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Abstract

The objective of this study was to examine the atrazine biodegradation pathway and its genes of the
bacteria Arthrobacter FM326, and to understand the degradation mechanism. Our laboratory has found
that Arthrobacter FM326 is a highly efficient atrazine-degrading bacteria. A suspension of FM326 was
grown in an inorganic salt medium containing atrazine, and during cultivation the content of atrazine
and its degradation products were determined every 24 h to reveal the FM326 atrazine degradation
pathway. The results revealed the expression of the degradation genes trzN, atzB and atzC during
cultivation and that the atrazine content of the medium was decreased in the presence of FM326 when
compared to the control group. During cultivation of FM326, hydroxyl atrazine levels increased at
first then stabilized during the training process, before declining at 120 h. The cyanuric acid content
increased at first and then decreased, and was significantly reduced in FM326 when compared to the
control, while the ammonia nitrogen content increased gradually and was significantly increased when
compared to the control. There was no significant change in the pH of the FM326 and control cultures.
FM326, which expresses atrazine-degrading genes, could completely degrade atrazine into CO, and
NH, and did not accumulate cyanuric acid in culture.
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Introduction

Atrazine is a triazine herbicide selectively used on
maize, sorghum, cotton and other crops [1]. It is stable
and persistent in soil, which has brought huge pollution
to soil, surface water and groundwater [2]. In addition,
atrazine is a hormone disruptor, harmful to human
health and the sustainable development of the ecosystem
[3-4]. At present, the way to deal with pesticide
pollution is to control the quantity of pesticides in the

*e-mail: yuanliynau@163.com

environment, including landfill treatment of polluted
soil (which is also expensive). Microbial remediation is
a good alternative method that has high efficiency and
leaves no residue [5-7].

Atrazine can be deaminated, dechlorinated, and ring
cracked by microorganisms. To date, many atrazine-
degrading microbes have been found [8-18], and some
highly efficient atrazine-degrading strains have been
constructed by genetic engineering [19]. Among those,
the degradation pathways of the Pseudomonas sp. ADP
and Arthrobacter aurescens TCl strains have been
most extensively studied, and they are used as the
model strains for the study of atrazine biodegradation
[20-22]. The degradation genes atzA, B, C, D, E, and F,
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in Pseudomonas sp. ADP strain encode the six enzymes
AtzA, B, C, D, E, and F, respectively. Under the
action of these six enzymes, atrazine was completely
mineralized [22]. Another atrazine degradation pathway
is found in Arthrobacter sp. with the genes atzA, B,
and C [23], or trzN-atzB, and C [21, 24], which encode
the degrading enzymes AtzA, B, and C, or TrzN-AtzB,
and C, respectively. Although atrazine can be degraded
into cyanuric acid without further degradation, the gene
atzD was amplified on the chromosome of Arthrobacter
sp. MCM B-436, which encodes the AtzD — an enzyme
that can open the triazobenzene ring of cyanuric acid
and degrade atrazine completely [25].

The degradation pathway and products of atrazine
by Pseudomonas sp. ADP have been elucidated. Firstly,
the dechlorination reaction is carried out to produce
hydroxyapatrazine, after which the ethyl side chain is
removed to form N-isopropyl cyanuric acid monoamide,
the isopropyl side chain removed to produce cyanuric
acid, the triazobenzene ring is opened and biuret is
produced and then the N-N bond is broken to form
urea or allophanate. Finally, the urea or allophanate
is completely degraded into CO, and NH,. This is the
pathway by which most microbial strains degrade
atrazine, and while it is a common pathway in Gram-
negative bacteria [16], most of these bacteria will only
use the first three steps of the pathway, and thus will
accumulate cyanuric acid in the medium [26]. In the
six steps of the degradation pathway, the formation of
hydroxyapatrazine, cyanuric acid, and the cleavage of
the triazobenzene ring are the rate-limiting steps.

