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Abstract

Microorganisms classified in to the Pseudomonas genus are a ubiquitous bacteria inhabiting variety of
environmental niches and have been isolated from soil, sediment, water and different parts of higher
organisms (plants and animals). Members of this genus are known for their metabolic versatility and
are able to utilize different chemical compounds as a source of carbon, nitrogen or phosphorus, which
makes them an interesting microorganism for bioremediation or bio-transformation. Moreover,
Pseudomonas sp. has been described as a microorganism that can easily adapt to new environmental
conditions due to its resistance to the presence of high concentrations of heavy metals or chemical
pollution. Here we present the isolation and analysis of Pseudomonas silesiensis sp. nov. strain A3"
isolated from peaty soil used in a biological wastewater treatment plant exploited by a pesticide
packaging company. Phylogenetic MLSA analysis of 4 housekeeping genes (16S rRNA, gyrB, rpoD
and rpoB), complete genome sequence comparison (ANIb, Tetranucleotide identity, digital DDH),
FAME analysis, and other biochemical tests indicate the A3" strain (type strain PCM 2856" =DSM
103370") differs significantly from the closest relative species and therefore represents a new species

within the Pseudomonas genus. Moreover, bioinformatic analysis of the complete sequenced genome
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showed that it consists of 6,823,539 bp with a 59.58 mol% G+C content and does not contain any
additional plasmids. Genome annotation predicted the presence of 6,066 genes, of which 5,875 are

coding proteins and 96 are RNA genes.

Keywords:

Pseudomonas — Soil — Pesticide — Wastewater Treatment Plant — Complete Genome Sequence —

Complete Genome Assembly

Abbreviations:

ANIb - Average Nucleotide Identity based on BLAST; COG - Clusters of Orthologous Groups; DDH
- DNA-DNA Hybridization; FAME - Fatty Acid Methyl Esters; MIGS - Minimum Information about
a Genome Sequence; MLSA - Multilocus Sequence Analysis; PHA — polyhydroxyalkanoate; PHB —

polyhydroxybutyrate
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Introduction

Pseudomonas is a bacterial genus comprised of pathogenic and non-pathogenic Gram-negative
microorganisms able to colonize different niches such as living organisms (both plants and animals),
soil, sediment and water. The Pseudomonas genus is highly diverse and has been reclassified several
times as new methods for classification have appeared [1]. It is now accepted that it is divided into
Pseudomonas fluorescens and Pseudomonas aeruginosa lineages. Among them, several groups and
subgroups can be distinguished as was previously proposed by Mulet M et al. [2] and Garrido-Sanz D

et al. [3]. However, many identified Pseudomonas isolates are not classified at the species level.

As members of this genus demonstrate ease of culture in vitro, combined with huge metabolic
diversity, they have many applications in biotechnology and industry. One of the most well-studied
members is Pseudomonas putida, which was found to be easy for genetic engineering and thus useful
for scientific studies as well as for a vast number of industrial applications. Strains of P. putida proved
to be useful for synthesis and production of bio-based materials, chemical and pharmaceutical
compounds [4-6]. Metabolic properties of P. putida and many other members of Pseudomonas genus
were widely used for biotransformation of a broad portfolio of compounds [7-9]. It is also known that
long-term exposure imposed on bacteria in the environment forces the development of metabolic
mechanisms to cope with toxic xenobiotics deposited mainly by human activity. This feature of
different Pseudomonas strains isolated from sites of high chemical pollution were used for
bioremediation of soil, water and sediment contaminated with oil, heavy metals, phenolics, detergents,

dyes, and pesticides [10—13].

Among the previously mentioned factors, pesticides constitute a specific type of contamination due to
the fact that they are intentionally released into the environment in large quantities. The highest
pesticide contamination levels have been reported in the areas surrounding pesticide production and
packaging [14,15]. In these sites pesticides were spread by inappropriate management of water used
by the industry for installation and maintenance [16,17]. To minimize the negative impact of
industrial sewage, some locations were equipped with biological wastewater treatment plants where

peaty soil was used to filter dangerous contamination. This study describes the isolation of
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Pseudomonas silesiensis strain A3" from one such wastewater treatment plant utilized by a pesticide
packaging company in operation since 1986 in Jaworzno City (Poland). Phylogenetic analysis of
partial sequences of 16S rRNA, gyrB, rpoD and rpoB genes indicates this strain belongs to the
Pseudomonas mandelii subgroup within the Pseudomonas fluorescens group [2]. Species belonging to
this subgroup were previously isolated from natural mineral water [18-20], rhizospheric soil [21],
arsene contaminated desert sediments [22] and PCB and tar-polluted soil [23,24]. Genome sequencing
of Pseudomonas silesiensis strain A3" and bioinformatic analysis gave insight into the possible
application of this new strain for either bioremediation of chemically contaminated soil or pollutant

biotransformation.

