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Abstract The Arthrobacter sp. strain AK-YNI10 is an s-tri-
azine pesticide degrading bacterium isolated from a sugarcane
field in Central India with history of repeated atrazine use.
AK-YNI10 was shown to degrade 99 % of atrazine in 30 h
from media supplemented with 1000 mg L™ of the herbicide.
Draft genome sequencing revealed similarity to pAO1, TC1,
and TC2 catabolic plasmids of the Arthrobacter taxon. Plas-
mid profiling analyses revealed the presence of four catabolic
plasmids. The #zN, atzB, and atzC atrazine-degrading genes
were located on a plasmid of approximately 113 kb.

The flagellar operon found in the AK-YN10 draft genome
suggests motility, an interesting trait for a bioremediation
agent, and was homologous to that of Arthrobacter
chlorophenolicus. The multiple s-triazines degradation prop-
erty of this isolate makes it a good candidate for bioremedia-
tion of soils contaminated by s-triazine pesticides.
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Introduction

Each year, approximately 5.6 billion pounds of pesticides are
used worldwide in agriculture amongst which herbicides and
insecticides have wide applications (Michael and Alavanja
2009). Their presence in soil and surface water is known to
create serious health hazards (Hayes et al. 2010).

Although banned in Europe, atrazine remains a very pop-
ular herbicide in different parts of the world including India
and the rest of Asia and North and South America, where it is
used for pre- and post-control of grassy weeds in corn and
sugarcane fields. It is an endocrine disruptor reported to cause
sex reversal in frogs (Hayes et al. 2002, 2010). Furthermore, s-
triazine compounds and their metabolites have been reported
to induce mammary gland tumors in Sprague-Dawley female
rats (Sene et al. 2010). Hence, removal of these toxic com-
pounds from the environment is important for the ecological
balance.

Bioremediation has the potential to offer an environmental
friendly solution to restore contaminated biotopes inexpen-
sively yet effectively. A large number of bacteria have been
isolated demonstrating the degradation of atrazine. Amongst
them, Actinobacteria are known for degradation of many s-
triazine pesticides (Krutz et al. 2010). Rapid and broad spec-
trum activity of actinobacteria for s-triazine degradation
makes it a suitable candidate for field bioremediation. But
bioremediation remains challenging due to the lack of detailed
knowledge of soil bacteria, their degradative pathways, effi-
ciencies in low nutrient conditions, and survival capabilities
under environmental stress.

Some difficulties in understanding the degradative path-
ways are due to the nature and specificity of the enzymes
involved. All pesticide degrading-enzymes reported to date
are members of different protein superfamilies, most of them
having multiple functions that are different from the target
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enzyme. Besides, biodegradative functions can arise indepen-
dently based on the environmental conditions and hence genes
with completely different sequences may catalyze the same
reaction (Fenner et al. 2013). Understanding these complicate
systems thus requires new tools like next generation sequenc-
ing and bioinformatic analyses that offer unexplored insights
in understanding physiologies of s-triazine degrading micro-
organisms relevant for bioremediation (Lovley 2003).

Bacteria from the genus Arthrobacter possess various cata-
bolic pathways for the detoxification of xenobiotic compounds,
most of them being plasmid-encoded (Supplementary
Table S1) (Igloi and Brandsch 2003; Jerke et al. 2008). Mem-
bers of this genus are ubiquitous due to their property of being
nutritionally versatile and tolerant to environmental stresses
(Niewerth et al. 2013). Seven complete and 35 partial genome
sequences of Arthrobacter are available in NCBI database.

In this study, we report the isolation and the characteriza-
tion of a bacterial strain, AK-YN10, which has great potential
to be used in bioaugmentation for decontamination of s-tri-
azine-polluted soils. This bacterium was isolated from an ag-
ricultural field in India, repeatedly treated with atrazine for
weed control in sugarcane cultivation. It was identified as
Arthrobacter sp. by analyzing its 16S rRNA gene sequence.
Multi substrate degradation capacity was demonstrated using
microbiological and analytical chemistry analyses. The isolate
was characterized by analyzing its draft genome, and its po-
tential for bioremediation was demonstrated by microcosm
experiments using pesticide-contaminated soil.

Materials and methods
Chemicals and strains

Atrazine, simazine, terbuthylazine, ametryn, prometryn,
atratone, and prometon of 99 % analytical purity were pur-
chased from Sigma Aldrich, USA.

