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Members of the genus Pseudomonas are known to be widespread in
hydrocarbon contaminated environments because of their remarkable ability
to degrade a variety of petroleum hydrocarbons, including BTEX (benzene,
toluene, ethylbenzene and xylene) compounds. During an enrichment
investigation which aimed to study microaerobic xylene degradation in a
legacy petroleum hydrocarbon-contaminated groundwater, a novel Gram-
stain-negative, aerobic, motile and rod-shaped bacterial strain, designated
as MAP12T was isolated. It was capable of degrading benzene, toluene,
meta- and para- xylene effectively under both aerobic and microaerobic
conditions. The 165 rRNA gene sequence analysis revealed that strain MAP12T
belongs to the genus Pseudomonas, with the highest 16S rRNA gene
similarity to Pseudomonas linyingensis LYBRD3-7T (98.42%), followed by
Pseudomonas sagittaria JCM 181957 (98.29%) and Pseudomonas alcaliphila
JCM 106307 (98.08%). Phylogenomic tree constructed using a concatenated
alignment of 92 core genes indicated that strain MAP12T is distinct from
any known Pseudomonas species. The draft genome sequence of strain
MAP12T is 4.36 Mb long, and the G+C content of MAP12T genome is 65.8%.
Orthologous average nucleotide identity (OrthoANI) and digital DNA-DNA
hybridization (dDDH) analyses confirmed that strain MAP12T is distinctly
separated from its closest neighbors (OrthoANI < 89 %; dDDH < 36%).
Though several members of the genus Pseudomonas are well known for
their aerobic BTEX degradation capability, this is the first report of a novel
Pseudomonas species capable of degrading xylene under microaerobic
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conditions. By applying genome-resolved metagenomics, we were able to
partially reconstruct the genome of strain MAP127 from metagenomics
sequence data and showed that strain MAP127 was an abundant member
of the xylene-degrading bacterial community under microaerobic conditions.
Strain MAP12T contains ubiquinone 9 (Q9) as the major respiratory quinone
and diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine
as major polar lipids. The major cellular fatty acids of strain MAP12T are
summed feature 3 (Ci6.1w6C and/or Cig.1w7c), Ci6.0 and summed feature 8
(C1g.1w6C and/or Cig.1w7c). The results of this polyphasic study support that
strain MAP12T represents a novel species of the genus Pseudomonas, hence
the name of Pseudomonas aromaticivorans sp. nov. is proposed for this strain
considering its aromatic hydrocarbon degradation capability. The type strain

is MAP12T (=LMG 32466, =NCAIM B.02668).

biodegradation, xylene, BTEX, Pseudomona, groundwater

Introduction

Benzene, toluene, ethylbenzene and xylene (BTEX) are a
group of major organic pollutants with crucial public health
concerns due to their genotoxic and carcinogenic properties
(Diaz, 2004). They are considered an environmental threat due
to their relatively high-water solubility and stability against
degradation. Despite its well-known toxicity, this group of
aromatic compounds has been used extensively in industries,
and thus found as a ubiquitous pollutant, making it a
significant risk to groundwater resources. Degradation of
these contaminants occurs in the environment naturally by
indigenous microorganisms that feed on these contaminants as
carbon and energy source (Xu et al., 2018).

Rapid aerobic degradation of BTEX-compounds leads to a
scarcity of oxygen in contaminated subsurface environments,
resulting in the formation of hypoxic, and eventually anaerobic
conditions. Contaminant removal from these environments
may be aided by microorganisms and can effectively biodegrade
aromatic compounds microaerobically. Various bacteria have
been reported to degrade BTEX-compounds (Prince et al,
2019). Among them, Pseudomonas species are often reported as
major players in such contaminated sites that play a significant
role in the degradation of BTEX (Ridgway et al.,, 1990; Brusa
et al, 2001; Yu et al, 2001; Jahn et al, 2005). Though
the bioremediation potential of genus Pseudomonas has been
described in several reports, according to literature, to date,
there is only limited information on Pseudomonas spp. that
can degrade benzene and xylene under microaerobic conditions
(Mahendran et al., 2006). Moreover, only a handful of other
bacterial strains are known to degrade benzene and para-xylene
in oxygen-limited environments, and as a consequence they
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are the least degradable and most persistent BTEX-compounds
in subsurface ecosystems (Margesin et al., 2003; Wartell et al.,
2021).

Genus  Pseudomonas  belongs to  the family
Pseudomonadaceae within y-Proteobacteria, originally first
described by Migula (1894). Pseudomonas is a species-rich
genus. At the time of writing, there have been more than 200
species with valid names within this genus (LPSN!) (Parte
et al,, 2020). Members of this genus are Gram-stain-negative,
non-spore-forming, catalase and oxidase test positive (Lin
et al,, 2013), rod-shaped bacteria containing one or several
polar flagella or peritrichous flagella. The genus Pseudomonas
is characterized by the presence of ubiquinone 9 as the major
respiratory quinone (Jia et al., 2020; Wang et al., 2020). The
genome G+C content values vary between 58 and 69 mol%
(Lang et al,, 2010). Pseudomonas spp. have a high degree of
physiological adaptability since they can grow on both simple
and complex organic carbon compounds at 4-42°C and pH
4.0-8.0 (Moore et al, 2006). Owing to diverse metabolism,
members of this genus are able to survive in a wide range of
niches like plants, animals, soil, water, and air (Gupta et al,
2008), including soils containing high levels of pollutants,
such as xenobiotics (Manickam et al., 2008) e.g., haloaromatic-
compounds (Stolz et al.,, 2007), alkylphenols, and petroleum
hydrocarbons (Hirota et al., 2011).

During investigation of microaerobic xylene-degrading
bacterial community diversity of groundwater of a decade-old
petroleum hydrocarbon-contaminated site at Siklos, Hungary
(Tancsics et al,, 2013), by using selective enrichment method,

1 https://www.bacterio.net/index.html
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strain MAP12T was isolated and proved to be a yet undescribed
lineage of the genus Pseudomonas. The Siklos site is an
extensively studied, legacy hydrocarbon contaminated site of
Hungary, which is predominantly contaminated by xylene
(Banerjee et al.,, 2022). The aim of this present study was to
clarify the taxonomic status of this presumably novel member
of the genus Pseudomonas using a polyphasic taxonomic
approach, including whole genome sequencing, physiological,
biochemical, and chemotaxonomic analyses. Along with the
evaluation of its capability as a promising candidate for aromatic
hydrocarbon degradation under microaerobic conditions and
deep dive into its genome features to understand BTEX
degradation associated genomic details.

Materials and methods

Enrichment process and bacterial
strain isolation

To enrich and isolate indigenous microaerobic xylene-
degrading bacterial strains, triplicate microaerobic (<0.5 mg/L
dissolved O2) enrichments were established in 100 mL crimp
top serum bottles containing 45 mL of vitamin supplemented
mineral salt medium (MSV medium) (Révész et al., 2020) added
with 1 mM xylene mixture, i.e., ortho-, meta- and para-xylene
mixture (1:1:1) as a sole source of carbon and energy and 5 mL
of contaminated groundwater sample to enrich xylene degraders
selectively. Groundwater sample was obtained from a gasoline
contaminated site of Siklos, Hungary (Tancsics et al, 2012)
from the monitoring well No. ST2 situated at the center of
the contaminated zone. The sample was collected into sterile
1-L serum bottles, keeping no headspace, and transported to
the laboratory, at 4°C in the dark for further investigation.
Prior to the inoculation, microaerobic microcosms were sparged
with N,/CO; (80:20, v/v) for 10 min. After that, sterile air
(0.2 pm pore size filtered) was injected via the butyl-rubber
septa to achieve the desired dissolved oxygen concentration.
To ensure the prevalence of microaerobic conditions, the
bottles were monitored non-invasively by Fibox 3 trace v3
fiber optic oxygen meter with PSt3 sensor spots (PreSens) at
regular intervals and oxygen was continuously replenished in
the enrichments whenever needed. Microcosms were incubated
in a shaker incubator (28°C, 150 rpm) for a week. Then 5 mL
inoculum from each microcosm was transferred into a fresh
medium. Similar transfers were made for consecutive five weeks.
Then, way forward, to find potential culturable members of
the community, 1 mL inoculum from the enriched culture
media sample was serially diluted in 0.85% (w/v) sterile saline
solution and spread on R2A agar (DSM medium No. 830).
After incubation for three days at 28 °C, bacterial colonies were
isolated and purified with repeated streaking on R2A plates.
Strain MAP12" was routinely maintained aerobically on R2A at
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28°C. For long-term preservation, it was stored at -80°C in R2A
supplemented with 30% (v/v) glycerol.