Materials and methods

Sample collection and bacteria isolation

Pseudomonas silesiensis sp. nov. strain A3" was isolated from peaty soil used to fill tanks from a
biologic wastewater treatment plant used by a pesticide manufacturer in Jaworzno City (Silesia
district, south western Poland). The sample was taken from a depth of 5-30 centimeters at a distance
of 5 meters from the inlet valve of the pesticide-contaminated water. 5 kg of soil was collected,
homogenized, and sieved with 4" and 1/16” sieves. For bacteria isolation, soil samples were placed in
plastic bags and stored at 8°C until isolation. 10 g of soil was transferred to a Waring blender, then
100 mL of 0.9% NaCl was added. The sample was homogenized three times for one minute, with one
minute pauses for cooling on ice. After 5 minutes of decantation, the supernatant was collected. The
procedure was repeated three times resulting in a total volume of 300 mL of bacteria in suspension.
Bacteria were centrifuged for 10 minutes at 5000 x g and re-suspended in 500 pL of saline. Dilutions
107, 10 and 10~ were plated in triplicates on soil extract agar plates (described below). After 7 days
of incubation in 23°C, colonies of different morphologies and size were transferred to 96-well plates
and stored at -80°C. In total 238 colonies were isolated, which belonged mainly to Pseudomonas sp.,
Flavobacterium sp., Variovorax sp. and Stenotrophomonas sp.. Soil extract was made by sterilization

of 500 g of air-dried garden soil in 1 L of distilled water for one hour at 121°C. Afterwards, solid
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particles were centrifuged for at least 10 minutes, and the resulting extract was used for the

experiments. Agar plates were made by the addition of agar to 1.5% (final concentration).

Growth conditions and genomic DNA preparation

For genomic DNA isolation, the strain was inoculated into 50 mL of liquid LB medium and cultivated
overnight at 23°C in a shaker at 150 rpm. The overnight culture was centrifuged and suspended in 10
mL of 2x diluted lysis buffer [25] supplemented with 2 mg/mL lysozyme and 500 U/mL of
achromopeptidase and incubated at 37°C for 1 h. Then, 50 pL of proteinase K (40 mg/mL) was added
followed by a 30 min incubation at 37°C. The final cell lysis step was carried out with the addition of
an SDS solution to a final concentration of 2% followed by a 2 h incubation at 55°C. DNA extraction
was performed using a standard phenol-chloroform protocol. The amount and quality of isolated DNA
was verified using the NanoDrop 2000c Spectrophotometer, Qubit 2.0 Fluorimeter and gel

electrophoresis.

16S rRNA and Multilocus Sequence Analysis (MLSA)

For 16S rRNA gene phylogenetic analysis, the type strains of closely related species were included in
the alignments. Alignments were prepared using ClustalW and the analysis was performed using the
maximum-likelihood method and the Tamura-Nei model. All positions containing gaps or missing
data were eliminated, which resulted in a 1,271 bp sequence in the final dataset. Bootstrap analysis of
1,000 replicates was performed to evaluate the phylogenetic tree topology. MLSA analysis was
performed with additional partial sequences from the gyrB, rpoD and rpoB genes. Reference
sequences of type strains were downloaded from the PseudoMLSA database [26] or directly from
NCBI database (www.ncbi.nlm.nih.gov). All accession numbers of genes and genomes sequences
used in this study are presented in Supplementary tables 1 and 2. Type strain information was
carefully checked according to information available on websites of microorganism collections.
Alignments for each gene were performed separately using ClustalW, and the longest common

fragments identified were selected for analysis. This process resulted in the following sequence
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lengths: 16S rRNA —1,313-1,316 bp, gyrB - 534-539 bp, rpoD - 616-622 bp and rpoB — 852 bp. Next,
sequences were concatenated in the following order: /6S-gyrB-rpoD-rpoB. This realignment resulted
in a sequence that was 3,345 bp long. Phylogenetic analysis was performed using the MEGA software
version 6.0 [27], the maximum-likelihood method and the Tamura-Nei model [28]. All positions
containing gaps or missing data were eliminated, which resulted in a 3,254 bp sequence in the final
construct. Bootstrap analysis of 1,000 replicates was performed to evaluate the phylogenetic tree

topology.

Biolog and API20NE analysis

Plate test analysis was performed using the Biolog System using GENIII microplates. Tests were
performed at 30°C, according to the manufacturers' instructions. Biolog test was additionally
supplemented with API 20NE stripe test. All tests were inoculated with cells pre-grown on LB
medium and diluted with relevant inoculation medium. Biolog plates and API 20NE stripes were
evaluated after 48 h of incubation. P. silesiensis A3" was tested simultaneously with closely related
type strains: P. frederiksbergensis DSM 13022" (=CIP 106887"), P. lini DSM 16768" (=CCUG
51522" =CIP 107460" =CFBP 5737"), P. arsenicoxydans DSM 217171" (=CECT 7543") and P.

mandelii DSM 17967" (<LMG 21607" =CIP 105273").

Chemotaxonomic analysis

Analysis of cellular fatty acid composition was performed at the Leibniz Institute DSMZ using the
Sherlock Microbial Identification System (MIDI, Microbial ID, Newark DE 19711 USA). Peaks were
automatically integrated and fatty acid names and percentages were calculated by the MIS Standard
Software (Microbial ID, Sherlock version 6.1, database TSBA40 4.10). Analysis of P. silesiensis A3"
and closely related type strains was performed on microbial cells grown for 48 h in 23°C on LB

medium.