Two bacterial strains used in this study, Arthrobacter sp.
strain AK-YN10 (laboratory isolate) and Arthrobacter
aurescens TC1, ATCC-BAA-1386 (control). In the manu-
script, Arthrobacter sp. strain AK-YN10 is abbreviated as
AK-YNI10. This strain is deposited in the collection of micro-
organisms of interest for agriculture and environment (MIAE)
of INRA of Dijon (France) under the registration no.
MIAEO01508.

Isolation and identification of the Arthrobacter isolate

Isolation of bacteria was carried out from soil samples collect-
ed from agricultural field (Yadavmala, Maharashtra, India)
cultivating sugarcane and reporting the use of atrazine for
the last 3 years (Sagarkar et al. 2013). Soil samples of 100 g
were enriched on 250 mL Basal media (BS media) (Cai et al.
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2003) supplemented with 300 mg L™ atrazine. Every 15 days,
the enrichment was subjected to centrifugation (7000xg,
10 min) and the pellet was transferred into 250 ml of fresh
BS media. The process was repeated for eight such transfers
after which atrazine degrading bacteria were selected on the
basis of zone of atrazine clearance obtained on BS agar plates
with 300 mg L™ atrazine.

The 16S rRNA gene from AK-YN10 was amplified and
cloned in pCR™ 2.1 vector (TA cloning kit, Invitrogen,
USA). Colonies obtained after transformation were screened
and a 1.5 kb fragment of the 16S rRNA was sequenced.

Atrazine degradation

Atrazine degradation capacity of the lab isolate was tested in
BS media where 1000 mg L™ atrazine was used as both car-
bon and nitrogen source. The seed culture was prepared by
growing the strain in 0.1x Luria Broth (LB) (HiMedia, India)
containing 100 mg L' atrazine. Growth was measured as
ODggo and cell quantity of 5 ODgq was harvested by centri-
fugation. The pellet was washed in sterile BS media, without
any carbon source and resuspended in the same so as to yield
0.1 ODggo mL . Atrazine was added and flasks were incu-
bated at 30 °C at 120 rpm. Growth and atrazine degradation
was monitored for 70 h. All experiments were performed in
triplicates.

Atrazine mineralization assay

A mineralization assay was performed as reported by
Udikovi¢-Koli¢ et al. (2008). AK-YN10 was grown in MS
medium with 30 mg L™" atrazine until the exponential phase
of growth at 30 °C. Bacterial cell quantities of 0.30Dg(, were
introduced into sterile respirometers with 10 mL Knapp buffer
and 30 mg L' atrazine containing 147.7 BqmL ™" of "*C ring-
labeled atrazine (**C-ATZ-Ring, 24.6 mCi mmol ', Sigma) in
one flask and 56.4 Bq mL ™" of '*C ethyl-chain-labeled atra-
zine ("*C-ATZ-Chain, 1776 Mbq mmol ', Isotophim) in an-
other flask at 30 °C and 100 rpm. The mineralization assay
was performed in triplicates.

The mineralization of atrazine was monitored by counting
the *CO.,, trapped in 5 mL of 0.2 M NaOH by liquid scintil-
lation counting (Packard) using 10 mL of ACSII scintillation
fluid (Amersham) and the kinetics were calculated as previ-
ously reported (Udikovi¢-Koli¢ et al. 2008).

Analysis of multi-substrate degrading property

Multi-substrate degrading properties of the AK-YN10 isolate
were assessed by analyzing degradation of the following s-
triazines; simazine, terbuthylazine, atratone, prometon,
ametryn, and prometryn. The seed culture was prepared as
mentioned above and a bacterial suspension of 0.1 ODggg per
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mL™" was inoculated in M9 media (Kapley et al. 2001) with
100 mg L™" of substrate. The s-triazine pesticides were used
either (i) as sole source of carbon and nitrogen, or (ii) as sole
source of carbon, supplemented with 1 g L' ammonium chlo-
ride as the nitrogen source, or (iii) as sole source of nitrogen
supplemented with 3 g L™" citrate as carbon source. Un-
inoculated controls were also set up. Degradation was carried
out at 30 °C for 8 days and was monitored by HPLC as de-
scribed below.

