrazine in Soils, Minerals and Composts: A Review.
Pedosphere 2011, 21, 11–25. [CrossRef]

5. Vig, K.; Megharaj, M.; Sethunathan, N.; Naidu, R. Bioavailability and Toxicity of Cadmium to Microorganisms and Their Activities
in Soil: A Review. Adv. Environ. Res. 2003, 8, 121–135. [CrossRef]

6. Zhang, X.; Chen, D.; Zhong, T.; Zhang, X.; Cheng, M.; Li, X. Assessment of Cadmium (Cd) Concentration in Arable Soil in China.
Environ. Sci. Pollut. Res. 2015, 22, 4932–4941. [CrossRef]

7. Genchi, G.; Sinicropi, M.S.; Lauria, G.; Carocci, A.; Catalano, A. The Effects of Cadmium Toxicity. Int. J. Environ. Res. Public.
Health 2020, 17, 3782. [CrossRef]

8. Zhu, J.; Fu, L.; Jin, C.; Meng, Z.; Yang, N. Study on the Isolation of Two Atrazine-Degrading Bacteria and the Development of a
Microbial Agent. Microorganisms 2019, 7, 80. [CrossRef]

9. Zhang, J.; Liang, S.; Wang, X.; Lu, Z.; Sun, P.; Zhang, H.; Sun, F. Biodegradation of Atrazine by the Novel Klebsiella Variicola Strain
FH-1. Biomed Res. Int. 2019, 2019, 4756579. [CrossRef]

10. Guo, X.; Xie, C.; Wang, L.; Li, Q.; Wang, Y. Biodegradation of Persistent Environmental Pollutants by Arthrobacter sp. Environ. Sci.
Pollut. Res. 2019, 26, 8429–8443. [CrossRef]

11. Fang, H.; Lian, J.; Wang, H.; Cai, L.; Yu, Y. Exploring Bacterial Community Structure and Function Associated with Atrazine
Biodegradation in Repeatedly Treated Soils. J. Hazard. Mater. 2015, 286, 457–465. [CrossRef] [PubMed]

12. Ye, J.; Zhang, J.; Gao, J.; Li, H.; Liang, D.; Liu, R. Isolation and Characterization of Atrazine-Degrading Strain Shewanella sp. YJY4
from Cornfield Soil. Lett. Appl. Microbiol. 2016, 63, 45–52. [CrossRef] [PubMed]

13. Kolekar, P.D.; Patil, S.M.; Suryavanshi, M.; Suryawanshi, S.S.; Khandare, R.; Govindwar, S.P.; Jadhav, J.P. Microcosm Study of
Atrazine Bioremediation by Indigenous Microorganisms and Cytotoxicity of Biodegraded Metabolites. J. Hazard. Mater. 2019, 374,
66–73. [CrossRef] [PubMed]

14. Radwan, E.K.; El Sebai, T.N.M.; Ghafar, H.H.A.; Khattab, A.E.-N.A. Atrazine Mineralization by Stenotrophomonas Maltophilia and
Agrobacterium Tumefaciens Egyptian Soil Isolates. Desalination Water Treat. 2019, 171, 325–330. [CrossRef]

15. Sharma, A.; Kalyani, P.; Trivedi, V.D.; Kapley, A.; Phale, P.S. Nitrogen-Dependent Induction of Atrazine Degradation Pathway in
Pseudomonas sp. Strain AKN5. FEMS Microbiol. Lett. 2019, 366, fny277. [CrossRef]

16. Chen, S.; Li, Y.; Fan, Z.; Liu, F.; Liu, H.; Wang, L.; Wu, H. Soil Bacterial Community Dynamics Following Bioaugmentation with
Paenarthrobacter sp. W11 in Atrazine-Contaminated Soil. Chemosphere 2021, 282, 130976. [CrossRef]

17. Castro-Gutiérrez, V.; Masís-Mora, M.; Carazo-Rojas, E.; Mora-López, M.; Rodríguez-Rodríguez, C.E. Fungal and Bacterial
Co-Bioaugmentation of a Pesticide-Degrading Biomixture: Pesticide Removal and Community Structure Variations during
Different Treatments. Water. Air. Soil Pollut. 2019, 230, 247. [CrossRef]

18. Lopes, P.R.M.; Cruz, V.H.; de Menezes, A.B.; Gadanhoto, B.P.; Moreira, B.R.D.A.; Mendes, C.R.; Mazzeo, D.E.C.; Dilarri, G.;
Montagnolli, R.N. Microbial Bioremediation of Pesticides in Agricultural Soils: An Integrative Review on Natural Attenuation,
Bioaugmentation and Biostimulation. Rev. Environ. Sci. Biotechnol. 2022, 21, 851–876. [CrossRef]