Other phenotype tests
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Flagellation of bacteria was verified under an optical microscope after flagella staining according to
the protocol by Heimbrook et al. [29]. Production of fluorescein was tested on King B medium after
24 h of incubation. The ability to accumulate polyhydroxyalcanoic acids was assessed with the Nile
Red staining method [30]. Starch hydrolysis was verified on 0.5% starch agar plates after 24 h of
growth by adding iodine solution around growing colonies. Casein hydrolysis test was carried out on
casein-skim milk agar plates and verified by the creation of a clear zone on the plate around the
colony. The same procedure was used for lipase activity verification by the tributyrin degradation test
on agar plates supplemented with 0.1% tributyrin. Resistance to ampicillin was tested on LB agar
plates with an ampicillin concentration in range 50-400 pg/mL. Oxidase test was performed using
commercial discs purchased from Sigma-Aldrich (Cat. No. 70439). Salt tolerance was examined by
bacteria growth in LB medium with an NaCl concentration in the range 0-6%. All tests were

performed at 23°C.

Genome sequencing and assembly

Three libraries were prepared for genome sequencing: 1) a paired-end library with an insert size of
500 bp, 2) a Nextera” Mate Pair library with an average insert size of 8 kb, and 3) a Lucigen NxSeq”
Long Mate Pair library with an average insert size of 20 kb. Sequencing was performed on the
[llumina MiSeq platform with a 300 bp read length resulting in 754,929, 1,443,756 and 3,674,976 raw
paired reads respectively. Next, a number of bioinformatics tools were used to analyze the raw reads.
Adapters from the raw reads were trimmed using Cutadapt [31], and quality filtered with Sickle [32]
(quality at least Q30). The mate-paired libraries were also processed using specific scripts provided by
the manufacturer. After all pre-processing steps, average genome coverage was estimated at ~95x.
Assembly was performed using the SPAdes 3.6.2 software [33] which produced two scaffolds.
Remaining gaps in the scaffold sequences were filled manually using a PCR reaction and Sanger

sequencing.
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Genome annotation

The genome was annotated using the NCBI Prokaryotic Genome Annotation Pipeline [34]. Genes
with signal peptides were identified with SignalP 4.1 [35], and genes with transmembrane helices
were identified by aligning ORFs to the Transporter Classification Database (TCDB) [36]. The
complete genome sequence was deposited in GenBank under accession number CP014870.1 and the

genome project was deposited in the Genomes OnLine Database under Gp0137126.

Results and discussion

Organism information, classification and biochemical features

Bacterial colonies isolated from peaty soil and grown on LB-agar plates were a round shape, had a
smooth surface and edges and a milky-yellow color (Figure 1A). Cell morphology and the type of
flagellation analysis based on electron or optical microscopy and the wet-mount staining technique
[20] show that the P. silesiensis strain A3" is Gram negative, rod-shaped with PHA granules inside,
and motile by one polar flagellum (Figures 1B and 1C). Bacterial cell movement characteristic of
this type of motion was observed under optical microscope. Detailed classification and isolation

features are presented in Table 1.

A similarity search with the full-length nucleotide sequence of the 16S rRNA gene (deposited in
GenBank under accession number KX276592) performed with EzBioCloud [37] alignment indicated
99.93% identity with  Pseudomonas mandelii CIP 105273", 99.52 with Pseudomonas
frederiksbergensis JAJ28" ', and 98.45% with both P. tremae CFBP 3225" and P. cannabina CFBP
23417, As it can also be seen in Figure 2 strain A3" groups within species belonging to the P.
fluorescens group and P. mandelii subgroup according to the classification proposed by Mulet et al.
2010 [2]. However, analysis based on 16S rRNA sequence is not sufficient for species assignment
within the P. fluorescens group. The identity of concatenated 16S rRNA, gyrB, rpoD and rpoB genes
between the A3" strain and other type strains of the P. mandelii subgroup is represented as follows: P.
lini CCUG 51522" and P. mandelii CIP 105273" (97.5%), P. arsenicoxydans CECT 7543" and P.

frederiksbergensis DSM 13022" (97.2%) and P. migulae CCUG 43165" (96.9%). The above
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mentioned MLSA results confirmed the assignment of the A3" strain to the P. mandelii subgroup,
which is in agreement with previous studies, as the identity values between species inside this
particular subgroup oscillate around the mean value of 97.93% [2]. Strain A3" represents a separate
branch on the phylogenetic tree with 41% bootstrap support (Figure 3). The same structure of tree
topology was obtained using only gyrB, rpoD and rpoB genes excluding 16 rRNA gene sequence as

presented in Supplementary Figure 1.

At the time of writing only three genomes from closely related species (according to MLSA results)
were available in public databases: P. mandelii LMG 21607" (=DSM 17967" =CIP 105273"), P. lini
DSM 16768" (=CCUG 51522" =CIP 107460" =CFBP 5737") and P. arsenicoxydans CECT 7543"
(=VC-1"=DSM 27171"). Thus, genomes of P. tremae ICMP 9151, P. cannabina ICMP 2823" and P.
meliae CFBP 3225", were included additionally in the analysis as they represented high similarity of
16S rRNA gene sequence. This genomes were analyzed with ANIb and Tetra tests using JspeciesWS
[38] and digital DDH analysis using the DSMZ GGDC platform [39] (Table 2). The highest ANIb
and digital DDH values were 86.31% and 34.50% for P. mandelii LMG 21607", respectively. It can
be seen that strains of species P. tremae, P. cannabina and P.meliae are distant relatives in spite of
high identity of 16S rRNA sequence. Both, ANIb and digital DDH values were below the species cut-
off threshold (95% and 70% respectively). Also the tetra z-score with the value 0.98344 is very low.
The above comparison of several available genomes of type strains, indicated that P. silesiensis A3"

should be considered as a separate species.