Analyzing the bioremediation potential of isolate
AK-YN10 by microcosm experiments

The bioremediation potential of the lab-isolate AK-YN10 was
studied with atrazine contaminated soil in microcosm experi-
ments. Utilization of atrazine under bioaugmentation condi-
tions was compared against the degradative capacity under the
condition of natural attenuation. The two conditions were an-
alyzed in duplicate microcosms set up using soil collected
from the NEERI garden premises. The microcosms were set
up as follows: Composite soil was prepared according to ISO
10381-6 recommendations (soil quality—sampling—Part 6:
Guidance on the collection, handling, and storage of soil for
the assessment of aerobic microbial processes in the laborato-
ry). After sieving (2-mm mesh), soil samples were thoroughly
mixed and atrazine was applied at 100 mg kg ' of soil (dry
weight equivalent). Four aliquots of 250 g were then trans-
ferred into wide mouth 1 L jars to generate four microcosms.
Two were used to study the effect of bioaugmentation with
AK-YNI10 isolate and two were used to analyze the capacity
of natural attenuation. The isolate was grown in 0.1 xLB for
18 h at 30 °C. Cells were harvested by centrifugation and the
cell pellet was washed with buffer and resuspended in 5 mL of
20xBS media (Sagarkar et al. 2014b). AK-YN10 was inocu-
lated at 2.5x10” CFU per 250 g soil (dry weight equivalent)
into two of the four experimental microcosms (bioaugmenta-
tion), while the remaining two other replicates were not inoc-
ulated (control). Before harvesting the cells, the presence of all
genes was confirmed by PCR to exclude the possibility of
plasmid abortion. Microcosms were kept at room temperature
(30=£1 °C). The soil moisture content was monitored once per
week and was maintained at 40 % until the end of the exper-
iment by addition of sterile distilled water. Degradation of
atrazine was monitored by HPLC on day 0,3,6,9, and 12.

Molecular biology methods

Atrazine-degrading genetic potential characterization
AK-YN10 was grown until its exponential phase of growth
and harvested for total DNA extraction done with the Fast

DNA™ Spin Kit from MP Biomedicals. DNA aliquots of
50 uL were stored at —20 °C until required. The atrazine-

degrading genetic potential was determined by PCR using
different primer pairs listed in Table 1 targeting atzA4, B, C,
D, and #zN,D sequences.

The total genomic DNA of AK-YN10 was digested either
with Nrul or Smal restriction enzymes. Digested DNAs were
separated by electrophoresis on a 1 % agarose gel, vacuum-
transferred onto a Biodyne Plus membrane (Gelman Sciences,
Merck Eurolab, France), and analyzed by southern hybridiza-
tion under high stringency conditions using digoxigenin la-
beled probes targeting either atz4, B, C, D, E, and trzD,N
genes (Devers et al. 2007).

Plasmid profiling and hybridization

Eckhardt’s method as modified by Wheatcroft (Eckhardt
1978; Wheatcroft et al. 1990) was applied to obtain plasmid
DNA profiles. Briefly, bacterial cultures were grown in BS
medium containing 100 mg L' atrazine at 30 °C and
120 rpm. After their separation and transfer to a membrane,
plasmids were hybridized with digoxigenin probes of atzA4, B,
C, D, E, and trzD, N sequences as described above. The size of
the plasmid was estimated according to Udikovi¢-Koli¢ et al.
(2008).

Genome sequencing and annotation

The genomic DNA of AK-YN10 was sequenced two times. In
the first version, total DNA of AK-YN10 was prepared using
the Fast DNA™ Spin Kit for bacterial DNA isolation from
MP Biomedicals (France). In the second version, DNA isola-
tion was carried out by the plasmid enrichment protocol (An-
derson and Mckay 1983). DNA purity was analyzed by a
NanoDrop 1000 Spectrophotometer (Thermo Scientific).
The genome was sequenced using the Illumina MiSeq20 se-
quencing platform (Sagarkar et al. 2014a). The paired-end
sequencing libraries were prepared using Illumina Nextera
DNA Library Preparation Kit. Paired-End sequencing allows
the template fragments to be sequenced in both the forward
and reverse directions. The amplified library was analyzed in
Bioanalyzer 2100 (Agilent Technologies) using high sensitiv-
ity (HS) DNA chip as per manufacturer’s instructions. The
raw data were filtered using trimmomatica with a minimum
read length of 50 and a minimum quality of 20. Sequencing
reads were assembled by using a GS assembler version 2.6.
Version one was assembled using Arthrobacter reference and
yielded 36% sequence coverage, while version two of the draft
genome was assembled de novo. The genome was annotated
using the NCBI Prokaryotic Genomes Automatic Annotation
Pipeline (PGAAP) and was independently analyzed on the
RAST server (Aziz et al. 2008). A circular genome map was
generated using CGView server V 1.0 (2008), http://stothard.
afns.ualberta.ca/cgview_server/) to compare the draft genome
of the lab isolate, AK-YN10 (AVPD00000000.1,
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Table 1  Details of atrazine degradation pathway genes monitored in this study
Gene Gene product Gene amplified by Clone accession % identity with A. aurescens Reference