19. Benson, J.J.; Sakkos, J.K.; Radian, A.; Wackett, L.P.; Aksan, A. Enhanced Biodegradation of Atrazine by Bacteria Encapsulated in
Organically Modified Silica Gels. J. Colloid Interface Sci. 2018, 510, 57–68. [CrossRef]

20. Jiang, Z.; Zhang, X.; Wang, Z.; Cao, B.; Deng, S.; Bi, M.; Zhang, Y. Enhanced Biodegradation of Atrazine by Arthrobacter sp. DNS10
during Co-Culture with a Phosphorus Solubilizing Bacteria: Enterobacter sp. P1. Ecotoxicol. Environ. Saf. 2019, 172, 159–166.
[CrossRef]

21. Jakinala, P.; Lingampally, N.; Kyama, A.; Hameeda, B. Enhancement of Atrazine Biodegradation by Marine Isolate Bacillus
Velezensis MHNK1 in Presence of Surfactin Lipopeptide. Ecotoxicol. Environ. Saf. 2019, 182, 109372. [CrossRef] [PubMed]

22. Meite, F.; Granet, M.; Imfeld, G. Ageing of Copper, Zinc and Synthetic Pesticides in Particle-Size and Chemical Fractions of
Agricultural Soils. Sci. Total Environ. 2022, 824, 153860. [CrossRef] [PubMed]

23. Sun, S.; Fan, Z.; Zhao, J.; Dai, Z.; Zhao, Y.; Dai, Y. Copper Stimulates Neonicotinoid Insecticide Thiacloprid Degradation by Ensifer
Adhaerens TMX-23. J. Appl. Microbiol. 2021, 131, 2838–2848. [CrossRef] [PubMed]

24. Jiang, W.; Yao, G.; Jing, X.; Liu, X.; Liu, D.; Zhou, Z. Effects of Cd2+ and Pb2+ on Enantioselective Degradation Behavior of
α-Cypermethrin in Soils and Their Combined Effect on Activities of Soil Enzymes. Environ. Sci. Pollut. Res. 2021, 28, 47099–47106.
[CrossRef] [PubMed]

25. Wang, J.-H.; Zhu, L.-S.; Meng, Y.; Wang, J.; Xie, H.; Zhang, Q.-M. The Combined Stress Effects of Atrazine and Cadmium on the
Earthworm Eisenia Fetida. Environ. Toxicol. Chem. 2012, 31, 2035–2040. [CrossRef] [PubMed]

26. Wang, Q.; Xie, D.; Peng, L.; Chen, C.; Li, C.; Que, X. Phytotoxicity of Atrazine Combined with Cadmium on Photosynthetic
Apparatus of the Emergent Plant Species Iris Pseudacorus. Environ. Sci. Pollut. Res. 2022, 29, 34798–34812. [CrossRef]

27. Lee, G.L.Y.; Zakaria, N.N.; Futamata, H.; Suzuki, K.; Zulkharnain, A.; Shaharuddin, N.A.; Convey, P.; Zahri, K.N.M.; Ahmad,
S.A. Metabolic Pathway of Phenol Degradation of a Cold-Adapted Antarctic Bacteria, Arthrobacter sp. Catalysts 2022, 12, 1422.
[CrossRef]

28. Zhang, Y.; Ge, S.; Jiang, M.; Jiang, Z.; Wang, Z.; Ma, B. Combined Bioremediation of Atrazine-Contaminated Soil by Pennisetum
and Arthrobacter sp. Strain DNS10. Environ. Sci. Pollut. Res. 2014, 21, 6234–6238. [CrossRef]

29. Li, Y.; Liang, D.; Sha, J.; Zhang, J.; Gao, J.; Li, H.; Liu, R. Isolating and Identifying the Atrazine-Degrading Strain Arthrobacter sp.
LY-1 and Applying It for the Bioremediation of Atrazine-Contaminated Soil. Pol. J. Environ. Stud. 2019, 28, 1267–1275. [CrossRef]