The phenotypic characteristics (Biolog and API20NE analysis) of described here strain provide
further support for its classification as a novel species. The P. silesiensis A3" features are reported
below, and the differences with respect to the close related Pseudomonas representatives are collected

in Table 3 and Table 4.

Results from Biolog GENIII MicroPlate, allowed to distinguish the P. silesiensis A3" from all
analyzed closely related species by the lack of oxidation of N-Acetyl-D-Glucosamine. Strain A3"

showed the lowest tolerance to salinity, as in Biolog test it does not give positive results in presence of
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4% and 8% NaCl as the other species, whereas it is able to grow in 4% NaCl in LB medium as
indicated in Table 3. It is also sensitive to minocycline. It gives negative results for myo-inositol
oxidation as P. arsenicoxydans DSM 217171". It can be distinguished from P. arsenicoxydans DSM
217171" by D-trehalose assay which is positive for the A3" strain. It also can be differentiated from P.
arsenicoxydans DSM 217171" and P. mandelii DSM 17967" with a positive sucrose test. P. silesiensis
A3", the same as P. lini DSM 16768 is sensitive to lithium chloride and gives negative results in
Biolog test. Moreover, P. frederiksbergensis DSM 130227 can be distinguished by the ability to

oxidize inosine and D-sorbitol.

Considering the results from the API 20NE test P. silesiensis A3' can be differentiated from all type
strains analyzed in this study with the inability to assimilate N-acetyl-glucosamine (result confirmed
with Biolog) and trisodium citrate. It differs from P. frederiksbergensis DSM 13022, P. lini DSM
16768" and P. mandelii DSM 17967" with the ability to assimilate D-maltose, the same as P.
arsenicoxydans DSM 2171717, P. silesiensis A3" as well as P. lini DSM 16768" and P. mandelii
DSM 17967" reduce nitrates to nitrites, P. frederiksbergensis DSM 13022" reduces nitrates to

nitrogen, whereas P. arsenicoxydans DSM 217171" is unable to reduce nitrates at all.

The FAME analysis showed that the major fatty acids present in the bacteria were summed feature 3
of unseparated Cig.1 7. and Cis. 150201 (37%), Cieo (28%) and Cig1 7. (18%). There were also fatty
acids in lower amounts as Cy.9 (6%), Cio.0 301 (4%), C12.0301 (3%), and Ciz920n (1%). This result is in

agreement with the common composition of fatty acids in Pseudomonas sp. [40].

Comparison of selected features between Pseudomonas silesiensis A3' and other closely related
species representing different type strains is presented in Tables 3 and 4. A more detailed comparison

is presented in Supplementary tables 3 and 4.
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Genome sequencing results

General genome properties

Genome statistics are presented in Table 5 and identity comparison between genomes of P. mandelii
LMG 21607", P. lini DSM 16768" and P. arsenicoxydans CECT 7543 is visualized in Figure 4. It
can be seen that it contains regions not identified in the other genomes with a significantly lower GC
content, which was likely acquired by horizontal gene transfer. The size of the complete genome is
6,823,539 bp. The genome contains 59.58 mol% G+C content as determined from the complete
genome sequence and is 83.45% coding. It is composed of one circular chromosome and does not
contain any plasmid sequences. The total number of predicted genes is 6,066, of which 5,875 (96.85%)
are proteins coding genes and 78.99% have assigned a putative function, while the remaining 21.01%
have no assigned function. The P. silesiensis A3" genome has 96 RNA genes: 71 tRNA, 1 tmRNA, 21
rRNA (7 rRNA clusters) and 3 ncRNA. Assignment of genes into COG (Clusters of Orthologous
Groups) functional categories for P. silesiensis A3" in comparison with P. mandelii LMG 21607", P.
lini DSM 16768" and P. arsenicoxydans CECT 7543" did not show any significant differences. These

results are presented in Table 6.

Analysis of the genome sequence

Analysis of the complete and circularized genome of new bacteria strains usually gives broad
information about microorganism metabolism and its biochemical features. Detailed analysis of fully
sequenced and circularized P. silesiensis A3" strain sheds some light into this microorganism’s

biology.