PCR No. TC1
atzA  Atrazine chlorohydrolase - - - Devers et al. 2004
atzB  Hydroxyatrazine ethylaminohydrolase HE716866 99 Devers et al. 2004
atzC  N-isopropylammelide Isopropylaminohydrolase + HE716867 100 De Souza et al. 1998
atzD  Cyanuric acid hydrolase - - - Devers et al. 2004
atzE  Biuret amidohydrolase - - - Devers et al. 2004
atzF Allophanate hydrolase - - - Devers et al. 2004
trzN  Triazine hydrolase + HE716868 99 Mulbry et al. 2002

trzD  Cyanuric acid hydrolase -

Fruchey et al. 2003

—Not amplified by PCR; +Amplified by PCR

AVPD00000000.2) with the complete genome of its nearest
neighbor, A. aurescens TC1 (CP000474.1) using default
parameters.

The assembled scaffolds were used to predict CDS. The
predicted CDS were annotated using BLASTX and BLASTN
search against NCBI non-redundant database. We considered
the top hit species distribution of annotated CDS from
BLASTN for identification of plasmids. In order to identify
plasmid regions, contigs were submitted to similarity searches
carried out by using Microbial nucleotide BLAST with default
parameters against the Arthrobacter taxon 1663; with com-
plete genome (6) and complete plasmids (15). A plasmid
dataset extracted from the genome of AK-YN10 was aligned
with the corresponding sequences of plasmids of Arthrobacter
nicotinovorans (pAO1 plasmid) and 4. aurescens (TC1 plas-
mid) using Mauve 2.1 with default parameters.

Complete TrzN protein sequences were retrieved from the
NCBI database. They were aligned with the AK-YN10 TrzN
protein using multiple sequence alignment functions in
ClustalW in Mega 5.2 and viewed using Jal view version
2.8 (Sagarkar et al. 2013).

Motility assay

Motility test medium was prepared as given in the ASM mi-
crobial library protocol. For motility assay, a test medium tube
was stabbed with 4. aurescens TC1 and AK-YN10 and was
incubated at 30 °C for 72 h or until growth was evident.

HPLC analysis

A 1 mL sample was harvested from growth medium, mixed
with an equal volume of methanol, and centrifuged at 10,
000 rpm for 5 min. The supernatant was collected and filtered
through a 0.22 pm filter (Millipore) and analysed by HPLC.
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A Licrosphere RP18 column was used in a HPLC system
(Waters €2695), equipped with a PDA detector and a
quaternary phasic auto injector. The conditions reported by
Farre et al. (2005) were used for detection of triazine
herbicides.

Nucleotide sequence accession number

The 16S rRNA, atzB, atzC, and trzN gene sequences of AK-
YNI10 were deposited in GenBank under the accession num-
bers HE716859, HE716866, HE716867, and HE716868. The
whole genome shotgun sequence of AK-YN10 was deposited
under the accession numbers NZ_ AVPD00000000 version
AVPD01000000, AVPD02000000.

Results

Isolation and characterization of the s-triazine degrading
bacterial strain

A gram positive, yellow colored, smooth margined bacterial
isolate, producing a zone of clearance on BS plates containing
atrazine was isolated from enrichments. The isolate, referred
to AK-YNI10, was identified as Arthrobacter genus by se-
quence analysis of its 16S rRNA gene. The 16S rRNA phy-
logeny demonstrated that 4. aurescens TC1 and Arthrobacter
sp. Rue61a were the closest relatives of AK-YN10 with 98 %
of sequence similarity (Supplementary Fig. S1). A circular
map comparing an Arthrobacter sp AK-YN10 version 2
(AVPD00000000.2) and complete genome of A. aurescens
TC1 (CP000474.1) can be viewed in Supplementary Fig S2.

The capacity of the laboratory strain, AK-YNI10, to de-
grade atrazine was demonstrated by monitoring of atrazine
dissipation (Fig. 1a) and atrazine mineralization (Fig. 1b).
Modeling of dissipation kinetics allowed estimating an
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Fig. 1 Utilization of atrazine under different conditions by bacterial
isolate AK-YN10. a Atrazine dissipation and growth kinetics of
Arthrobacter sp. AK-YN10 when 1000 mg L™" atrazine was used as sole
nitrogen source. Vertical bars indicate standard deviation and b atrazine
mineralization kinetics of strain AK-YN10 obtained with '*C-chain- or
1C-ring-labeled atrazine. Median values of cumulated '*CO, evolved