[llumina 16S rRNA gene amplicon
sequencing for community analysis of
enrichment culture

To isolate DNA from the enrichment community, microbial
biomass was harvested from 45 mL of the enrichment by
centrifuging at 2360 g at 4°C for 10 min using a Rotanta 460 R
centrifuge (Hettich). Subsequently, DNA was extracted by using
the DNeasy Ultraclean Microbial Kit (Qiagen). For evaluation
of bacterial community composition the V3 and V4 variable
regions of the 16S rRNA gene were amplified by using the
universal primer pair suggested by Klindworth et al. (2013)
(S-D-Bact-0341-b-S-17  5-CCTACGGGNGGCWGCAG-3'/S-
D-Bact-0785-a-A-215-GACTACHVGGGTATCTAATCC-3'),
containing Illumina adapter overhang. PCR was performed
according to the 16S metagenomic sequencing library
preparation guide of Illumina using KAPA HiFi HotStart
ReadyMix (KAPA Biosystems).

Paired-end fragment reads were sequenced on an Illumina
MiSeq sequencer using MiSeq Reagent Kit v3 (600-cycle) by
SeqOmics Biotechnology Ltd. (Mérahalom, Hungary). Primary
data analysis (base-calling) was conducted with bcl2fastq
software (v2.17.1.14, Illumina). Reads were quality and length
trimmed in CLC Genomics Workbench Tool 9.5.1 using an
error probability of 0.05 (Q13) and a minimum length of
50 nucleotides as a threshold. Then the trimmed sequences
were processed using mothur v1.41.1 (Schloss et al.,, 2009) as
recommended by the MiSeq SOP page? (Kozich et al, 2013).
Based on the alignment using the SILVA 138 SSU Ref NR 99
database (Quast et al., 2013), sequences were assorted. Detection
of chimeras was done with Mothur’s uchime command (Edgar
et al,, 2011), and the “split.abund” command was also used to
remove singleton reads according to Kunin et al. (2010). The
97% similarity threshold level was used to assign Operational
taxonomic units (OTUs) as suggested by Tindall et al. (2010) for
prokaryotic species delineation.

Metagenome sequencing and
reconstruction of bacterial genomes
(genome binning)

Metagenomic DNA quality and integrity was checked using

an Agilent 2200 Tapestation system. Paired-end fragment reads
(2 x 250 nucleotides) were sequenced using the MiSeq Reagent

2 http://www.mothur.org/wiki/MiSeq_SOP
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Kit v2 (500-cycles) on an Illumina MiSeq sequencer. Illumina-
artifacts and adapters were removed from raw reads with
bbduk® (Bushnell, 2015). Reads were quality controlled and
trimmed with sickle version 1.33 (Joshi and Fass, 2011). Quality-
controlled reads were assembled using the MetaSPAdes pipeline
version 3.15.0 (Nurk et al,, 2017). Different binning tools were
used to create the final set of bins. Abawaca (v1.00)* was run
twice. First including reads with a minimal length of 3000 base
pairs (bps) and sequences split after 5000 bps and secondly with
minimal scaffold length of 5000 bps and sequences split after
10000 bps. MaxBin2 (v2.2.4) (Wu et al., 2016) was run with both
marker sets. All bins created in the four runs were optimized and
filtered with DAS Tool (v1.1.2) (Sieber et al.,, 2018) and hand
curated with uBin (Bornemann et al,, 2020). The metagenome
assembled genome relevant to this study, Pseudomonas sp.
XYLBin8, can be accessed through NCBI under the BioSample
accession number SAMN26818775.

16S rRNA gene phylogeny

Genomic DNA from bacterial strains was isolated by using
the Ultra- Clean Microbial DNA Kit (Qiagen) following the
manufacturers’ instructions. Subsequently, the 16S rRNA gene
of the isolates was amplified using the universal bacterial
primers 27F and 1492R, than Sanger sequenced by using
primers 27F, 338F 803F and 1492R (Soergel et al,, 2012). The
reaction parameters of the PCR amplification of 16S rRNA
genes and the Sanger sequencing were same as reported earlier
(Banerjee et al, 2021). The nearly complete 16S rRNA gene
sequences were compared with their closest relatives using the
EzTaxon server® to ascertain its taxonomic position (Yoon
etal., 2017). Alignment of 16S rRNA gene sequences (ClustalW)
and construction of phylogenetic trees were performed by
using MEGA (version X) (Kumar et al, 2018) using the
neighbor-joining (Saitou and Nei, 1987) and maximum-
likelihood (Felsenstein, 1981) methods with Kimuras two-
parameter calculation model and the maximum-parsimony
algorithm (Kimura, 1980). Tree topologies and distances were
evaluated by bootstrap analysis based on 1000 replicates.

Genome phylogeny

The whole-genome sequencing of strain MAP127 was
performed by SeqOmics Biotechnology Ltd., Moérahalom,
Hungary. In vitro fragment libraries were prepared using the
NEBNext® Ultra™ II DNA Library Prep Kit for Illumina.
Paired-end fragment reads were generated on an Illumina

3 https://sourceforge.net/projects/bbmap/
4 https://github.com/CK7/abawaca

5 www.ezbiocloud.net
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NextSeq sequencer using TG NextSeq® 500/550 High Output
Kit v2 (300 cycles). Primary data analysis (base-calling) was
carried out with bcl2fastq software (v2.17.1.14, Illumina).
Trimmed sequences were de novo assembled and scaffolding
were performed with SPAdes (v3.13.0) (Nurk et al,, 2013).
The genome assembly was submitted to NCBI Prokaryotic
Genomes Annotation Pipeline (PGAP) v4.5 for automatic
annotation (Tatusova et al., 2016). Annotation of the genome
was also performed by using the Microbial Genome Annotation
& Analysis Platform MicroScope (Vallenet et al, 2020) and
using PATRIC 3.5.38 web interfaced pipelines (Wattam et al,,
2016). These platforms were also used to determine the general
characteristics of the MAP12" genome and to find the presence
of genes of interest. Additionally, the putative functions of
genes associated with the metabolism of xenobiotics were
identified and analyzed using MaGe in combination with the
UniProt database® (Bateman, 2019) MetaCyc (Caspi et al,
2014), KEGG (Kanehisa and Goto, 2000) and BLAST searches.
Digital DNA-DNA hybridization ({DDH) values among strain
MAP12" and related species were determined using the in silico
Genome-to- Genome Distance Calculator (GGDC’) version 2.1
(Meier-Kolthoff et al., 2013). Orthologous average nucleotide
identity (OrthoANI) values between strain MAP12T and its
closest relatives were estimated using the OAT software (Lee
et al,, 2016). Reference genomes for comparison purposes were
retrieved from the GenBank database.® The phylogenomic tree
was constructed in silico using a concatenated alignment of
92 core genes with UBCGs software (Na et al, 2018) by
applying the FastTree algorithm (Price et al., 2010). The Clusters
of Orthologous Groups (COG) functional categories were
allocated by digging against the KEGG (Kyoto Encyclopedia of
Genes and Genomes) database. The DNA G+C % was estimated
from the genomic sequences.

Physiological analyses

To perform the physiological analysis, reference strains
Pseudomonas sagittaria DSM 279457 and  Pseudomonas
linyingensis LMG 259677 were obtained from DSMZ-
German Collection of Microorganisms and Cell Cultures
and BCCM/LGM-Belgian
Microorganisms, respectively, and studied under the same

Coordinated  Collections  of

laboratory conditions as MAP12T. Cell size, shape and
arrangement of strain MAP12' were studied by native
preparations and by Gram-staining according to Claus
(1992). The cell morphology and flagellation type of strain
MAP12T was investigated during the exponential growth
phase using transmission electron microscopy (H-7100,

6 http://www.uniprot.org/
7 https://ggdc.dsmz.de/

8 www.ncbi.nlm.nih.gov/genbank
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Hitachi) by applying the shadow-casting technique described by
Ohad et al. (1963). According to Barrow and Feltham’s protocol
(Barrow and Feltham, 1993) the following physiological and
biochemical tests were performed: urease activity; Baird-
Parker’s phosphatase activity; production of hydrogen
sulpfide from cysteine, indole from tryptophan; hydrolysis
of casein, gelatine, aesculin and Tween 80. Catalase activity
was determined by bubble production with HyOy (3 %, v/v),
and oxidase activity was tested using 1 % (w/v) tetramethyl-p-
phenylenediamineoxalate. Growth at different temperatures
from 4 to 50°C (at 4, 10, 20, 28, 37, 45, 50°C) was tested using
R2A broth. The optimum pH for growth was estimated using
R2A broth, and the pH of the medium was adjusted to 4.0-12.0
(at intervals of 1 pH unit) before autoclaving using citrate/
NaH,POy4 buffer (0.1 M, for pH range 4.0-5.0), phosphate
buffer M, for pH range (6.0-7.0) Tris buffer (0.2 M, for pH
range 8.0-10.0) and NaOH (5 M, for pH range 10.0-12.0). Salt
tolerance was assessed by inoculating the strain into R2A broth
supplemented with 0-12 % (w/v) NaCl at 1 % intervals. During
pH and salt tolerance tests growth of strain was determined
by measuring optical density (OD) at 600 nm. API 50CH, API
20NE and API ZYM strips (bioMerieux) were used to evaluate
physiological and biochemical characteristics according to
the manufacturers instructions. Growth under anaerobic
conditions was determined in R2A broth medium with and
without the addition of 0.15 % (w/v) KNOj at 28°C. To ensure
anaerobic conditions, 100 mL serum bottles (Glasgeratebau
Ochs) with 50 mL R2A broth were crimp sealed and purged
with nitrogen under sterile conditions as described earlier
(Farkas et al,, 2015). In addition to that; a growth test was
performed using BTEX mixture as carbon source as described
earlier (Banerjee et al,, 2021). Growth and biomass formation
was monitored both by optometric turbidity monitoring and
measurement of OD600 value in spectrophotometer after 24 h

of incubation.