As API 20NE test showed, the A3" strain exhibits the ability to reduce nitrate to nitrite. The
incomplete denitrification occurs despite the presence in the A3" genome gene clusters coding
enzymes responsible for the entire denitrification process. This observation needs to be further
investigated especially in the context that the gene clusters identified in P. silesiensis strain A3" show
a high similarity to the clusters described previously in denitrifying Pseudomonas fluorescens F113

[41].
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Accumulation of polyhydroxyalkanoate (PHA) or polyhydroxybutyrate (PHB) inside of cytoplasmic
granules was previously observed for a variety of microorganisms, and this process enhances the
survival and fitness of cells [42]. Among Pseudomonas species, the closest relative of strain A3" is P.
mandelii CBS-1, that has been previously described as a microorganism exhibiting PHB producing
features [43]. Transmission electron microscope analysis and Nile Red staining of the A3" strain,
showed presence of characteristic granules in the cells (Figure 1C), which suggested ability for PHA
or PHB synthesis. The A3" strain genome revealed two loci harboring genes assigned to the
polyhydroxyalkanoate synthesis pathway, which likely indicates that granules present in the
cytoplasm of the A3" strain will contain PHA. The first gene cluster is composed of phaB-phaA-phaC
related genes encoding Acetoacetyl-CoA reductase (PMA3 13890), Acetyl-CoA acetyltransferase
(PMA3 13885), and Class I poly(R)-hydroxyalcanoic acid synthase (PMA3 13880). Upstream from
the pha cluster there is also an ORF encoding Phasin - protein associated with PHA granule formation
(PMA3 13905) and a transcriptional regulator (PMA3 13895). This gene cluster shares high
similarity to class I clusters present in other Pseudomonas species [44]. However, the second pha loci
has a genetic structure of class II and is composed of 6 genes: phaCl-phaZ-phaC2-phaD-phaF-phal

(ORF’s PMA3 01425-01400).

Production of different exopolysaccharides is known to play a crucial role in microorganism survival
in highly contaminated environments [45]. According to the genomic features identified, the P.
silesiensis strain A3" may be also able to synthetize cellulose due to the presence of a set of
bcsEFGRQABZC genes which belong to the type IIb operon structure [46] (PMA3 00380-
PMA3 _00340). Also, 12 alg genes responsible for alginate production and secretion were identified in

the genome (PMA3 24585-PMA3 24640).

Moreover, several secretion systems were identified in the genome of the A3" strain. The Type 1
Secretion System (T1SS) is present in three copies, and two of the 70/C genes function as orphan
genes. The identified T2SS-like structure is present in only one copy and does not share a high

similarity to the previously described T2SS. The T2SS structure in the A3" strain is divided into 3 loci.



O ~J oy U WD -

OO GGG UTUTUTUTOTOTE BB DDA DNWWWWWWWWWWNNNNNNNNNNEF R R RERRRR R
GORWONRFRPOWOWOJdNTEWNROW®O®-JdANUTREWNROW®OJNUTAWNRFROWOWO-JdJANUBEWNHEOW®-JOU N WNR O W

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

The first loci consists of 8 genes (PMA3 17620-17585), of which 3 resemble xcpQRZ genes, one is a
PIIN gene, two are annotated as the type II protein secretion protein precursor likely encoding minor
pseudopilins (XcpU or XcpW), and two are genes of unknown function. The second loci is composed
of two genes similar to xcpTS (PMA3 17665 and PMA3 17670). Prepilin signal peptide peptidase
gene xcpA is encoded by the third loci (PMA3 03385-03410). This gene located within the cluster
containing xcpRS genes and the pil4 gene encoding fimbrial protein precursor. Additional genes
identified at this /oci include Dephospho-CoA kinase CoaE and the DNA gyrase inhibitor YacG. No
similar homologues of genes encoding XcpPXY protein were identified. Also, there were two T5SS
(PMA3 14935-14940 and PMA3 27465) and two T6SS secretion systems identified (PMA3 10530-

10610 and PMA3_11270-11400) in the A3" strain genome.

As mentioned previously, bacterial cell movement observed under optical microscope and wet-mount
staining suggests presence of flagellar structures in the cell surface. Additionally, prediction of in
silico transcriptional units using Pathway-tools [47] identified flagellar protein coding genes which
were grouped as follows: flgd-flgBCDE-flgF-flgG-flgHIJKL-fliC-flaG-fliD-fliS-fleQ-fliEF GHIJ-fliK -
SlILM-fliNOPQR-flhB-flhAF. Dashes represent predicted separate transcriptional units. It is also worth
mentioning that flgBCDE genes were in loci separate from the rest of the flg genes, which is

considered unusual for Gammaproteobacteria [48].

Several genomic islands were predicted using IslandViewer software [49]. One island was 34 kb long
and had 8% lower G+C content in comparison to the complete genome. From 24 ORF present in this
putative island there were 9 assigned as hypothetical proteins. However, the toxin-antitoxin system
RelBE (PMA3 26835 and PMA3 26840) was correctly identified as well as the probable type III
restriction-modification system associated with the methyl-accepting chemotaxis protein and ATP-
dependent helicase (PMA3 26815, PMA3 26820, PMA3 26825 and PMA3 26830). Moreover, the
genomic island sequence also contained the following prophage regulatory proteins: S24 LexA-like
regulatory protein (PMA3 26720), Prophage CP4-57 Bacteriophage P4 integrase (PMA3 26725),

Yqal-like viral recombinase (PMA3 26750), IS2 repressor TnpA (PMA3 26800) and IS2 transposase
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TnpB (PMA3_26805). These results suggest that this genomic island could originate from a prophage

or cryptic prophage sequence.