atrazine degradation rate of 35.58+0.36 mg L' h™', an atra-
zine half-life of 9.45+0.07 h, and a growth rate of AK-YN10
0f 0.24+0.06 OD mL ' day ' (Table 2). The potential of AK-
YNI10 to mineralize atrazine was analyzed by
radiorespirometry using both '*C-ATZ-Ring and '*C-ATZ-
chain. Mineralization kinetics showed that AK-YN10 was on-
ly able to mineralize '*C-ATZ-chain (Fig. 1b). '*CO, was
rapidly formed reaching a maximum mineralization of 61.83
+4.4 % of initially added '*C-atrazine after 5 days of incuba-
tion. Modeling of the mineralization kinetics with the modi-
fied Gompertz model allowed estimating a mineralization rate
of 34.40+5.5 h™ ! and a lag time (K) of 0.054+0.01 h.
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—@— Chain labeled atrazine
—v— Ring labeled atrazine

from '“C-atrazine are shown. Vertical bars indicate standard deviation.
¢ Demonstration of bioremediation potential of lab isolate AK-YN10 in
microcosm experiments with 100 mg kg™ ' atrazine. The vertical bars
indicate the percentage of atrazine remaining in the bioaugmented micro-
cosm and the line graph indicates the percentage of atrazine remaining in
the control microcosms (natural attenuation)

AK-YN10 also demonstrated the capacity to degrade other
s-triazine pesticides, utilizing them as a source of nitrogen.
Growth kinetic parameters were estimated and are shown in
Table 2. No growth was observed when the s-triazine pes-
ticides were used as sole carbon source (data not shown).
AK-YNI10 was able to rapidly degrade simazine, ametron,
and prometron with high rate of degradation superior to
70 % day ', while ametryn, prometryn, and
terbuthylazine demonstrated relatively low degradation
rates (i.e., inferior to 50 % degradation day '). A max-
imum growth rate of 0.28+0.05 OD day ' was observed
with ametron.
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Table 2 s-triazines half-life (DTs,) and degradation rate estimated from degradation kinetics obtained with the AK-YN10 bacterial culture. Growth

rate of the AK-YN10 bacterial culture on mineral medium supplemented with s-triazine as sole nitrogen source

s-triazines f(DT50) (H)* Rate of degradation(% day ') Growth rate (% day ")
Atrazine 9.44+0.07 35.58+0.36 0.23+0.01

Ametryn 44.80+3.66 25.50+5.07 0.18+0.05

Prometryn 23.68+2.22 29.16£1.75 0.16+0.12

Simazine 10.06+1.47 81.85+3.71 0.15+0.05
Terbutylazine 39.12+2.35 15.66+5.50 -

Ametron 13.52+4.99 76.33+£6.80 0.28+0.05

Prometron 13.36+4.66 78.76+:11.93 0.21+0.06

*Values are mean values+standard deviation. F(DTs) is the time required for the degradation of 50 % of the substrate

Figure 1c demonstrates the efficiency of the lab isolate in
enhancing bioremediation of contaminated soil. In contrast to
weak atrazine dissipation in control soil microcosms, atrazine
was completely dissipated within 12 days in the soil micro-
cosms bioaugmented with AK-YN10.

Localization of atrazine degradation genes in total DNA

Amplification results demonstrated the atrazine-degrading ge-
netic potential of AK-YN10 comprised of #zN, atzB, and
atzC genes. All amplicons were cloned, sequenced, and com-
pared to known sequences confirming their sequence similar-
ity (Table 1).

Figure 2 demonstrates the localization of atrazine degrada-
tion genes as analyzed by Southern blot hybridization. Total
DNA (genomic + plasmid) (Fig. 2a) and plasmid DNA
(Fig. 2b) were hybridized with #zN, atzB, and atzC probes.
Before electrophoresis, total DNA was digested with (i) Nrul
and (ii) Smal restriction enzymes. Results indicate that all
three probes hybridized to the plasmid DNA as well as total
DNA digested with Smal. The absence of a hybridization
signal with #zN probe on the total DNA digested by Nrul
may be attributed to the presence of this gene on the Nrul-
restriction fragment inferior to 4 kb. As it can be seen in
Fig. 2b, the isolate shows the presence of at least four plas-
mids. All probes hybridized to only one of those, indicating
that the three atrazine degradation genes are located on a plas-
mid of approximately 113 kb.