Chemotaxonomic characterization

Whole-cell fatty acid, respiratory quinones and polar lipids
analysis were performed by the Identification Service of DSMZ
(Braunschweig, Germany). To analyze fatty acid methyl esters,
strain MAP12"T and the reference strains were cultivated on
R2A agar at 28°C. Sufficient cells of comparable physiological
age could be harvested from the third quadrant of the plates.
Fatty acid methyl esters analysis was performed following the
instructions of the Sherlock Microbial Identification System
version 6.4 (midi) and identified using the TSBA6 database
(v.6.21). The polar lipids and menaquinones were extracted
based on the modified procedure of Bligh and Dyer (1959).
Accordingly, polar lipids were extracted from freeze dried
cell material using a choroform:methanol:0.3% aqueous NaCl
mixture, polar lipids were recovered into the chloroform phase.
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Subsequently, polar lipids were separated by two dimensional
silica gel thin layer chromatography. The first direction was
developed in chloroform:methanol:water, and the second in
chloroform:methanol:acetic acid:water. Total lipid material
was detected using molybdatophosphoric acid and specific
functional groups were detected using spray reagents specific
for defined functional groups. The quinones were analyzed by
LDC Analytical (Thermo separation Products) HPLC apparatus
fitted with a reverse-phase column (Macherey-Nagel; 2.125 mm,
3 wm, RP18) using methanol:heptane 9: 1 (v/v) as eluant.

Determination of aerobic and
microaerobic benzene, toluene,
ethylbenzene and xylene degradation
potential of strain MAP127

BTEX (benzene, toluene, ethylbenzene, o-, m- and p-xylene)
degradation ability of strain MAP12" was assessed using
individual BTEX compounds as the sole source of carbon
and energy in microcosm experiment under strict aerobic
(DO conc. 8 mg/L) and microaerobic conditions (DO conc.
0.5 mg/L) by GC-MS. Measurements were carried out in
triplicates, along with triplicates of non-inoculated samples,
which served as the abiotic negative controls. The experiment
was conducted in 100 mL crimped serum bottles containing
50 mL MSV medium (Révész et al,, 2020) supplemented with
different BTEX compounds as a carbon source at 5 mg/L
concentration and kept aside for 24 h to provide time for
the abiotic solution to reach the equilibrium state. Thereafter,
investigational 100 wl 24 h old bacterial inoculum (OD600
0.5) was added to the serum bottles. Additionally, negative
serum bottles are kept as it is, as uninoculated. Then, all of the
bottles (both inoculated and negative controls) were kept for
incubation at 28°C and 150 r.p.m in a rotary shaker incubator.
Biodegradation of BTEX compounds was measured at a regular
interval of 24 h by headspace analysis in GC-MS. Microaerobic
condition in the microcosms was set as described above. In
short, microcosms were sparged aseptically with N,:CO, (80:20)
gas mixture to remove oxygen content and then desired amount
of sterile air was injected into the bottles to achieve desired
oxygen concentration in the microcosms. BTEX concentration
during the experiments was determined by GC-MS from
the headspace. Sampling was performed using an SPME
polydimethylsiloxane fiber assembly (Supelco), and the analysis
was executed using Trace 1300 gas chromatograph coupled
to ISQ Single Quadrupole mass spectrometer (ThermoFisher
Scientific). During the investigation, injector and detector
temperatures were kept at, respectively, 200°C and 250°C. The
oven temperature was set to 40°C for 3 min, later ramped at a
rate of 20°C min~! to 190°C and lastly held at that temperature
for 1 min. As carrier gas, Helium 5.0 was used at a flow rate of
1.2 ml min~!. For separation (30 m x 0.25 mm x 0.25 pum,
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Sigma-Aldrich, Supelco) SLB-5 ms fused silica capillary column
was used. The mass spectrometer was operated in full scan
mode.

To observe the growth of strain MAP12T during
of BTEX-compounds batch
experiment was conducted for 96 h, similarly as it was described

microaerobic  degradation
above, with minor modifications. The initial concentration
of the individual BTEX-compounds was 1 mM to support
biomass formation. At regular intervals the liquid phase
was sampled by a gas-tight glass syringe and OD600 was
measured by using a NanoDrop One Microvolume UV-Vis
spectrophotometer (ThermoFisher Scientific). At the same
time, BTEX-concentration was measured in the headspace of
the bottles similarly as described above. Uninoculated bottles
were used as negative controls during the experiment. All batch
experiments were performed in triplicate.

Results and discussion

Enrichment of microaerobic
xylene-degraders: Isolation and
phylogenetic analysis of strain MAP12T

In the enrichments, rapid and complete degradation of
all three isomers of xylene was observed. Less than 48 h
of incubation were needed for the complete degradation of
m-, and p-xylene, while the degradation time for o-xylene
was extended to 96 h (data not shown). For strain isolation,
one of the enrichments (MIC3) was chosen. 16S rRNA gene
amplicon sequencing of this enrichment revealed that the
structure of the enriched bacterial community was rather
simple, since only 33 OTUs were detected. The bacterial
community was overwhelmingly dominated by members of the
genus Pseudomonas (54.4% relative abundance), followed by
Rhodoferax (31.7%) and Sediminibacterium (3.6%) (Figure 1).
Most of the isolates gained from this enrichment belonged to the
genus Pseudomonas, while members of the genera Rhodoferax
and Sediminibacterium were not isolated (data not shown).

The 16S rRNA gene sequence analysis of the isolates
showed that a strain, designated as MAP12T formed a
distinct, undescribed phylogenetic lineage of the genus
Pseudomonas. Strain MAP12" exhibited the closest relatedness
to Pseudomonas linyingensis LYBRD3-7" with 98.42% 16S
rRNA gene sequence similarity followed by Pseudomonas
sagittaria JCM 181957 (98.29% similarity) and Pseudomonas
alcaliphila JCM 106307 (98.08% similarity). The 16S rRNA
gene sequence similarities between strain MAP12" and other
members of the genus Pseudomonas were below 98%. The
maximume-likelihood phylogenetic tree based on the 16S rRNA
sequences (Figure 2) showed that strain MAP12T formed
a separate lineage within a cluster containing Pseudomonas
sagittaria CC-OPY-1", Pseudomonas linyingensis LYBRD3-7"
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FIGURE 1

Genus-level bacterial community structure of microaerobic
xylene-degrading enrichment as revealed by Illumina
paired-end 16S rRNA gene amplicon sequencing. Only taxa
contributing more than 1% abundance were depicted.

and Pseudomonas guangdongensis SgZ-6". The separate lineage
formed in both neighbor-joining and maximum-likelihood
trees strongly supported the identification of strain MAP12T
as a novel member in the genus Pseudomonas (Supplementary
Figures 1, 2). Based on the abovementioned results, P. sagittaria
and P linyingensis were selected as reference type strains for
further side-by-side analyses with strain MAP12".

Phylogenomic analyses

The draft assembly of the whole-genome shotgun sequence
has been deposited at DDBJ/ENA/GenBank under the accession
JAHRGL000000000. The assembled genome consists of a single
circular chromosome with 89 contigs and a total length of
4,365,611 bp. The MAP12T genome has an average G+C content
of 65.8 % and contains 3987 protein-coding sequences. To
evaluate the genomic relatedness of MAP12T to its closest
relatives, the genome sequences of Pseudomonas sagittaria
JCM 181957 (FOXM01000000), Pseudomonas linyingensis LMG
259677 (FNZE01000000), Pseudomonas oryzae KCTC 322477
(NZ_LT629751.1), Pseudomonas guangdongensis CCTCC AB
20120227 (NZ_LT629780.1) and Pseudomonas flexibilis ATCC
296067 (FTMC01000000) were downloaded from NCBI and
used for determining OrthoANI and dDDH values. The
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FIGURE 2

Cellvibrio polysaccharolyticus Ka43" (MF471354)

Maximum-likelihood tree based on 165 rRNA gene sequences showing the phylogenetic relationships between strain MAP12T and related taxa.
Bootstrap values are shown as percentages of 1000 replicates. Branches signed with an asterisk occurred with every tree-making algorithm
used in the study. Cellvibrio polysaccharolyticus Ka43' was used to root the tree. Bar, 0.01 substitution per nucleotide position.