http://doi.org/10.1016/S1002-0160(10)60074-4
http://doi.org/10.1016/S1093-0191(02)00135-1
http://doi.org/10.1007/s11356-014-3892-6
http://doi.org/10.3390/ijerph17113782
http://doi.org/10.3390/microorganisms7030080
http://doi.org/10.1155/2019/4756579
http://doi.org/10.1007/s11356-019-04358-0
http://doi.org/10.1016/j.jhazmat.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25603295
http://doi.org/10.1111/lam.12584
http://www.ncbi.nlm.nih.gov/pubmed/27177165
http://doi.org/10.1016/j.jhazmat.2019.01.023
http://www.ncbi.nlm.nih.gov/pubmed/30978632
http://doi.org/10.5004/dwt.2019.24766
http://doi.org/10.1093/femsle/fny277
http://doi.org/10.1016/j.chemosphere.2021.130976
http://doi.org/10.1007/s11270-019-4282-y
http://doi.org/10.1007/s11157-022-09637-w
http://doi.org/10.1016/j.jcis.2017.09.044
http://doi.org/10.1016/j.ecoenv.2019.01.070
http://doi.org/10.1016/j.ecoenv.2019.109372
http://www.ncbi.nlm.nih.gov/pubmed/31255866
http://doi.org/10.1016/j.scitotenv.2022.153860
http://www.ncbi.nlm.nih.gov/pubmed/35176373
http://doi.org/10.1111/jam.15172
http://www.ncbi.nlm.nih.gov/pubmed/34075672
http://doi.org/10.1007/s11356-021-13929-z
http://www.ncbi.nlm.nih.gov/pubmed/33884551
http://doi.org/10.1002/etc.1907
http://www.ncbi.nlm.nih.gov/pubmed/22653482
http://doi.org/10.1007/s11356-021-18107-9
http://doi.org/10.3390/catal12111422
http://doi.org/10.1007/s11356-013-2410-6
http://doi.org/10.15244/pjoes/86219


Catalysts 2022, 12, 1653 12 of 12

30. Kundu, K.; Marozava, S.; Ehrl, B.; Merl-Pham, J.; Griebler, C.; Elsner, M. Defining Lower Limits of Biodegradation: Atrazine
Degradation Regulated by Mass Transfer and Maintenance Demand in Arthrobacter Aurescens TC1. Isme J. 2019, 13, 2236–2251.
[CrossRef]

31. Niewerth, H.; Schuldes, J.; Parschat, K.; Kiefer, P.; Vorholt, J.A.; Daniel, R.; Fetzner, S. Complete Genome Sequence and Metabolic
Potential of the Quinaldine-Degrading Bacterium Arthrobacter sp. Rue61a. BMC Genomics 2012, 13, 534. [CrossRef] [PubMed]

32. Xu, L.; Shi, W.; Zeng, X.-C.; Yang, Y.; Zhou, L.; Mu, Y.; Liu, Y. Draft Genome Sequence of Arthrobacter sp. Strain B6 Isolated from
the High-Arsenic Sediments in Datong Basin, China. Stand. Genomic Sci. 2017, 12, 11. [CrossRef] [PubMed]

33. Luscombe, B.M.; Gray, T.R.G. Characteristics of Arthrobacter Grown in Continuous Culture. Microbiology 1974, 82, 213–222.
[CrossRef]

34. Garcia-Junco, M.; De Olmedo, E.; Ortega-Calvo, J.J. Bioavailability of Solid and Non-Aqueous Phase Liquid (NAPL)-Dissolved
Phenanthrene to the Biosurfactant-Producing Bacterium Pseudomonas Aeruginosa 19SJ. Environ. Microbiol. 2001, 3, 561–569.
[CrossRef] [PubMed]

35. He, H.; Liu, Y.; You, S.; Liu, J.; Xiao, H.; Tu, Z. A Review on Recent Treatment Technology for Herbicide Atrazine in Contaminated
Environment. Int. J. Environ. Res. Public. Health 2019, 16, 5129. [CrossRef]

36. Nemeth-Konda, L.; Füleky, G.; Morovjan, G.; Csokan, P. Sorption Behaviour of Acetochlor, Atrazine, Carbendazim, Diazinon,
Imidacloprid and Isoproturon on Hungarian Agricultural Soil. Chemosphere 2002, 48, 545–552. [CrossRef]

37. Pan, T.; Liu, C.; Wang, M.; Zhang, J. Interfacial Biodegradation of Phenanthrene in Bacteria-Carboxymethyl Cellulose-Stabilized
Pickering Emulsions. Appl. Microbiol. Biotechnol. 2022, 106, 3829–3836. [CrossRef]

38. Xu, X.; Zarecki, R.; Medina, S.; Ofaim, S.; Liu, X.; Chen, C.; Hu, S.; Brom, D.; Gat, D.; Porob, S.; et al. Modeling Microbial
Communities from Atrazine Contaminated Soils Promotes the Development of Biostimulation Solutions. ISME J. 2019, 13,
494–508. [CrossRef]

39. Ortega-Calvo, J.J.; Alexander, M. Roles of Bacterial Attachment and Spontaneous Partitioning in the Biodegradation of Naphtha-
lene Initially Present in Nonaqueous-Phase Liquids. Appl. Environ. Microbiol. 1994, 60, 2643–2646. [CrossRef]

40. Pal, A.; Bhattacharjee, S.; Saha, J.; Sarkar, M.; Mandal, P. Bacterial Survival Strategies and Responses under Heavy Metal Stress: A
Comprehensive Overview. Crit. Rev. Microbiol. 2022, 48, 327–355. [CrossRef]