Conclusions

According to the genomic sequence, Pseudomonas silesiensis strain A3" appears to be a versatile
bacterium with potential biotechnological and ecological applications including pesticide-
contaminated soil bioremediation and the production of biodegradable polyhydroxyacids or natural
biosurfactans. On the basis of phenotypic, phylogenetic and genomic analyses, we formally propose
the creation of Pseudomonas silesiensis sp. nov. that contains strain A3'. In this study we provide a

phenotypic and biochemical characterization of Pseudomonas silesiensis sp. nov. strain A3".

Description of Pseudomonas silesiensis sp. nov.

Pseudomonas  silesiensis (si.le.si.en’sis. N.L. adj. silesiensis) pertains to Silesia, a southwestern

district of Poland where the strain was first isolated.

Cells from this strain stain Gram-negative are rod-shaped (0.8 pm wide, 3 um long), motile with
single polar flagellum, and oxidase positive. Colonies grown on LB medium are round shape, smooth
surface and edges, and exhibit a milky-yellow color. Growth occurs in 0-4 % (w/v) NaCl, at pH from
6 to 9 (optimum 7-8) and at a temperature of 4-35°C (optimum 15-30°C). The strain is ampicillin
resistant up to the tested concentration of 400 pg/mL. In API 20 NE test nitrate reduction to nitrites is
positive. Nitrite reduction as well as indole production, glucose fermentation, arginine dihydrolase,
urease, B-glucosidase, protease and B-galactosidase activities are negative. Assimilation of D-glucose,
L-arabinose, D-mannose, D-mannitol, D-maltose, potassium gluconate, capric acid and malic acid is
positive. Negative results were obtained for utilization of N-acetyl-glucosamine, adipic acid,
trisodium citrate and phenylacetic acid. Plate test analysis performed using the Biolog System GENIII
platform indicated that the A3" strain has the ability to oxidize a variety of carbon sources: D-
trehalose, sucrose, a-D-glucose, D-mannose, D-fructose, D-galactose, D-sorbitol, D-mannitol, D-

arabitol, glycerol, L-alanine, L-arginine, L-aspartic acid, L-glutamic acid, L-histidine, L-pyroglutamic
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acid, L-serine, pectin, D-galacturonic acid, L-galactonic acid lactone, D-gluconic acid, D-glucuronic
acid, glucuronamide, mucic acid, quinic acid, D-saccharic acid, methyl pyruvate, L-lactic acid, citric
acid, o-keto-glutaric acid, D-malic acid, L-malic acid, bromo-succinic acid, tween 40, y-amino-
butyric acid, a-hydroxy-butyric acid, B-hydroxy-D,L-butyric acid, acetoacetic acid, propionic acid and
acetic acid. This strain does not oxidize the following substrates: D-maltose, D-cellobiose, gentiobiose,
D-turanose, stachyose, D-raffinose, a-D-lactose, D-melibose, [-methyl-D-glucoside, D-scilicin, N-
acetyl-D-glucosamine, N-acetyl-f-D-mannosamine, N-acetyl-D-galactosamine, N-acetyl-neuraminic
acid, 3-methyl glucose, L-rhamnose, myo-inositol, D-aspartic acid, gelatin, D-lactic acid methyl ester.
Weak results were observed for: D-fucose, inosine, D-serine, D-fructose-6-PO,4, D-serine, glycyl-L-
proline, nalidixic acid, a-keto-butyric acid and formic acid. Variable results were observed for dextrin,
L-fucose, p-hydroxyphenyl acetic acid and D-glucose-6-PO,. In Biolog GENIII plates the A3" strain
showed resistance to: aztreonam, 1% sodium lactate, potassium tellurite, fusudic acid, troleandomycin,
rifamycin SV, vancomycin and sodium bromate, whereas vulnerable for: minocycline, lithium

chloride and sodium butyrate.

The predominant cellular fatty acids include summed feature 3, Cis and Cig; o7.. G+C base
composition is 59.58 mol%. Regarding all phenotypic tests performed, strain A3" (=PCM 2856"
=DSM 103370") could be differentiated form other species belonging to the P. mandelii subgroup
type strains by a lack of N-acetyl-D-glucosamine and myo-inositol oxidizing ability and the lack of
growth in the presence of minocycline, N-acetyl-D-glucosamine and trisodium citrate. The type strain
A3" was isolated from a subsurface flow constructed wetland of a wastewater treatment plant

operated by pesticide producer in Jaworzno City, Poland. Digital Protologue Taxonumber: TA00122.
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540 Table 1. Classification and the general and genomic features of Pseudomonas silesiensis strain A3T according to the MIGS