OrthoANT values between strain MAP12T and phylogenetically
closest neighbors were between 78 and 88% (Figure 3),
which is much lower than the threshold value of 95-96%,
recommended for species level delineation (Meier-Kolthoff
et al, 2013). Regarding dDDH analysis, strain MAP12T
showed the highest dDDH value with P. sagittaria JCM
181957 (35.8%), followed by P. linyingensis LMG 25967"
(35.6%) and P. guangdongensis CCTCC AB 20120227 (29.4%).
Consequently, both the OrthoANI and dDDH values supported
the species level delineation of strain MAP12T. Furthermore,
the phylogenomic tree constructed using UBCGs (concatenated
alignment of 92 core genes) also proved that strain MAP12T was
a novel member of the genus Pseudomonas (Figure 4).
Genome-resolved metagenomics analysis of enrichment
MIC3 revealed the abundance of strain MAP12T in the
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enrichment community. As a result of genome binning,
twelve high quality metagenome-assembled genomes (MAGs)
were acquired, and two of them could be affiliated to the
genus Pseudomonas. Although one of the Pseudomonas MAGs,
designated as XYLBin8 (accessible at NCBI under the BioSample
number SAMN26818775) represented only a partial genome
(1.9 Mb large sequence, 23 contigs), it could be affiliated with
the P. sagittariallinyingensis lineage. The OrthoANI analysis
between this MAG and the whole genome sequence of strain
MAP12" yielded a value of 99.94% on the overlapping parts,
indicating that the genome of strain MAP12" could also be
partly reconstructed from the metagenome sequence data. By
mapping sequence data of the XYLBin8 MAG to trimmed,
quality-controlled reads the relative abundance of XYLBin8
was found to be 8.66% in the metagenome (mean coverage of

frontiersin.org


https://doi.org/10.3389/fmicb.2022.929128
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Banerjee et al. 10.3389/fmicb.2022.929128

Pseudomonas flexibilis ATCC 29606" (FTMC00000000)

——— Pseudomonas guangdongensis CCTCC 2012022" (LT629780)

Pseudomonas linyingensis LMG 25967 (FNZE00000000)

Pseudomonas sagittaria JCM 18195 (FOXMO00000000)

Pseud as aromaticivorans MAP12" (JAHRGL00000000)

Pseudomonas oryzae KCTC 32247" (LT629751
)

FIGURE 3
Heatmap generated with OrthoANI values between strain MAP12T and other closely related type strains of the genus Pseudomonas.
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FIGURE 4
Phylogenomic tree constructed using UBCGs (concatenated alignment of 92 core genes). For inferring the tree the FastTree algorithm was
used. Bar, 0.05 substitution per nucleotide position.

95.39x). Consequently, it can be assumed that strain MAP12T were approximately 2.2-2.5 um in length and 0.6-0.8 pm
was an abundant member of the enrichment community and in diameter (Figure 5 and Supplementary Figure 3). Strain
could be a key microaerobic xylene degrader. MAP12" formed white, glossy, opaque, and circular colonies

after 24 h of incubation on R2A at 28°C. The strain was negative
for the indole test. Strain MAP12T grew well, but the reference

Physiological analysis strains were unable to grow at 4°C. MAP12T can grow at a
wide temperature range of 4-45°C, at a pH range from 5.0 to

The cells of strain MAP12T are rod-shaped, Gram-stain- 12.0, and can tolerate up to 6 % NaCl (Table 1). Moreover,
negative, aerobic and motile with a polar flagellum. The cells strain MAP 127 grew better in saline (1-4% NaCl) than in the
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salt-free control. Additionally, MAP12" was unable to hydrolyze
Tween 80 and positive for catalase and oxidase test. In API
ZYM tests, MAP12" showed positive enzymatic activity for
esterase (C4), esterase lipase (C8), leucine arylamidase, acid
phosphatase, naphthol-AS-BI-phosphohydrolase and weakly
positive results were detected for leucine arylamidase and
trypsin. For API 20NE, strain MAP12T showed positive results
for urease activity and esculin ferric citrate (B-glucosidase)
hydrolysis. Whereas it showed negative reactions for aerobic
NO; reduction. Moreover, MAP12" exhibited assimilation
of D-glucose, D-mannose, adipic acid and malic acid. The
results of API50 CH tests showed that strain MAP12" could
metabolize substrates like glycerol, D-fructose, inositol, esculin
ferric citrate and D-arabitol. In the biochemical tests, the strain
showed positive results for indole production and MR test.
In the anaerobic growth monitoring experiment, there was no
growth observed after incubation, proving that nitrate does not
support the growth of MAP12" in the absence of oxygen. The
detailed comparative characteristics are given in Table 1 with
phylogenetically closest species of the genus Pseudomonas.

Microaerobic and aerobic benzene,
toluene, ethylbenzene and xylene
degradation analysis of strain MAP12T

The capability of MAP12" to grow and degrade BTEX
compounds under both aerobic and oxygen-limited conditions
was evaluated using individual BTEX compounds as the sole
source of carbon and energy to understand the difference in
BTEX biodegradation pattern influenced by oxygen availability.
It turned out that the strain was able to degrade benzene,

FIGURE 5

Transmission electron microscopic photograph showing cell
morphology and presence of flagella in strain MAP12T.
Bar =2 pm.
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TABLE 1 Major phenotypic and biochemical characteristics of strain
MAP12T and other closely related type strains Strains: 1, MAP12T; 2,
Pseudomonas sagittaria DSM 279457; 3, Pseudomonas

linyingensis LMG 259677,

Characteristics 1 2 3
Temperature range for growth (°C) 4-45 4-45 4-45
PH range for growth 5-12 5.5-12 5-12
NaCl tolearnce (%, w/v) 1-5 1-4 1-4
Enzyme activities (API ZYM):

Alkaline phosphatase - + +
Esterase (C 4) + + +
Esterase lipase (C 8) + + +
Leucine arylamidase + + +
Valine arylamidase w+ + -
Cystine arylamidase - + -
Trypsin w+ + +
Acid phosphatase + + +
Naphthol-AS-BI-phosphohydrolase + + +
a- galactosidase - - +
B- galactosidase - - +
B- glucunoridase - - +
a- glucosidase - + +
B- glucosidase - + +
N-acetyl-B-glucosaminidase - w+ +
a- mannosidase - w+ +
a- fucosidase - w+ +
Assimilation of (API 20NE):

Urea (urease) + + +
Esculin ferric citrate (B-glucosidase) + + +
hydrolysis

Gelatin (protease) hydrolisys - - -
4-nitrophenyl-BD-galactopyranoside + + +
(B-galactosidase)

D-glucose (assimiliation) + - +
D-mannose + - -
Adipic acid + - -
Maltic acid + + +
Trisodium citrate - + -
Acid production from (API 50

CHB/E):

Glycerol + - -
D-fructose + + -
Inositol + - +
D-mannitol - - +
D-sorbitol - + -
Esculin ferric citrate + - +
D-arabitol + - -
+, positive/utilized; w+, weak positive; -, negative/not utilized. All data were

obtained in this study.

toluene, m- and p-xylene effectively even under microaerobic
conditions (Figure 6). In contrast, data obtained from
the degradation experiment revealed that it was unable to
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degrade o-xylene and ethylbenzene. Complete microaerobic
degradation of 5 mg/L of toluene and m-xylene took place
within 24 h and benzene within 24 h to 48 h. Results of
the aerobic degradation experiment disclosed that MAP12T
can degrade the same BTEX compounds within a similar
time frame (data not shown). Results of the microaerobic
growth test (in which the individual BTEX-compounds were
provided in a concentration of 1 mM) indicated that MAP12"T
can use the investigated BTEX-compounds as sole growth
substrates since notable biomass formation was observed
during microaerobic degradation (Supplementary Figure 4).
It was also observable, that toluene was the preferred growth
substrate under microaerobic conditions, while the slowest
biomass formation and degradation was observed in case
of benzene. According to the literature, though there are
several documented members of genus Pseudomonas, which
can degrade BTEX compounds aerobically, but this is the
first report on a Pseudomonas strain that could degrade
benzene and xylene isomers, as a pure culture under
microaerobic conditions. This finding is also supported by
the presence of a subfamily 1.2.C type C230 gene, which is
known to play a critical role in the degradation of BTEX
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compounds under microaerobic conditions (Tancsics et al,
2012).