When considering the biological safety of exotic
species, it is necessary to screen atrazine-degrading
strains in areas where the environment is contaminated
by atrazine. A highly efficient atrazine-degrading
strain, FM326, was obtained by enrichment technology
in Yunnan Province, where atrazine is widely used and
contaminates the environment [17]. The characteristics
of atrazine degradation and the identification of basic
growth conditions of this strain have been studied.
In comparison to the results of previous studies, the
degradation characteristics of FM326 are similar to
those of other Arthrobacter strains. Atrazine degradation

genes are highly conserved, especially atzB, which
encodes hydroxyapatrazine deethylaminohydrolase,
and atzC, which encodes N-isopropyl cyanuramide
isopropylaminohydrolase. The atzB and atzC genes exist
in almost all reported atrazine-degrading bacteria. This
study examines the degradation pathway of atrazine by
FM326 through the analysis of degradation products
and genes in order to provide the basic information
necessary to assist in the use of the strain to remediate
contaminated environments.

Materials and Methods
Materials, Reagents, and Culture Medium

The strain used was Arthrobacter sp. FM326,
which was identified in an earlier study [17]. Atrazine-
contaminated soil samples were collected from the
Kunming Pesticide Factory located in Fumin County,
Yunnan Province, China. Through enrichment and
domestication, soil suspension was coated onto a solid
medium (due to its insolubility, atrazine makes culture
medium turbid). Colonies that could form a transparent
degradation zone were selected and the atrazine
degradation ability of these strains was determined.
FM326 was identified as a highly efficient degrading
strain (the degradation efficiency could reach 97% after
96 hours in medium containing 1 000 mg/L atrazine).

Pure atrazine (purity 98%, Shandong Binnong
Technology Co., Ltd. Shandong, China) was provided by
the Kunming Pesticide Factory and used as a standard
to characterize atrazine-degrading bacteria.

Atrazine, hydroxyapatrazine and cyanuric acid
standards (purity 99%, purchased from Sigma
Company) were used in HPLC analytical tests.

Basic inorganic salt medium contained 1.79 g
K,HPO,, 0.45 g KH,PO,, 0.2 g MgSO,, 0.4 g NaCl,
1000 mL distilled water, pH 7.0. Other medium
contained 100 mg atrazine (culture solution containing
100 mg/L atrazine) as the sole nitrogen source. After
preparation, the medium was then sterilized at 121°C

for 30 min.

Table 1. Primers, annealing temperature, and expected amplification fragment size for amplification.

Gene Primers Sequence(5'—3") Annealing Temperature (°C) | Fragment Size (kb)
trzN-F ATGATCCTGATCCGCGGACTGA

trzN 54 1.37
trzN-R CTACAAGTTCTTGGGAATGAGTG
atzA-F TTGCGGTGCAGGTTTTTCGATG

atzA 65 1.50
atzA-R TGCAGCAACGGCGTCATTTC
atzB-F GGGCACGGTGCTTAATGG

atzB 53 1.15
atzB-R TCAGATCGACGGCAAAGAAAT
atzC-F TATTGCCCATTGTGGTGACAAC

atzC 52 1.08
atzC-R TTGGGATTGTTGGTGACAGAAT
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Taq DNA polymerase and dNTPs were bought from
Beijing Zhuangmeng Biological Company.

Cloning of Atrazine-Degrading Genes

Primers, annealing temperatures, and the size of
expected amplified fragments [27] are shown in Table 1.

PCR reaction: 10xPCR buffer (Mg*plus) 5 uL,
dNTP mix (2.5 mM) 4 pL, 27f (20 pmol/L) 1.25 L,
1492r (20 pmol/L) 1.25 pL, r Taq (5 U/uL) 0.25 pL, total
DNA of FM326 strain 0.6 pL, dd H,O supplemented to
the total reaction volume of 50 uL.

The PCR amplification protocol was as follows: pre-
denaturation at 95°C for 4 min, then 30 amplification
reaction cycles at 95°C-1 min, 54°C-1 min, and 72°C-2
min, followed by 72°C for 10 min then kept at 4°C. The
target band (about 1.5 kb) was detected on 1% agarose
gel with 3 pL amplification product, visualized with
GoldviewIM nucleic Acid Stain. The sequences were
submitted to the GenBank database, and Blast analysis
was performed to identify homologous genes.