1 541 (Minimum Information about a Genome Sequence) recommendation [50] published by The Genomic Standards Consortium [51].
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MIGS ID* Property Term Evidence code”
Classification Domain Bacteria TAS [52]
Phylum Proteobacteria TAS [53]
Class Gammaproteobacteria TAS [54,55]
Order Pseudomonadales TAS [56,57]
Family Pseudomonadaceace TAS [56,58]
Genus Pseudomonas TAS [56,59]
Species Pseudomonas silesiensis TAS [this study]
strain: 43" IDA
Gram stain Negative IDA
Cell shape Rod IDA
Motility Motile IDA
Sporulation Negative IDA
Temperature range 4-35°C IDA
Optimum temperature 15-30°C IDA
pH range; Optimum Range 6.0-9.0,; Optimum 7.0-8.0 IDA
Carbon source Wide range of organic carbon substrates IDA
MIGS-6 Habitat Pesticide production factory associated wastewater treatment plant ~ IDA
MIGS-6.3 Salinity 0-4% NaCl IDA
MIGS-22 Oxygen requirement Aerobic IDA
MIGS-15 Biotic relationship Free-living IDA
MIGS-14 Pathogenicity Non-pathogen NAS
MIGS-4 Geographic location Poland; Jaworzno IDA
MIGS-5 Sample collection 14 July 2010 IDA
MIGS-4.1 Latitude 50°12°54.0"N IDA
MIGS-4.2 Longitude 19°14°03.0"E IDA
MIGS-4.4 Altitude 263.04 m IDA
MIGS 31 Genome quality status Finished
MIGS 28 Libraries used 500bp, 8kb, 20kb
MIGS 29 Sequencing platform Tlumina
MIGS 31.2 Fold coverage 95x
MIGS 30 Assemblers SPAdes 3.6.2
MIGS 32 Gene calling method GeneMarkS+
Locus Tag PMA3
GenBank ID CP014870.1
GenBank Date of Release 10-06-2016
GOLD ID GP0137126
BIOPROJECT PRINA315635
MIGS 13 Source Material Identifier SAMNO04566726
Project relevance Bioremediation

* Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a direct report exists in the literature); NAS:
Non-traceable Author Statement (i.e., not directly observed for the living, isolated sample, but based on a generally accepted property for the
species, or anecdotal evidence). These evidence codes are from the Gene Ontology project [60].
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546  Table 2. Genome sequence similarity between P. silesiensis A3"
547  and genome sequences of closely related type strains with
548 sequenced genomes. All the bioinformatic methods used indicate
549 significant separation of the A3" strain as a separate species.

Strains ANIb dDDH  Tetra

(%) (%) z-score

P. arsenicoxydans CECT 75437 85.63 3330  0.98469

P. lini DSM 16768" 85.93 3400  0.97928

P. mandelii LMG 21607" 86.31 3450  0.98344

P. tremae ICMP 91517 76.33 2290  0.92139

P.cannabina ICMP 28237 76.85 23.10  0.93837

P. meliae CFBP 32257 76.75 2290  0.91281
550 The highest values among the selected genomes are shown in bold.
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Table 3. Differential characteristics of P. silesiensis A3" and its phylogenetically closest related species.

Features 1 2 3 4 5
0,
GC content (%) 59.6 59,64 58.7¢ 58.41 57.0°
Flagellation Single polar Single polar Multiple polar Multiple polar Single polar
flagellum flagellum? flagella” flagella® flagellum®
0,

Salt tolerance range (% 0.0-4.0 0.0-4.0 0.0-4.0 0.0-4.0 0.0-5.0
w/v)
Fluorescence on King B

- - - - + +
medium
Agrinine dihydrolase . ) N ) .
activity !

. . s
Minocycline sensitivity ) . . . .
i\(l)llt.rates reduction ability Nitrites Nitrogen - Nitrites Nitrites
Oxidation of:
s 12
D-sorbitol . . . . .
so12
Myo-Inositol . . . i i
Assimilation of:
: 1
N-acetyl-D-glucosamine ) . . . .
1
D-Maltose . . 4 . .
L . |

Trisodium citrate . N N 4 .

Lanes: 1, P. silesiensis A3"; 2, P. frederiksbergensis DSM 13022"; 3, P. arsenicoxydans DSM 27171"; 4, P. lini DSM 16768";

5, P. mandelii DSM 17967".
!'_ result from API 20NE test,

% result from Biolog GEN TIT test. Data were obtained in this study unless specifically indicated.

+, positive; -, negative.

*Andersen et al. (2000)[23]

¥Calculated from genome sequence LT629705.1.
“Campos et al. (2010)[22]

"Delorme et al. (2002)[21]

SVerhille et al. (1999)[18]
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564
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Table 4. Cellular fatty acid composition (%) derived from FAME analysis of
Pseudomonas silesiensis sp. nov. A3" and the type strains of closely related
Pseudomonas species. All strains were tested in the same culture conditions
described in the Materials and Methods section.

Fatty acid 1 2 3 4 5

Ci0:0 300 3.7 3.8 5.7 4.1 42
Ciag 6.5 2.1 2.5 4.8 5.2
Ci2:0 200 1.0 4.1 4.6 2.5 2.3
Cia:0 301 3.1 43 6.5 4.1 39
Ci241 30H 0.2 0.2 4.0 0.5 0.1
Summed feature 3* 36.9 34.0 34.2 36.4 36.9
Cig0 27.9 32.1 28.9 25.8 33.7
C17:0 eyelo 1.0 54 1.5 1.0 3.1
Cig1 wre 18.3 11.9 9.3 19.2 9.2

Lanes: 1, P. silesiensis A3"; 2, P. arsenicoxydans DSM 27171%; 3, P .frederiksbergensis DSM 130227;
4, P. lini DSM 16768"; 5, P. mandelii DSM 17967".

*Summed features represent a set of more than one fatty acid that could not be resolved with the
MIDI system. Summed feature 3 contained Cis.1 w7 and/or Cis.1s0 208-
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Table 5. General statistics of P. silesiensis A3" genome.