Genomic overview of strain MAP12T
with emphasis on aromatic
hydrocarbon degradation

The detailed profiling of clusters of orthologous groups
(COG) provides in-depth details into the genomic potential of
this isolate regarding its ability of degradation and survival in
hydrocarbon-contaminated complex habitats (Supplementary
Figure 5). From the perspective of this study, special emphasis
was put on those gene clusters, which could have a role in
the biodegradtion of petroleum hydrocarbons. The presence
of five catechol 2,3-dioxygenase (C230) genes (Sequence
Locus Tags KRX52_06295, KRX52_06950, KRX52_07180,
KRX52_11010, KRX52_11075) in the genome is presumably
the reason behind the effective BTEX degradation capability
of this organism. Moreover, one of the C230 genes (locus
tag KRX52_11075) encoded a subfamily I1.2.C-type extradiol
dioxygenase, which ring-cleavage enzymes are known to
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function under hypoxic conditions, thus enable aerobic ring-
cleavage under microaerobic conditions as well (Kukor and
Olsen, 1996). Genome mining also indicated the presence of
multiple genes for the complete lower meta-cleavage pathway,
essential for the introduction of ring-cleavage intermediates
to the TCA cycle. Automatic annotation results of the MaGe
identified the presence of genes encoding enzymes involved
in the utilization of various aromatic compounds in strain
MAP12" as a source of carbon and energy (Supplementary
Figure 6). In general, biodegradation of xylene is initiated by
the oxidation of a methyl substituent to form methylbenzyl
alcohol by xylene monooxygenase (XyIM) (Yu et al., 2001; Jung
et al.,, 2005; Cao et al,, 2009). In this xylene monooxygenase
pathway, the methylbenzyl alcohol is subsequently converted
to methylbenzaldehyde, methylbenzoate and 1,2-dihydroxy-
methylcyclohexane-3,5-dienecarboxylate by  benzylalcohol
dehydrogenase (XylB), benzaldehyde dehydrogenase (XylC)
and benzoate 1,2-dioxygenase (XylX), respectively, and later
with the help of catechol 2,3-dioxygenase (XylE) as a ring
cleavage enzyme, and lower meta-cleavage pathway enzymes
converted to pyruvate through a series of enzymatic reactions.
The xyIECMABN genes were found in the genome of strain
MAPI12T as part of a partial (only upper TOL pathway genes
containing) gene cluster (between locus tags KRX52_11065 and
KRX52_11120). Moreover, this xyl gene cluster was flanked
by mobile genetic elements (IS3 family transposases) and the
subfamily 1.2.C C230 gene (encoding the XylE enzyme) was
part of this cluster. Consequently, it can be suggested, that this
cluster plays crucial role in the microaerobic degradation of
toluene, p- and m-xylene in case of strain MAP12T. However,
it is well-known that the presence of the subfamily 1.2.C-type
C230 gene is not the only requirement for the ability of
microaerobic degradation of monoaromatic hydrocabons. Prior
to the ring cleavage, the aromatic ring has to be activated by
a mono- or dioxygenase enzyme, which also has to function
under microaerobic conditions. Here a benzoate/toluate
1,2-dioxygenase (XylX) plays this role. Unfortunately, there
is no information on the activity of these enzymes under
microaerobic conditions. In general, it was suggested by
Martinez-Lavanchy et al. (2015) that ring-monooxygenation is
the preferred pathway under microaerobic conditions, rather
than dioxygenation. On the other hand, it was observed in
case of Thauera sp. DNT-1 and Zoogloea oleivorans Buc'
that a toluene dioxygenase-like enzyme was responsible for
the ring-activation under microaerobic conditions (Shinoda
et al, 2004; Téncsics et al, 2020). Thus, transcriptomic
analysis will be needed to clearly resolve the microaerobic
degradation pathway of aromatic hydrocarbons in strain
MAPI12T.

Genes encoding enzymes that needed for utilizing
ethylbenzene were not found in the genome. The absence
of genes such as ethylbenzene dioxygenase or naphthalene
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dioxygenase explains its inability to consume ethylbenzene
as a growth substrate. Furthermore, the reason behind the
benzene-degrading potential of strain MAP12T could be due
to the presence of a phenol-degradation gene cluster in its
genome encoding for a multicomponent phenol-hydroxylase
system together with a complete meta-cleavage pathway. In
addition, the existence of cold-shock genes cspA and cspC in
the genome of strain MAP12" probably explains its ability
to grow at low temperatures. These aforementioned genome
features make this strain a potential bioremediation candidate
for contaminated subsurface, especially for groundwater
reserves where the temperature is low, and oxygen availability is
limited.

Chemotaxonomic characterization

The major fatty acids (>10%) of strain MAP12T were
summed feature 3 (Cig:yw6¢c and/or Ciejw7c), Cig, and
summed feature 8 (Cjg.;w6¢c and/or Cjg.;w7c), which are
generally present in species of the genus Pseudomonas.
The major fatty acid composition supported the affiliation
of MAPI12" with the genus Pseudomonas, although some
quantitative differences from the reference strains were
observed. The details of fatty acid profiles of MAP12" and
other closely related species are given in Table 2. The
major respiratory quinones were ubiquinone-9 (Q-9) (86.7%)
and ubiquinone-8 (Q-8) (13.3%) which is compatible with

TABLE 2 Cellular fatty acid compositions of strain MAP12T and
related species.

Fatty acid 1 2 3
Saturated

Cizo 7.6 7.3 7.3
Ci6:0 27.6 22.8 22.0
Hydroxy

Cio:0 30H 4.0 4.0 39
Ci2:0 30H 3.6 35 3.7
Cyclic

Ci7.0 cyclo 3.7 3.5 3.6
Cig:0 cyclo w8c 1.3 1.2 1.9

Summed feature*

3 34.7 33.7 33.9

8 159 22.9 22.0

Taxa: 1, strain MAP12"; 2, Peudomonas sagittaria DSM 27945"; 3, Pseudomonas
linyingensis LMG 25967"; Data are expressed as percentages of total fatty acids. Fatty
acids which were lower than 1.0% in all strains are not shown. All data are from the
present study. * Summed Features are fatty acids that cannot be resolved reliably from
another fatty acid using the chromatographic conditions chosen. The MIDI system
groups these fatty acids together as one feature with a single percentage of the total.
Summed feature 3, Cig:1w6¢ and/or Cig:1w7c; summed feature 8, Cjg.qw6c and/or
Cig:1o 7c.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.929128
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Banerjee et al.

other species of the genus Pseudomonas. The major polar
lipids were diphosphatidylglycerol, phosphatidylglycerol, and
phosphatidylethanolamine (Supplementary Figure 7). Results
of the chemotaxonomic analysis are in agreement with data
published previously for species of the genus Pseudomonas
(Camara et al., 2007; Stolz et al., 2007; Romanenko et al.,
2008).

Description of Pseudomonas
aromaticivorans sp. nov.

Pseudomonas aromaticivorans (a. ro. ma. ti. ci. vo’rans.
L. masc. adj. aromaticus fragrant; L. pres. part. Vorans
devouring; N.L. part. adj. aromaticivorans devouring aromatic
compounds). Cells are Gram stain-negative, aerobic, rod-
shaped, approximately 2.2-2.5 pm in length and 0.6-0.8
pm in diameter, and motile due to the presence of a
single polar flagellum. Can grow at temperatures ranging
from 4 to 45°C, in the presence of 0-6% (w/v) NaCl
and at pH values of 5-12. Colonies are colorless, circular
after incubation for 2-3 days on R2A agar at 28 °C The
optimal growth temperature is 28°C, and the optimal pH
is 7.0, prefers the presence of 1-4% NaCl It is positive
for catalase and oxidase. Furthermore, it shows positive
enzymatic activity for esterase (C4), esterase lipase (C8),
Naphthol-AS-BI-
phosphohydrolase, and weakly positive results for leucine

leucine arylamidase, acid phosphatase,
arylamidase and trypsin. Positive for urease activity, esculin
ferric citrate (B-glucosidase) hydrolysis and assimilation
of D-glucose, D-mannose, adipic acid and malic acid, can
assimilate glycerol, D-fructose, inositol, esculin ferric citrate
and D-arabitol. The major cellular fatty acids are summed
feature 3 (Ci:yw6¢ and/or Cigiw7c), Cig0 and summed
feature 8 (Cjs.;w6¢ and/or Cig.jw7c). Ubiquinone-9 (Q-9)
is the major respiratory quinone. The major polar lipids
are - diphosphatidylglycerol, phosphatidylglycerol and
phosphatidylethanolamine. It is able to degrade benzene,
toluene, m- and p-xylene, but not ethylbenzene and o-xylene.
The DNA G+C content is 65.80%. The type strain, MAP12T
(=LMG 32466, =NCAIM B.02668),

microaerobic xylene-degrading enrichment culture inoculated

was isolated from
with contaminated groundwater sample of the Siklos BTEX
contaminated site (Hungary).