Detecting Atrazine and Its Degradation Products

Inorganic salt liquid medium was prepared
and atrazine was added to a concentration of
100 mg/mL. A total of 27 bottles of 100 mL culture
medium were prepared in 250 mL Erlenmeyer
flasks. Medium was inoculated with 1 mL of bacteria
suspension and cultured at 30°C with 120 r/min. At
0 h, 24 h, 48 h, 72 h, 96 h, 120 h and 144 h, after
inoculation, the culture medium was filtered using
a 0.22 um organic system membrane, and the filtrate
was collected and stored in a refrigerator at 4°C. All
experiments were done in triplicate.

Conditions for Determining Atrazine and
Its Degradation Products by High Performance
Liquid Chromatography (HPLC)

The composition of the filtrate was determined by
HPLC (Agilent 1200 liquid chromatograph, ultraviolet-
visible detector, column: C reversed-phase silica
gel column, 10 pL injection volume) with atrazine,
hydroxyapatrazine and cyanuric acid standards used
as controls. 10 pL of sample solution was injected
into the sample port of the HPLC by microinjector.
The retention time and peak area were detected via
UV-VIS, then the standard curve was drawn with the
concentration of standard solution as abscissa, and the
average area of chromatographic peak as ordinate. The
contents of atrazine and its degradation products were
calculated using the standard curve.

Atrazine determination conditions were as follows:
methanol:water = 80:20, column temperature 25°C,
wavelength 222 nm, flow rate 1 mL/min, retention
time 2.3 min. Hydroxyatrazine determination
conditions were as follows: methanol:water = 80:20,
column temperature 25°C, wavelength 243 nm, flow

rate 1 mL/min, retention time 1.7 min. Cyanuric acid
determination conditions were: acetonitrile:  0.5%
phosphoric acid = 50:50, column temperature 20°C,
wavelength 216 nm, flow rate 1 mL/min, retention time
3.809-3.862 min.

pH, OD_,, and Ammonia Nitrogen
Determination

After calibration, a pH meter was used to measure
and record the pH of the microbial culture. The
OD,,, value of culture medium was measured and
recorded with inorganic salt medium used as a blank
using a UV-visible spectrophotometer (722, Shanghai
Jinghua Science and Technology Instrument Co., Ltd.).
Ammonia nitrogen content of filtered medium was

determined by Nessler’s reagent colorimetry.
Data Statistical Analysis

The test data were analyzed by ANOVA using IBM
SPSS 21.0 and multiple comparisons made by the LSD
method. P<0.05 was regarded as significant. Origin 9.0
is used to draw graphics.

Results and Analysis

Cloning and Sequencing of the Atrazine-Degrading
Genes of FM326

The genomic DNA was extracted and the degrading
genes were amplified using the described primers with
the amplification results shown in Figs 6-1. FM326 has
three degrading genes — trzN, atzB, and atzC — but
no atzA gene fragment was found in the amplification
tests.

5000 bp

1000 bp
750 bp

500 bp
250 bp

Fig. 1. Agarose gel (1%) electrophoresis PCR products of
atrazine-degrading genes of strain FM326.
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The obtained trzN, atzB, and atzC gene sequences
were compared using a basic local alignment search tool
(BLAST) online at www.ncbi.nlm.nih.gov. The trzN
sequence was 99% similar to Norcardioides sp.C190
(GeneBank number AF416746.1), Arthrobacter sp.MCM
B-436 (AY589015.1), Arthrobacter aurescens TCI
(CP000475.1) and Arthrobacter sp.AD26 (EU091479.1).
The atzB sequence was 100% similar to Pseudomonas
nitroreduces (FN568346.1), 99% to Arthrobacter sp.
MCM B-436 (AY589016.1), and 98% to Pseudomonas
sp. ADP (U66917.2). The atzC sequence was 100%
similar to Pseudomonas nitroreducens (FN568347.1),
and more than 98% simila to Arthrobacter sp.
MCM B-436 (AY589013.1) and Pseudomonas ADP
(U669172). The trzN, atzB and atzC genes of FM326
are homologous to these reported genes, and have
comparable genetic relationships.