Attribute Value % of ToStZl2

Genome size (bp) 6,823,539 5020
DNA coding (bp) 5,599,458 82.06
DNA G+C (bp) 4,065,634 §J§8
Total genes 6,066 5780
Protein coding genes 5,875 96.85

576

RNA genes 96 1.58
Pseudo genes 95 51747
Genes with function prediction 4,792 E87%9
Genes assigned to COGs 4,362 71.90
Genes with Pfam domains 4,358 i/
Genes with signal peptides 641 10.56
Genes with transmembrane helices 1,318 g 1892




583  Table 6. Comparison of gene counts associated with the general COGs (Clusters of Orthologous
584  Groups) functional categories for genomes of P. silesiensis A3", P. mandelii LMG 21607, P. lini
585  DSM 16768" and P. arsenicoxydans CECT 7543". Association of genes to COG categories for each
586  genome was done using COGNIZER software [61].
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P. silesiensis A3" P. mandelii LMG P. lini DSM P. arsenicoxydans
21607" 16768" CECT 7543"
Code Description Value %age Value %age Value Y%age Value %age
J Translation, ribosomal structure and biogenesis 314 3,31% 307 3,12% 299 3,30% 299 3,24%
A RNA processing and modification 1 0,01% 1 0,01% 1 0,01% 1 0,01%
K Transcription 739 7,78% 756 7,69% 683 7,55% 687 7,44%
L Replication, recombination and repair 328 3,45% 458 4,66% 310 3,43% 391 4,24%
B Chromatin structure and dynamics 6 0,06% 5 0,05% 6 0,07% 4 0,04%
D Cell cycle control, cell division, chromosome 58 0,61% 62 0,63% 61 0,67% 64 0,69%
partitioning
\% Defense mechanisms 144 1,52% 162 1,65% 150 1,66% 153 1,66%
T Signal transduction mechanisms 619 6,52% 739 7,51% 628 6,94% 722 7,82%
M Cell wall/membrane/envelope biogenesis 456 4,80% 535 5,44% 507 5,60% 502 5,44%
N Cell motility 192 2,02% 226 2,30% 207 2,29% 227 2,46%
U Intracellular trafficking, secretion, and 160 1,68% 183 1,86% 195 2,16% 163 1,77%
vesicular transport
(0] Posttranslational modification, protein 305 3.21% 305 3,10% 290 3,21% 291 3,15%
turnover, chaperones
C Energy production and conversion 701 7,38% 614 6,24% 580 6,41% 607 6,58%
G Carbohydrate transport and metabolism 534 5,62% 583 5,93% 565 6,24% 555 6,01%
E Amino acid transport and metabolism 1218 12,82% 1118 11,37% 1074 11,87% 1125 12,19%
F Nucleotide transport and metabolism 170 1,79% 167 1,70% 154 1,70% 181 1,96%
H Coenzyme transport and metabolism 314 3,31% 302 3,07% 288 3,18% 298 3,23%
1 Lipid transport and metabolism 445 4,68% 428 4,35% 383 4,23% 375 4,06%
P Inorganic ion transport and metabolism 655 6,89% 693 7,05% 595 6,58% 607 6,58%
Q Secondary metabolites biosynthesis, transport 325 3,42% 337 3,43% 329 3,64% 239 2,59%
and catabolism

R General function prediction only 1204 12,67% 1247 12,68% 1109 12,26% 1146 12,41%
S Function unknown 612 6,44% 608 6,18% 634 7,01% 594 6,43%
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Figure legends

Figure 1. Images of Pseudomonas silesiensis strain A3" colonies grown on an LB solid medium at
23°C for 2 days (A), bacterial morphology obtained from optical microscopy with 160x magnification
showing single polar flagellum after staining (B) and transmission electron microscopy (C). White
arrows indicate single polar flagellum (B) and PHA granules (C).

Figure 2. Phylogenetic tree of type strains closely related to Pseudomonas silesiensis A3" (in bold)
belonging to the Pseudomonas fluorescens group based on 16S rRNA gene sequence. All positions
containing gaps or missing data were excluded, which resulted in a 1,271 bp sequence in the final
dataset. Bootstrap values are represented at the branching points (only values >50% are shown). The
bar represents 0.005 substitutions per site.

Figure 3. Phylogenetic tree constructed using concatenated partial sequences of 16S rRNA, gyrB,
rpoD and rpoB genes representing the relative position of Pseudomonas silesiensis strain A3" (in bold)
in the Pseudomonas genus. All positions containing gaps or missing data were excluded. The final
dataset contained 3,345 positions. Accession numbers of sequences used in this study are listed in
Supplementary table 1. Bootstrap values are represented at the branching points (only values >50%
are shown). *Gene sequences for P. silesiensis A3" were retrieved directly from the genome
(CP014870.1). The bar represents 0.05 substitutions per site.

Figure 4. Genomic representation of the Pseudomonas silesiensis A3" genome. Rings from inside: 1
— GC content, ring 2 — GC skew, ring 3 — tRNA genes, ring 4 — rRNA genes, rings 5-7 — genomic
sequence identity at minimum 80% similarity with genomes of closely related type strains of P.
mandelii LMG 21607", P. lini DSM 16768" and P. arsenicoxydans CECT 7543". Figure prepared
using BRIG software [62].
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Figure 2
Click here to download high resolution image
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