General features on Arthrobacter sp. AK-YN10 draft
genome and genes involved in atrazine metabolism

Two versions of the draft genome (V1 and V2) have been
submitted to NCBI (accession no. AVPD01000000,
AVPD02000000). According to the first version sequencing,
the genome size of about 4.84 Mb is distributed in 107 contigs
with an average GC content of 63.3 %, containing 4578 puta-
tive coding sequences (CDSs). Distribution of 107 contigs
into the bacterial plasmids and chromosome is presented in
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Supplementary Fig. S3. About 4.2 Mb of the AK-YN10 ge-
nome, representing approximately 87 % of the sequence data,
demonstrated 80-90 % similarity to the complete genome of
A. aurescens TC1 (accession no. NC_008711). The remaining
13 % data demonstrates homology to different plasmids as
follows; (i) the ~94 kb region shows >90 % similarity to
A. nicotinovorans pAOI1 plasmid pAO1 (NC_021229), (ii)
the 31.427 kb region shows >90 % similarity to the
A. aurescens TCI1 plasmid TC1 (NC_008712), (iii) the
248.260 kb region of contig 7 and contig 26 demonstrates
>85 % similarity but <20 % query coverage with 4. aurescens
TCI plasmid TC2 (NC_008713), and (iv) the 195 kb region
contains mainly hypothetical proteins. A list of whole genome
sequences of different Arthrobacter species available in the
NCBI database is listed in the Supplementary Table S1.

Microbial nucleotide BLAST carried out against plasmid
dataset demonstrated >90 % identity with 4. aurescens TC1
plasmid TC2 and 4. nicotinovorans pAO1 plasmid
(Supplementary Table S2). Since our results suggested the
presence of multiple plasmids, mauve alignment was used to
analyze homology with plasmids showing high similarity. Ten
contigs showed similarity to A. nicotinovorans pAO]1 plasmid
(Supplementary Fig. S4, panel 1), wherein six contigs were
highly similar (>90 % similarity) and four were poorly similar
(<70 % similarity). All together, a ~108 kb fragment was
reconstituted from the sequencing data where annotation re-
vealed the presence of a 6-hydroxy-D-nicotine oxidase gene
for nicotine degradation, a complete set of ORFs for enzymes
essential for the biosynthesis of the molybdenum dinucleotide
cofactor, as well as ORFs related to uptake and utilization of
carbohydrates, sarcosine, and amino acids.

RAST annotation revealed that the atzB and atzC genes
coding for atrazine-degrading enzymes were respectively lo-
cated on contigs 63 (M707_23105) and 35 (Fig. 3a). The trzN
gene sequence was not found in the first version of the draft
genome of AK-YN10 even though its presence was shown by
amplification and Southern hybridization done on total DNA.
Alignment with the TC1 plasmid revealed 12 contigs out of
which ten contigs were 99 % identical to the TC1 plasmid
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Fig. 2 Confirmation of genes from the atrazine degradation pathway in
isolate Arthrobacter sp. AK-YN10 by Southern Hybridization. a
Southern blot hybridization of atrazine degrading genes with total DNA
of AK-YN10 digested with Nrul and Smal restriction enzymes. Lanes
labeled as “M” indicate the molecular size marker where size in bp are
shown on the left hand side. Lanes 1 and 2 demonstrate the digestion
profile of total DNA digested with restriction enzymes Nrul and Smal,
respectively. Lanes 3—5 show the results of hybrization of #7zN, atzB, and

(Supplementary Fig. S4, panel II) and two V2 contigs num-
bers 12 and 35 had 90 % similarity but <45 % query coverage.
V1 and V2 indicate the two different versions of the draft
genome of isolate AK-YN10.

The second version of the draft genome, V2, yielded
4.4 Mb data distributed in 464 contigs with 4020 CDS, with
1437 of them being hypothetical proteins. The #7zN gene was
located on a 30.951 kb contig 12, at 28,925-27,555 nu-
cleotides (RAST annotation). This contig demonstrated
99 % similarity in the region from 26,119-29,103 to
region 100,512-103,496 of A. aurescens TC1 plasmid
(Fig. 3a).

Amino acid sequence comparison of the AK-YN10 triazine
hydrolase to complete s-triazine hydrolases from the NCBI
database indicated that AK-YN10 has distinct Pro(299) resi-
due instead of Ala(299). Whereas Tyr(68) and Glu(117) resi-
dues were present instead of Phe(68) and GIn(117) like in
Pseudomonas sp. AD39 (FJ161692). At position 305, Met
to Leu sequence variation was observed like in Nocardioides
sp. C190 (AF416746) (Supplementary Fig. S5). The amino
acid sequence of AtzB and AtzC was 100 % identical to the
TC1 plasmid.
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atzC probes, respectively, on Nrul digested DNA. Lanes 6-8 show the
results of hybrization of #zN, atzB, and atzC probes, respectively, on
Smal digested DNA. b Plasmid profiling and southern blot
hybridization of atrazine degrading genes with plasmid DNA. Sizes of
plasmid markers (in Kbp) are shown on the left hand side. Lane 1
indicates the presence of four plasmids in the lab isolate. Lanes 2—4
show the hybridization results with #zN, atzB, and atzC probes,
respectively