Levels of Atrazine and Degradation Products
during Experimental Period

Atrazine Levels

Atrazine levels decreased with culture time
(Fig. 2). The reduction of atrazine in the medium
containing bacteria is due to a combination of physical,
chemical, and microbial degradation, whereas the
decrease in medium without bacteria was caused by
physical and chemical decomposition.

In the bacterial treatment, atrazine levels decreased
rapidly from O h to 24 h, to 12.27% at 48 h and finally to
2.50%, whereas atrazine levels in the control decreased
rapidly from 0 h to 24 h, to 64.45%, after which further
degradation was slow and showed little extra difference.

Hydroxyatrazine Levels
Atrazine dechlorination hydrolysis is the first step
of microbial degradation of atrazine, and produces

hydroxyatrazine. As shown in Fig. 3, hydroxyatrazine
was detected in both cultures with levels higher in the
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Fig. 2. Change of atrazine residue in the culture.
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Fig. 3. Change of hydroxyatrazine in the culture.

bacterial culture than the control, except at 0 h, but the
differences were not statistically significant.

The hydroxyatrazine levels increased at 24 hours
after inoculation, probably because FM326 degradation
of atrazine produces a large amount of hydroxyatrazine,
after which levels remained basically unchanged
from 24 h to 96 h. At this time point, hydroxyatrazine
was being further metabolized to maintain a material
balance in the culture medium. Levels began to
decrease at 120 h because there atrazine levels were
reduced and the production of hydroxyatrazine was also
decreased.

Cyanuric Acid Levels

The ethyl and isopropyl side chain of hydroxyatrazine
were removed by enzymatic catalysis to form cyanuric
acid. A large amount of cyanuric acid was detected in
the liquid medium of both treatments at 24 h (Fig. 4).
Cyanuric acid levels in the bacterial culture medium
decreased gradually over time to 2.05 mg/L. Although
the content of cyanuric acid in the control medium also
decreased gradually, the change was very small with no
further decrease occurring after 72 hours.

Bacteria significantly reduced cyanuric acid levels.

Changes of NH,"-N during the Experiment

Fig. 4 shows that FM326 can degrade cyanuric
acid, which is the intermediate product of atrazine
degradation; therefore, it is predicted that NH, *-N will
accumulate in the medium.

As shown in Fig. 5, a small amount of NH, *-N can
be initially detected in both treatments. NH, *-N levels
in the bacterial culture increased gradually over time
to 3.67 mg/L. NH, *-N levels in the control, ranging
from 0.4 mg/L to 0.9 mg/L. From the changes of NH,
*-N levels, it can be seen that FM326 can completely
degrade atrazine with NH, being one of the final
products.



Atrazine Degradation Pathway and Genes...

[N
[«)
1

—oe—no bacteria —=— adding bacteria

W
(e}

N
S

[\
o

—_
(e}

The content of cyanuric acid (mg/L)
w
=3

0 1 1 1 1 1 1 )
Oh 24 h 48 h 72 h 96 h 120 h
time

Fig. 4. Change of cyanuric acid in the culture.

—o&—no bacteria —#— adding bacteria

\S} w i
T T T

—_—
T

The content of NH,"-N (mg/L)

O 1 1 1 1 1 1 1 1 1 1 )
Oh 24 h 48 h 72 h 96 h 120 h
time

Fig. 5. Change of NH,"-N in the culture.

pH and OD, Changes Over Time

The pH of the control medium was higher than that
with bacteria, but the difference was not significant. In
both cases, the pH decreased first and then increased
over time (Fig. 6).

There was no organism growth in the control
medium, the turbidity did not change and so the
OD,,, value remained stable (Fig. 7). The OD value
increased significantly in the bacterial culture, although
a lower value appeared at 72 h, which may be due to
experimental errors.