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found below: https://
www.ncbi.nlm.nih.gov/genbank/ (OK324373) and https://www.
ncbinlm.nih.gov/ (JAHRGL000000000.1, PRJNA745543, and
PRJNAS18156).

Frontiers in Microbiology

12

10.3389/fmicb.2022.929128

Author contributions

SB: enrichment experiments and strain isolation (lead),
phylogenetic and genomic analyses (lead), writing — original
draft (equal), and review and editing of final manuscript (equal).
AB: enrichment experiments and strain isolation (equal). ET:
physiological analysis of strain MAP12T and reference strains
(lead), and review and editing of final manuscript (equal).
AS: genome binning (lead) and review and editing of final
manuscript (equal). BK: review and editing of final manuscript
(equal). KB: transmission electron microscopy (lead). AT:
conceptualization (lead), writing — original draft (equal), and
review and editing of final manuscript (equal). All authors read
and approved the final version.

Funding

AB was supported by the grant UNKP-21-3 New National
Excellence Programme of the Ministry for Innovation and
Technology from the source of the National Research,
Development and Innovation Fund. The financial support
of the Ministry of Innovation and Technology within the
framework of the Thematic Excellence Programme 2020,
National Challenges Subprogramme (TKP2020-NKA-16) is
also acknowledged. AT was supported by the “OTKA”
Young Researcher Excellence Programme (FK 134439). SB
received financial support from the Tempus Public Foundation
(Stipendium Hungaricum Scholarship Programme) by the
Ministry of Human Capacities of Hungary.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.929128/full#supplementary- material

frontiersin.org


https://doi.org/10.3389/fmicb.2022.929128
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.929128/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.929128/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Banerjee et al.

References

Banerjee, S., Bedics, A., Harkai, P., Kriszt, B., Alpula, N., and Tancsics, A. (2022).
Evaluating the aerobic xylene-degrading potential of the intrinsic microbial
community of a legacy BTEX-contaminated aquifer by enrichment culturing
coupled with multi-omics analysis: uncovering the role of Hydrogenophaga strains
in xylene degradation. Environ. Sci. Pollut. Res. 29, 28431-28445. doi: 10.1007/
s11356-021-18300-w

Banerjee, S., Tancsics, A., T6th, E., Révész, F., Boka, K., and Kriszt, B. (2021).
Hydrogenophaga aromaticivorans sp. nov., isolated from a para-xylene-degrading
enrichment culture, capable of degrading benzene, meta-and para-xylene. Int. J.
Syst. Evol. Microbiol. 71:004743. doi: 10.1099/ijsem.0.004743

Barrow, G. I, and Feltham, R. K. A. (1993). Cowan and Steel’s Manual for the
Identification of Medical Bacteria, 3rd Edn. Cambridge: Cambridge University
Press, doi: 10.1017/CB0O9780511527104

Bateman, A. (2019). UniProt: a worldwide hub of protein knowledge. Nucleic
Acids Res. 47, D506-D515. doi: 10.1093/nar/gky1049

Bligh, E. G., and Dyer, W.J. (1959). A rapid method of total lipid extraction and
purification. Can. J. Biochem. Physiol. 37, 911-917. doi: 10.1139/y59-099

Bornemann, T. L. V., Esser, S. P., Stach, T. L., Burg, T., and Probst, A. J. (2020).
uBin - a manual refining tool for metagenomic bins designed for educational
purposes. bioRxiv [Preprint] doi: 10.1101/2020.07.15.204776

Brusa, T., Borin, S., Ferrari, F., Sorlini, C., Corselli, C., and Daffonchio, D.
(2001). Aromatic hydrocarbon degradation patterns and catechol 2,3-dioxygenase
genes in microbial cultures from deep anoxic hypersaline lakes in the eastern
Mediterranean sea. Microbiol. Res. 156, 49-58. doi: 10.1078/0944-5013-5075

Bushnell, B. (2015). BBMap Short-read Aligner, and Other Bioinformatics Tools.
San Diego, CA: SourceForge.

Cémara, B., Strémpl, C., Verbarg, S., Sproer, C., Pieper, D. H., and Tindall,
B. J. (2007). Pseudomonas reinekei sp. nov., Pseudomonas moorei sp. nov. and
Pseudomonas mohnii sp. nov., novel species capable of degrading chlorosalicylates
or isopimaric acid. Int. J. Syst. Evol. Microbiol. 57, 923-931. doi: 10.1099/ijs.0.
64703-64700

Cao, B., Nagarajan, K., and Loh, K. C. (2009). Biodegradation of aromatic
compounds: current status and opportunities for biomolecular approaches. Appl.
Microbiol. Biotechnol. 85,207-228. doi: 10.1007/s00253-009-2192-2194

Caspi, R., Altman, T., Billington, R., Dreher, K., Foerster, H., Fulcher, C. A, et al.
(2014). The MetaCyc database of metabolic pathways and enzymes and the BioCyc
collection of Pathway/Genome databases. Nucleic Acids Res. 42, D471-D480. doi:
10.1093/nar/gkt1103

Claus, D. (1992). A standardized Gram staining procedure. World J. Microbiol.
Biotechnol. 8, 451-452. doi: 10.1007/BF01198764

Diaz, E. (2004). Bacterial degradation of aromatic pollutants: a paradigm of
metabolic versatility. Int. Microbiol. 7, 173-180.

Edgar, R. C., Haas, B. ], Clemente, J. C., Quince, C., and Knight, R. (2011).
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 27,
2194-2200. doi: 10.1093/bioinformatics/btr381

Farkas, M., Tancsics, A., Kriszt, B., Benedek, T., Toth, E. M., Kéki, Z., et al.
(2015). Zoogloea oleivorans sp. nov., a floc-forming, petroleum hydrocarbon-
degrading bacterium isolated from biofilm. Int. J. Syst. Evol. Microbiol. 65,
274-279. doi: 10.1099/ijs.0.068486- 68480

Felsenstein, J. (1981). Evolutionary trees from DNA sequences: a maximum
likelihood approach. J. Mol. Evol. 17, 368-376. doi: 10.1007/BF01734359

Gupta, S. K., Kumari, R., Prakash, O., and Lal, R. (2008). Pseudomonas
panipatensis sp. nov., isolated from an oil-contaminated site. Int. J. Syst. Evol.
Microbiol. 58, 1339-1345. doi: 10.1099/ijs.0.65401-65400

Hirota, K., Yamahira, K., Nakajima, K., Nodasaka, Y., Okuyama, H., and
Yumoto, I. (2011). Pseudomonas toyotomiensis sp. nov., a psychrotolerant
facultative alkaliphile that utilizes hydrocarbons. Int. J. Syst. Evol. Microbiol. 61,
1842-1848. doi: 10.1099/ijs.0.024612-24610

Jahn, M. K., Haderlein, S. B., and Meckenstock, R. U. (2005). Anaerobic
degradation of benzene, toluene, ethylbenzene, and o-xylene in sediment-free
iron-reducing enrichment cultures. Appl. Environ. Microbiol. 71, 3355-3358. doi:
10.1128/AEM.71.6.3355-3358.2005

Jia, J., Wang, X., Deng, P., Ma, L., Baird, S. M, Li, X,, et al. (2020). Pseudomonas
glycinae sp. nov. isolated from the soybean rhizosphere. Microbiologyopen 9:e1101.
doi: 10.1002/mbo3.1101

Joshi, N. A, and Fass, J. N. (2011). Sickle: A Sliding-window, Adaptive, Quality-
based Trimming Tool for FastQ Files (Version 1.33). San Francisco, CA: GitHub.

Frontiers in Microbiology

10.3389/fmicb.2022.929128

Jung, Y. J., Kim, D., Hyun, W. B, Ki, Y. C,, Chae, J. C,, Zylstra, G. ], et al.
(2005). Isolation and characterization of a Rhodococcus species strain able to grow
on ortho- and para-xylene. J. Microbiol. 43, 325-330.

Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and
genomes. Nucleic Acids Res. 28, 27-30. doi: 10.1093/nar/28.1.27

Kimura, M. (1980). A simple method for estimating evolutionary rates of base
substitutions through comparative studies of nucleotide sequences. J. Mol. Evol.
16, 111-120. doi: 10.1007/BF01731581

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al.
(2013). Evaluation of general 16S ribosomal RNA gene PCR primers for classical
and next-generation sequencing-based diversity studies. Nucleic Acids Res. 41:el.
doi: 10.1093/nar/gks808

Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., and Schloss, P. D.
(2013). Development of a dual-index sequencing strategy and curation pipeline
for analyzing amplicon sequence data on the miseq illumina sequencing platform.
Appl. Environ. Microbiol. 79, 5112-5120. doi: 10.1128/ AEM.01043-1013

Kukor, J. J., and Olsen, R. H. (1996). Catechol 2,3-dioxygenases functional in
oxygen-limited (hypoxic) environments. Appl. Environ. Microbiol. 62, 1728-1740.
doi: 10.1128/aem.62.5.1728-1740.1996

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X:
molecular evolutionary genetics analysis across computing platforms. Mol. Biol.
Evol. 35, 1547-1549. doi: 10.1093/molbev/msy096

Kunin, V., Engelbrektson, A., Ochman, H., and Hugenholtz, P. (2010). Wrinkles
in the rare biosphere: pyrosequencing errors can lead to artificial inflation of
diversity estimates. Environ. Microbiol. 12, 118-123. doi: 10.1111/j.1462-2920.
2009.02051.x

Lang, E., Burghartz, M., Spring, S., Swiderski, J., and Spréer, C. (2010).
Pseudomonas benzenivorans sp. nov. and Pseudomonas saponiphila sp. nov.,
represented by xenobiotics degrading type strains. Curr. Microbiol. 60, 85-91.
doi: 10.1007/s00284-009-9507-9507

Lee, I, Ouk Kim, Y., Park, S.-C., and Chun, J. (2016). OrthoANI: an improved
algorithm and software for calculating average nucleotide identity. Int. J. Syst. Evol.
Microbiol. 66, 1100-1103. doi: 10.1099/ijsem.0.000760

Lin, S. Y., Hameed, A., Liu, Y. C, Hsu, Y. H., Lai, W. A., Chen, W. M.,
et al. (2013). Pseudomonas sagittaria sp. nov., a siderophore-producing bacterium
isolated from oil-contaminated soil. Int. J. Syst. Evol. Microbiol. 63, 2410-2417.
doi: 10.1099/ijs.0.045567-45560

Mahendran, B., Choi, N. C., Choi, J. W., and Kim, D. J. (2006). Effect of
dissolved oxygen regime on growth dynamics of Pseudomonas spp during benzene
degradation. Appl. Microbiol. Biotechnol. 71, 350-354. doi: 10.1007/s00253-005-
0152-1

Manickam, N., Ghosh, A., Jain, R. K., and Mayilraj, S. (2008). Description of
a novel indole-oxidizing bacterium Pseudomonas indoloxydans sp. nov., isolated
from a pesticide-contaminated site. Syst. Appl. Microbiol. 31, 101-107. doi: 10.
1016/j.syapm.2008.02.002

Margesin, R., Walder, G., and Schinner, F. (2003). Bioremediation assessment of
a BTEX-contaminated soil. Acta Biotechnol. 23, 29-36.

Martinez-Lavanchy, P. M., Chen, Z., Linsmann, V., Marin-Cevada, V., Vilchez-
Vargas, R., Pieper, D. H., et al. (2015). Microbial toluene removal in hypoxic
model constructed wetlands occurs predominantly via the ring monooxygenation
pathway. Appl. Environ. Microbiol. 81, 6241-6252. doi: 10.1128/ AEM.01822-1815

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H.-P., and Géker, M. (2013). Genome
sequence-based species delimitation with confidence intervals and improved
distance functions. BMC Bioinformatics 14:60. doi: 10.1186/1471-2105-14-60

Migula, W. (1894). Uber ein neues system der bakterien. Arbeiten
Bakteriologischen Institut Technischen Hochschule Karlsruhe 1, 235-238.

Moore, E. R. B,, Tindall, B. J., Martins Dos, Santos, V. A. P., Pieper, D. H.,
Ramos, J. L., et al. (2006). “Nonmedical: Pseudomonas,” in The Prokaryotes, eds M.
Dworkin, S. Falkow, E. Rosenberg, K. H. Schleifer, and E. Stackebrandt (New York,
NY: Springer).

Na, S. L, Kim, Y. O., Yoon, S. H., Ha, S. M., Baek, L., and Chun, J. (2018).

UBCG: up-to-date bacterial core gene set and pipeline for phylogenomic tree
reconstruction. J. Microbiol. 56, 280-285. doi: 10.1007/s12275-018-8014-8016

Nurk, S., Bankevich, A., Antipov, D., Gurevich, A., Korobeynikov, A., Lapidus,
A., et al. (2013). “Assembling genomes and mini-metagenomes from highly
chimeric reads,” in Research in Computational Molecular Biology. RECOMB 2013.
Lecture Notes in Computer Science, eds M. Deng, R. Jiang, F. Sun, and X. Zhang
(Berlin: Springer). doi: 10.1089/cmb.2013.0084

frontiersin.org


https://doi.org/10.3389/fmicb.2022.929128
https://doi.org/10.1007/s11356-021-18300-w
https://doi.org/10.1007/s11356-021-18300-w
https://doi.org/10.1099/ijsem.0.004743
https://doi.org/10.1017/CBO9780511527104
https://doi.org/10.1093/nar/gky1049
https://doi.org/10.1139/y59-099
https://doi.org/10.1101/2020.07.15.204776
https://doi.org/10.1078/0944-5013-5075
https://doi.org/10.1099/ijs.0.64703-64700
https://doi.org/10.1099/ijs.0.64703-64700
https://doi.org/10.1007/s00253-009-2192-2194
https://doi.org/10.1093/nar/gkt1103
https://doi.org/10.1093/nar/gkt1103
https://doi.org/10.1007/BF01198764
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1099/ijs.0.068486-68480
https://doi.org/10.1007/BF01734359
https://doi.org/10.1099/ijs.0.65401-65400
https://doi.org/10.1099/ijs.0.024612-24610
https://doi.org/10.1128/AEM.71.6.3355-3358.2005
https://doi.org/10.1128/AEM.71.6.3355-3358.2005
https://doi.org/10.1002/mbo3.1101
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1007/BF01731581
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1128/AEM.01043-1013
https://doi.org/10.1128/aem.62.5.1728-1740.1996
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1111/j.1462-2920.2009.02051.x
https://doi.org/10.1111/j.1462-2920.2009.02051.x
https://doi.org/10.1007/s00284-009-9507-9507
https://doi.org/10.1099/ijsem.0.000760
https://doi.org/10.1099/ijs.0.045567-45560
https://doi.org/10.1007/s00253-005-0152-1
https://doi.org/10.1007/s00253-005-0152-1
https://doi.org/10.1016/j.syapm.2008.02.002
https://doi.org/10.1016/j.syapm.2008.02.002
https://doi.org/10.1128/AEM.01822-1815
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1007/s12275-018-8014-8016
https://doi.org/10.1089/cmb.2013.0084
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Banerjee et al.

Nurk, S., Meleshko, D., Korobeynikov, A., and Pevzner, P. A. (2017).
MetaSPAdes: a new versatile metagenomic assembler. Genome Res. 27, 824-834.
doi: 10.1101/gr.213959.116

Ohad, I, Danon, D., and Hestrin, S. (1963). The use of shadow-casting
technique for measurement of the width of elongated particles. J. Cell Biol. 17,
321-326. doi: 10.1083/jcb.17.2.321

Parte, A. C., Carbasse, J. S., Meier-Kolthoff, J. P., Reimer, L. C., and Goker, M.
(2020). List of prokaryotic names with standing in nomenclature (LPSN) moves to
the DSMZ. Int. J. Syst. Evol. Microbiol. 70, 5607-5612. doi: 10.1099/ijsem.0.004332

Price, M. N,, Dehal, P. S., and Arkin, A. P. (2010). FastTree 2-approximately
maximum-likelihood trees for large alignments. PLoS One 5:¢9490. doi: 10.1371/
journal.pone.0009490

Prince, R. C., Amande, T. J., and McGenity, T. J. (2019). “Prokaryotic
hydrocarbon degraders” in Taxonomy, Genomics and Ecophysiology of
Hydrocarbon-Degrading Microbes. Handbook of Hydrocarbon and Lipid
Microbiology, ed. T. McGenity (Cham: Springer).

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013).
The SILVA ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 41, D590-D596. doi: 10.1093/nar/gks1219

Révész, F., Farkas, M., Kriszt, B., Szoboszlay, S., Benedek, T., and Tancsics, A.
(2020). Effect of oxygen limitation on the enrichment of bacteria degrading either
benzene or toluene and the identification of Malikia spinosa (Comamonadaceae)
as prominent aerobic benzene-, toluene-, and ethylbenzene-degrading bacterium:
enrichment, isolation and whole-genome analysis. Environ. Sci. Pollut. Res. 27,
31130-31142. doi: 10.1007/s11356-020-09277-z

Ridgway, H. F., Safarik, J., Phipps, D., Carl, P., and Clark, D. (1990).
Identification and catabolic activity of well-derived gasoline-degrading bacteria
from a contaminated aquifer. Appl. Envion. Microbiol. 56, 3565-3575. doi: 10.
1128/aem.56.11.3565-3575.1990

Romanenko, L. A., Uchino, M., Tebo, B. M., Tanaka, N., Frolova, G. M., and
Mikhailov, V. V. (2008). Pseudomonas marincola sp. nov., isolated from marine
environments. Int. J. Syst. Evol. Microbiol. 58, 706-710. doi: 10.1099/ijs.0.65406-
65400

Saitou, N., and Nei, M. (1987). The Neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406-425.