Motility associated genes

Mobility is an interesting phenotype for microbial candidates
for bioremediation. Hence, we carried out soft agar motility
assay and looked for flagellar genes in the draft genome. As
can be seen in Fig. 3b, the complete operon for flagellar bio-
synthesis genes was present on contig 22 with 60-90 % se-
quence similarity to the flagellar cassette of Arthrobacter
chlorophenolicus (CP001341). The functional aspect is dem-
onstrated in Supplementary Fig S6 by soft agar motility assay.

Discussion

In this study, we report the isolation and characterization of
Arthrobacter sp. AK-YNI10 with the ability to degrade
1000 mg L' atrazine in 24 h under laboratory conditions.
This result is in accordance with previous studies reporting
the isolation of several others Gram-positive bacteria able to
transform atrazine. Nocardioides sp. C190 was the first Gram-
positive atrazine degrading bacterium isolated from a Canadi-
an agricultural soil frequently exposed to this herbicide (Topp
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«Fig. 3 Organization of genes involved in atrazine degradation and
organism motility. Panel a depicts the organization and comparison of
catabolic genes involved in atrazine degradation in Arthrobacter sp. AK-
YNI10 and A4. aurescens TC1 plasmid TC1. Analyses were performed
using RAST. The #zN gene was found in version 2 of the draft genome

et al. 2000). Subsequently, other Gram-positive atrazine de-
graders have been characterized, belonging to Nocardioides
(Piutti et al. 2003; Yamazaki et al. 2008) or the Arthrobacter
genus (Strong et al. 2002; Devers et al. 2007; Arbeli and
Fuentes 2010). Most of these strains harbor a trzN-atzBC gene
combination allowing the transformation of atrazine to
cyanuric acid (Sajjaphan et al. 2004; Udikovi¢-Koli¢ et al.
2012). Several strains harbor a more complete gene combina-
tion of trzN-atzCDEF (Arbeli and Fuentes 2010) or #rzN-
atzBC-trzD (Vaishampayan et al. 2007) allowing the complete
mineralization of atrazine to simple compounds naturally
present in the environment. Likewise, our isolate has the trzN—
atzBC gene combination responsible for the transformation of
atrazine to cyanuric acid. Accordingly, the AK-YN10 atrazine
degradation pathway was found to start by de-halogenation of
atrazine to hydoxyatrazine, catalysed by TrzN.
Hydroxyatrazine is then transformed to cyanuric acid by AtzB
and AtzC enzymes. In addition, AK-YN10 was shown to
degrade several other s-triazines including simazine, ametron,
prometron, ametryn, prometryn, and terbuthylazine. This is in
line with several other studies reporting that strains harboring
the trzN—atzBC gene combination have a wide s-triazine sub-
strate range. A. aurescens TC1 is reported to use 23 different s-
triazines as substrate (Strong et al. 2002) and Udikovi¢-Koli¢
et al. 2008 reported that a bacterial community, harboring
Gram-positive isolates, enriched from waste water from an
herbicide factory, was able to degrade a range of substituted
s-triazines.

Southern blot analysis confirmed localization of these
genes to a single plasmid. #7zN and a#zBC genes of AK-
YN10 were 99 % homologous to that found on the ~300 kb
TC1 plasmid of A. aurescens TC1 (Mongodin et al. 2006).

The #rzN gene was located on a 30.951 kb contig, with only
a 2984 bp region containing the #zN gene being 99 % identi-
cal to the TC1 plasmid. The rest of the contig does not have
similarity with anything in the database. It is noteworthy that a
sharp increase in G+C content was observed in the region
flanking the #7zN gene (Supplementary Fig. S7) which might
be the signature of a genetic rearrangement mediated by an IS
element with a lower G+C content. This is in contrast with the
TC1 plasmid showing no segmentation in the G+C profile in
the ~34 kb fragment containing the #zN gene.

The atzB gene was present on contig 63, and the azzC gene
was present at the end of contig 35. Southern blot analysis
indicated that azzB and atzC genes were located on a single
fragment of 7.3 kb. To explain this discrepancy, one could
hypothesize that contigs 63 and 35 might be separated by a

on contig 12, while a#zB and a#zC were found in version 1 of the draft
genome and are hence shown separately. Hypothetical proteins are
indicated in gray color. Panel b depicts the organization and comparison
of functional flagellar genes of 4. chlorophenolicus (CP001341) with
Arthrobacter sp. AK-YN10 contig 22

transposon similar to that of the a#zBC gene arrangement in
the TC1 plasmid not allowing their assembly following full
sequencing (Fig. 3a) highlighting the difficulty of genome
assembly in the presence of insertion sequences rich in repeat-
ed sequences.