41. Chen, S.; Yin, H.; Ye, J.; Peng, H.; Zhang, N.; He, B. Effect of Copper(II) on Biodegradation of Benzo[a]Pyrene by Stenotrophomonas
Maltophilia. Chemosphere 2013, 90, 1811–1820. [CrossRef] [PubMed]

42. Lu, M.; Zhang, Z.-Z.; Wu, X.-J.; Xu, Y.-X.; Su, X.-L.; Zhang, M.; Wang, J.-X. Biodegradation of Decabromodiphenyl Ether (BDE-209)
by a Metal Resistant Strain, Bacillus Cereus JP12. Bioresour. Technol. 2013, 149, 8–15. [CrossRef] [PubMed]

43. Helbig, K.; Grosse, C.; Nies, D.H. Cadmium Toxicity in Glutathione Mutants of Escherichia coli. J. Bacteriol. 2008, 190, 5439–5454.
[CrossRef] [PubMed]

44. Bruins, M.R.; Kapil, S.; Oehme, F.W. Microbial Resistance to Metals in the Environment. Ecotoxicol. Environ. Saf. 2000, 45, 198–207.
[CrossRef] [PubMed]

45. Elyamine, A.M.; Afzal, J.; Rana, M.S.; Imran, M.; Cai, M.; Hu, C. Phenanthrene Mitigates Cadmium Toxicity in Earthworms
Eisenia Fetida (Epigeic Specie) and Aporrectodea Caliginosa (Endogeic Specie) in Soil. Int. J. Environ. Res. Public. Health 2018, 15,
2384. [CrossRef]

46. Liu, C.; Wang, M.; Zhang, J.; Qian, Y.; Xiao, K.; Wang, R.; Dong, W.; Pan, T. A Polycyclic Aromatic Hydrocarbon Degrading Strain
and Its Potential to Degrade Phenanthrene in Various Enhanced Systems. Chin. J. Biotechnol. 2021, 37, 3696–3707.

47. Pan, T.; Deng, T.; Zeng, X.; Dong, W.; Yu, S. Extractive Biodegradation and Bioavailability Assessment of Phenanthrene in the
Cloud Point System by Sphingomonas Polyaromaticivorans. Appl. Microbiol. Biotechnol. 2016, 100, 431–437. [CrossRef]

48. Rosenberg, M. Microbial Adhesion to Hydrocarbons: Twenty-Five Years of Doing MATH. FEMS Microbiol. Lett. 2006, 262, 129–134.
[CrossRef]

49. Wang, J.; Ren, Z.; Wu, L.; Li, M. Determination of Trace Cd in Water by Spectrophotometry after Cloud Point Extraction. Phys.
Test. Chem. Anal. Part B Chem. Anal. 2012, 48, 735–736, 739.

http://doi.org/10.1038/s41396-019-0430-z
http://doi.org/10.1186/1471-2164-13-534
http://www.ncbi.nlm.nih.gov/pubmed/23039946
http://doi.org/10.1186/s40793-017-0231-9
http://www.ncbi.nlm.nih.gov/pubmed/28138355
http://doi.org/10.1099/00221287-82-2-213
http://doi.org/10.1046/j.1462-2920.2001.00223.x
http://www.ncbi.nlm.nih.gov/pubmed/11683866
http://doi.org/10.3390/ijerph16245129
http://doi.org/10.1016/S0045-6535(02)00106-6
http://doi.org/10.1007/s00253-022-11952-9
http://doi.org/10.1038/s41396-018-0288-5
http://doi.org/10.1128/aem.60.7.2643-2646.1994
http://doi.org/10.1080/1040841X.2021.1970512
http://doi.org/10.1016/j.chemosphere.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23141841
http://doi.org/10.1016/j.biortech.2013.09.040
http://www.ncbi.nlm.nih.gov/pubmed/24084199
http://doi.org/10.1128/JB.00272-08
http://www.ncbi.nlm.nih.gov/pubmed/18539742
http://doi.org/10.1006/eesa.1999.1860
http://www.ncbi.nlm.nih.gov/pubmed/10702338
http://doi.org/10.3390/ijerph15112384
http://doi.org/10.1007/s00253-015-6980-8
http://doi.org/10.1111/j.1574-6968.2006.00291.x

	Introduction 
	Results and Discussion 
	Identification and Characterization of Test Strain 
	Characterization of Cd2+ Resistance 
	Biodegradation of Crystalline and NAPL-Dissolved Atrazine 
	Effect of Cd2+ on the Growth of Strain ST11 and Atrazine Biodegradation 

	Materials and Methods 
	Chemicals 
	Microorganism and Culture Conditions 
	Cd2+ Resistance and Growth Curve of ST11 
	Cd2+ Adsorption Experiment 
	Biodegradation of Crystalline Atrazine 
	Biodegradation of Atrazine in NAPL 
	Effect of Cd2+ Ions 
	Analytical Methods 

	Conclusions 
	References