Discussion

The known genes encoding atrazine degrading
enzymes are atzA, atzB, atzC, atzD, atzE, atzF, trzD
and trzN. These genes are found in different strains
and have their own substrate specificity and are highly
conserved. They are generally carried by plasmids,
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which could be widely spread among microorganisms
of different genera [28] and therefore there are many
microorganisms and microbial communities which may
have the ability to degrade atrazine.

Devers et al. [29] studied the genome combinations
of 17 strains of degrading bacteria and described
three main types: trzN-atzBC, atzABC-trzD and
atzABCDEF. Seven of the studied degrading strains
had trzN-atzBC genes combinations. It has been
reported that this genomic combination could degrade
atrazine into cyanuric acid in Arthrobacter aurescens
TC1, Nocardioides sp. SP12 and Citricoccus sp. TT3
[22, 30-31]. The combination of atzABC-trzD degrading
genome was mainly found in Chelatobacter heintzii,
which was found in French soil [32]. The atzABCDEF
combination appeared in Pseudomonas sp. ADP [21],
Agobterium sp. NEA-D and Ensifer sp. CX-T [24,33].
In addition to the above three genomic combinations,
trzN-atzBCDEF was found in Micrococcus luteus sp.
AD3, which can grow with cyanuric acid as the sole
nitrogen source and degraded atrazine to CO, and NH,
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[34]. In the Arthrobacter strains, the degrading genes
were mainly a combination of trz-atzBC genes, for
example the 160-kb plasmid of Arthrobacter auresces
TC1 contained trzN, atzB and atzC genes [22, 24], and
in Arthrobacter globiformis the trzN and atzC genes
were found [13]. DNA sequencing results showed that
the nucleotide sequences of the three degrading genes
(trzN and atzB and C from FM326) were more than
99% similar to those of Arthrobacter sp. MCM B-436
[25]. The similarity of the atzB and C genes compared
to Pseudomonas ADP was also more than 99%. This
further demonstrates the high conservation and wide
prevalence of atrazine-degrading genes.

The pathway of atrazine degradation by Pseudomonas
sp. ADP has been studied most thoroughly. Atrazine is
degraded by six enzymes to produce hydroxyapatrazine,
N-isopropylammelide, cyanuric acid, biuret, urea or
allophanate, and finally completely mineralized into
CO, and NH,. Most strains degrade atrazine in this
way [21, 35]. In this study, hydroxyatrazine levels in
the medium increased and then stabilized at the end of
the experiment. This is consistent with the change of
hydroxyatrazine levels seen during atrazine degradation
by Arthrobacter sp. MCM B-436. The atzD gene was
expressed by Arthrobacter sp. MCM B-436 and it could
grow with cyanuric acid, which meant that the strain
could completely degrade atrazine [25]. FM326 did
not accumulate cyanuric acid in the medium, and an
increase in NH, *-N levels was detected. This suggests
that FM326 can degrade atrazine thoroughly, eventually
producing CO, and NH,, and this study has laid a
foundation for future research on the use of FM326 for
completely degrading environmental atrazine.

Conclusions

The gene trzN encodes the first dechlorination
hydrolase of the atrazine degradation pathway in
FM326 and the genes atzB and atzC encoding the
second and third dechlorination enzymes. The
nucleotide sequence of these three genes is more than
98% similar to reported gene sequences, demonstrating
the high conservative of the degrading genes. The gene
encoding the dechlorination hydrolase in FM326 is trzN
rather than atzA, which indicates that the strain has
higher degradation efficiency and a wider degradation
spectrum, and thus would make for a greater research
prospect on atrazine degradation in the future.

According to the levels of atrazine and its
degradation products in the culture medium, it was
proposed that when FM326 degrades atrazine, the
first step was dechlorination hydrolysis to produce
hydroxyapatrazine, then the removal of ethyl and
isopropyl from hydroxyapatrazine leading to the
formation of cyanuric acid. Subsequently, the
triazobenzene ring of cyanuric acid was opened, at
which point atrazine was completely degraded to form
NH, and CO,.
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