The atzC gene was located on the 37.732 kb contig
which has 42 % query coverage and 92 % similarity to
the TC1 plasmid, i.e., half of the contig did not match
to sequences in the database suggesting horizontal gene
transfer of azzBC gene fragment.

The trzN-atzBC gene combination along with IS el-
ements is widely reported over the years and in differ-
ent strains isolated worldwide mainly present amongst
actinobacteria (Vaishampayan et al. 2007; Devers et al.
2007; Arbeli and Fuentes 2010). As these genes were
reported to be flanked by IS elements, genetic rear-
rangement mediated by them cannot be excluded.

In AK-YN10, besides the plasmid harboring atrazine
degrading genes, three other plasmids were observed. Total
genome sequencing revealed contigs with >90 % similarity to
the plasmid pAO1 but its functional role has not been explored
in this study. Even though the isolate was grown in minimal
medium with atrazine, the pAO1-like plasmid was main-
tained. Hence, future work can be targeted to study the effect
of co-existence of these plasmids implied in atrazine
degradation.

Mongodin et al. 2006 reported that genes involved in
plasmid partitioning in TC1 and pAO1 share a common
ancestor. But in case of AK-YNI10, ParA proteins were
different from TC1 and pAO1 but ParB and NrdH pro-
teins on contig 50 had 50 and 66 % amino acid identity
to the plasmid TC1. This suggests that TC1 and one of
the plasmids out of four have a common ancestor but
the ancestors of the remaining three plasmids are
different.

A broad s-triazine substrate range has been reported for the
triazine hydrolase of actinobacteria like 4. aurescens TC1 and
Nocardiodies sp. C190 (Yamazaki et al. 2008). The broad
substrate specificity and high enzyme activity of TrzN pro-
vides an evolutionary advantage over AtzA making it domi-
nant amongst Gram-positive soil bacteria (Arbeli and Fuentes
2010). AK-YN10 had four amino acid sequence mutations in
triazine hydrolases. Residues 76 and 78 are active sites of
triazine hydrolases. Variation at residue phe(68) to tyr(68)
changes polar amino acids to non-polar compounds. This var-
iation may affect enzyme activity as these residues are near the
active site.
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Arthrobacter are robust soil dwelling bacteria. The draft
genome of AK-YN10 indicates the presence of genetic poten-
tial towards environmental stress tolerance capacity by the
presence of a number of stress response genes (data not
shown). Furthermore, it is resistant to many heavy metals
(cobalt, copper, zinc, arsenic, and mercury) and antibiotics
(Gentamycin (10 pg/disc), rifampicin (15 pg/disc), penicillin
G (10 units/disc), ampicillin (25 pg/disc), polymyxin (50 pg/
disc) like Arthrobacter phenanthrenivorans type strain
(Sphe3) (Kallimanis et al. 2011) and Arthrobacter sp. Rue6la
(Niewerth et al. 2013). Apart from all these features, flagellar
motility is an interesting feature of this strain rarely observed
in the Arthrobacter genus. Among the six full genome se-
quences, only 4. chlorophenolicus A6 has the motility pheno-
type (Nordin et al. 2005). In silico analysis demonstrated the
flagellar gene cassette of AK-YNI10 is similar to
A. chlorophenolicus while the rest of the chromosome was
similar to A. aurescens suggesting its acquisition by horizontal
gene transfer.

The bioremediation assay carried out with AK-YN10 in
soil microcosms incubated under laboratory conditions
showed that its degrading capability along with its environ-
mental stress tolerance and motility makes it a suitable candi-
date for bioremediation of s-triazine contaminated soils. As
the degrading genes are plasmid born and surrounded by in-
sertion sequences (IS), following its inoculation to soil, AK-
YNI10 may spread its degrading-genetic potential to related
microbial populations by horizontal gene transfer and further
genetic rearrangement mediated by IS elements has already
been shown under controlled conditions (Devers et al. 2007).

This study reported the isolation and characterization of a
multiple s-triazines degrading bacterium that could be a good
candidate for bioremediation. Draft genome analysis enabled
us to understand the s-triazine degrading characteristics of this
isolate and provided knowledge that would be helpful to as-
sess the efficiency of this isolate and monitor its survival once
released into contaminated environments that are to be
restored.
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