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R.,, Hartmann, M.,
Hollister, E. B., et al. (2009). Introducing mothur: open-source, platform-
independent, community-supported software for describing and comparing
microbial communities. Appl. Environ. Microbiol. 75, 7537-7541. doi: 10.1128/
AEM.01541-1549

Shinoda, Y., Sakai, Y., Uenishi, H., Uchihashi, Y., Hiraishi, A., Yukawa, H., et al.
(2004). Aerobic and anaerobic toluene degradation by a newly isolated denitrifying
bacterium, Thauera sp. strain DNT-1. Appl. Environ. Microbiol. 70, 1385-1392.
doi: 10.1128/AEM.70.3.1385-1392.2004

Sieber, C. M. K., Probst, A. J., Sharrar, A., Thomas, B. C., Hess, M., Tringe,
S. G,, et al. (2018). Recovery of genomes from metagenomes via a dereplication,
aggregation and scoring strategy. Nat. Microbiol. 3, 836-843. doi: 10.1038/s41564-
018-0171-171

Soergel, D. A. W., Dey, N., Knight, R., and Brenner, S. E. (2012). Selection of
primers for optimal taxonomic classification of environmental 16S rRNA gene
sequences. ISME J. 6, 1440-1444. doi: 10.1038/isme;j.2011.208

Frontiers in Microbiology

14

10.3389/fmicb.2022.929128

Stolz, A., Busse, H. J., and Kdmpfer, P. (2007). Pseudomonas knackmussii
sp. nov. Int. J. Syst. Evol. Microbiol. 57, 572-576. doi: 10.1099/ijs.0.64761-
64760

Tancsics, A., Farkas, M., Horvath, B., Maréti, G., Bradford, L. M., Lueders,
T., et al. (2020). Genome analysis provides insights into microaerobic toluene-
degradation pathway of Zoogloea oleivorans BucT. Arch. Microbiol. 202, 421-426.
doi: 10.1007/s00203-019-01743-1748

Tancsics, A., Szoboszlay, S., Szabo, 1., Farkas, M., Kovécs, B., Kukolya, J., et
al. (2012). Quantification of subfamily 1.2.C catechol 2, 3-dioxygenase mRNA
transcripts in groundwater samples of an oxygen-limited BTEX-contaminated site.
Environ. Sci. Technol. 46, 232-240. doi: 10.1021/es201842h

Tancsics, A., Farkas, M., Szoboszlay, S., Szabo, 1., Kukolya, J., Vajna, B., et al.
(2013). One-year monitoring of meta-cleavage dioxygenase gene expression and
microbial community dynamics reveals the relevance of subfamily I.2.C extradiol
dioxygenases in hypoxic, BTEX-contaminated groundwater. Syst. Appl. Microbiol.
36, 339-350. doi: 10.1016/j.syapm.2013.03.008

Tatusova, T., DiCuccio, M., Badretdin, A., Chetverin, V., Nawrocki, E. P.,
Zaslavsky, L., et al. (2016). NCBI prokaryotic genome annotation pipeline. Nucleic
Acids Res. 44, 6614-6624. doi: 10.1093/nar/gkw569

Tindall, B. J., Rossello-Méra, R., Busse, H. J., Ludwig, W., and Kampfer,
P. (2010). Notes on the characterization of prokaryote strains for taxonomic
purposes. Int. J. Syst. Evol. Microbiol. 60, 249-266. doi: 10.1099/ijs.0.016949- 16940

Vallenet, D., Calteau, A., Dubois, M., Amours, P., Bazin, A., Beuvin, M,, et al.
(2020). MicroScope: An integrated platform for the annotation and exploration
of microbial gene functions through genomic, pangenomic and metabolic
comparative analysis. Nucleic Acids Res. 48, D579-D589. doi: 10.1093/nar/
gkz926

Wang, X., He, S. W., Guo, H. B, Thin, K. K,, Gao, J. S., Wang, Y., et al. (2020).
Pseudomonas rhizoryzae sp. nov., isolated from rice. Int. J. Syst. Evol. Microbiol. 70,
944-950. doi: 10.1099/ijsem.0.003852

Wartell, B., Boufadel, M., and Rodriguez-Freire, L. (2021). An effort
to understand and improve the anaerobic biodegradation of petroleum
hydrocarbons: a literature review. Int. Biodeter. Biodegr. 157:105156. doi: 10.1016/
j.ibiod.2020.105156

Wattam, A. R., Davis, J. J., Assaf, R., Boisvert, S., Brettin, T., Bun, C,, et al. (2016).
Improvements to PATRIC, the all-bacterial bioinformatics database and analysis
resource center. Nucleic Acids Res. 45, 535-542. doi: 10.1093/nar/gkw1017

Wu, Y. W, Simmons, B. A, and Singer, S. W. (2016). MaxBin 2.0: an automated
binning algorithm to recover genomes from multiple metagenomic datasets.
Bioinformatics 32, 605-607. doi: 10.1093/bioinformatics/btv638

Xu, X, Liu, W,, Tian, S., Wang, W., Qi, Q,, Jiang, P., et al. (2018). Petroleum
hydrocarbon-degrading bacteria for the bioremediation of oil pollution under
aerobic conditions: a perspective analysis. Front. Microbiol. 9:2885. doi: 10.3389/
fmicb.2018.02885

Yoon, S.-H., Ha, S.-M., Kwon, S., Lim, J., Kim, Y., Seo, H., et al. (2017).
Introducing EzBioCloud: a taxonomically united database of 16S rRNA gene
sequences and whole-genome assemblies. Int. J. Syst. Evol. Microbiol. 67, 1613
1617. doi: 10.1099/ijsem.0.001755

Yu, H., Kim, B. J., and Rittmann, B. E. (2001). The roles of intermediates in
biodegradation of benzene, toluene, and p-xylene by Pseudomonas putida F1.
Biodegradation 12, 455-463. doi: 10.1023/A:1015008627732

frontiersin.org


https://doi.org/10.3389/fmicb.2022.929128
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1083/jcb.17.2.321
https://doi.org/10.1099/ijsem.0.004332
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1007/s11356-020-09277-z
https://doi.org/10.1128/aem.56.11.3565-3575.1990
https://doi.org/10.1128/aem.56.11.3565-3575.1990
https://doi.org/10.1099/ijs.0.65406-65400
https://doi.org/10.1099/ijs.0.65406-65400
https://doi.org/10.1128/AEM.01541-1549
https://doi.org/10.1128/AEM.01541-1549
https://doi.org/10.1128/AEM.70.3.1385-1392.2004
https://doi.org/10.1038/s41564-018-0171-171
https://doi.org/10.1038/s41564-018-0171-171
https://doi.org/10.1038/ismej.2011.208
https://doi.org/10.1099/ijs.0.64761-64760
https://doi.org/10.1099/ijs.0.64761-64760
https://doi.org/10.1007/s00203-019-01743-1748
https://doi.org/10.1021/es201842h
https://doi.org/10.1016/j.syapm.2013.03.008
https://doi.org/10.1093/nar/gkw569
https://doi.org/10.1099/ijs.0.016949-16940
https://doi.org/10.1093/nar/gkz926
https://doi.org/10.1093/nar/gkz926
https://doi.org/10.1099/ijsem.0.003852
https://doi.org/10.1016/j.ibiod.2020.105156
https://doi.org/10.1016/j.ibiod.2020.105156
https://doi.org/10.1093/nar/gkw1017
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.3389/fmicb.2018.02885
https://doi.org/10.3389/fmicb.2018.02885
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1023/A:1015008627732
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	Isolation of Pseudomonas aromaticivorans sp. nov from a hydrocarbon-contaminated groundwater capable of degrading benzene-, toluene-, m- and p-xylene under microaerobic conditions
	Introduction
	Materials and methods
	Enrichment process and bacterial strain isolation
	Illumina 16S rRNA gene amplicon sequencing for community analysis of enrichment culture
	Metagenome sequencing and reconstruction of bacterial genomes (genome binning)
	16S rRNA gene phylogeny
	Genome phylogeny
	Physiological analyses
	Chemotaxonomic characterization
	Determination of aerobic and microaerobic benzene, toluene, ethylbenzene and xylene degradation potential of strain MAP12T

	Results and discussion
	Enrichment of microaerobic xylene-degraders: Isolation and phylogenetic analysis of strain MAP12T
	Phylogenomic analyses
	Physiological analysis
	Microaerobic and aerobic benzene, toluene, ethylbenzene and xylene degradation analysis of strain MAP12T
	Genomic overview of strain MAP12T with emphasis on aromatic hydrocarbon degradation
	Chemotaxonomic characterization
	Description of Pseudomonas aromaticivorans sp. nov.

	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


