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Abstract: Pseudomonas stutzeri 273 is a marine bacterium producing exopolysaccharide 273 (EPS273)
with high anti-biofilm activity against P. aeruginosa PAO1. Here, the complete genome of P. stutzeri
273 was sequenced and the genome contained a circular 5.03 Mb chromosome. With extensive
analysis of the genome, a genetic locus containing 18 genes was predicted to be involved in the
biosynthesis of EPS273. In order to confirm this prediction, two adjacent genes (eps273-H and eps273-I)
encoding glycosyltransferases and one gene (eps273-O) encoding tyrosine protein kinase within
the genetic locus were deleted and biosynthesis of EPS273 was checked in parallel. The molecular
weight profile of EPS purified from the mutant ∆eps273-HI was obviously different from that purified
from wild-type P. stutzeri 273, while the corresponding EPS was hardly detected from the mutant
∆eps273-O, which indicated the involvement of the proposed 18-gene cluster in the biosynthesis of
EPS273. Moreover, the mutant ∆eps273-HI had the biofilm formed earlier compared with the wild
type, and the mutant ∆eps273-O almost completely lost the ability of biofilm formation. Therefore,
EPS273 might facilitate the biofilm formation for its producing strain P. stutzeri 273 while inhibiting
the biofilm formation of P. aeruginosa PAO1. This study can contribute to better understanding of
the biosynthesis of EPS273 and disclose the biological function of EPS273 for its producing strain
P. stutzeri 273.
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1. Introduction

Exopolysaccharides (EPSs) secreted by bacteria have a protective function against the harsh
conditions of the natural environment, such as predation by protozoa, phage attack, antibiotics, or toxic
compounds and osmotic stress etc. Moreover, EPSs also play important roles in cell recognition,
adhesion to surfaces, and biofilm formation [1]. Genes for EPS production are often located in
chromosomal or plasmid DNA and organized into gene clusters. Sometimes more than one gene
cluster that is involved in the biosynthesis of EPSs can be found in the genome of bacteria [2,3]. The gene
cluster of EPSs contain several kinds of specific functional genes, such as genes involved in assembling
of repeating units, chain length determination, polymerization, exportation, and regulation [4].

Based on biosynthesis and exportation mechanism of EPSs, three pathways have been suggested.
For the first pathway, a multifunctional processive glycosyltransferase (GT), the synthase, catalyzes

Mar. Drugs 2017, 15, 218; doi:10.3390/md15070218 www.mdpi.com/journal/marinedrugs

http://www.mdpi.com/journal/marinedrugs
http://www.mdpi.com
https://orcid.org/0000-0003-4802-184X
http://dx.doi.org/10.3390/md15070218
http://www.mdpi.com/journal/marinedrugs


Mar. Drugs 2017, 15, 218 2 of 14

both polymerization and exportation [5]. For the second pathway, ATP-binding cassette (ABC)
transporter plays an important role in the exportation of the biosynthesized repeating unit. The third
pathway depends on Wzx-Wzy proteins [6]. For the EPSs biosynthesis-dependent on Wzx-Wzy
proteins, the repeating unit is catalyzed by successive GTs, and exported outside the cell across the
inner membrane by Wzx protein, then subsequently polymerized by Wzy protein through the addition
of the growing EPS chain on the outer face of the inner cell membrane [5]. The final translocation
across the outer membrane involves a member of the outer membrane polysaccharide export protein
family, such as Wza [7].

Bacterial tyrosine kinases are reported to be associated with EPS biosynthesis in bacteria, which is
proposed to be a general feature of EPS production [8]. Genes encoding bacterial tyrosine kinases are
often associated with genes involved in EPS production [6]. The kinases are known to regulate EPS
production by phosphorylating and thereby activating a biosynthetic enzyme in the pathway of EPS
production [9].

Pseudomonas stutzeri is a Gram-negative, rod-shaped, and non-fluorescent denitrifying bacterium
that exhibits metabolic diversity and is widely distributed in both terrestrial and marine
environments [10]. Due to their great metabolic characteristics, they have application potentials
in fields including environmental pollutant degradation, denitrification, and nitrogen fixation, thus,
some of them have attracted great attention [11,12]. In our previous study, we identified a marine
bacterium P. stutzeri 273, which exhibited strong activity of anti-biofilm and anti-infection against
P. aeruginosa PAO1 by producing exopolysacchride 273 (EPS273), and its strong anti-biofouling activity
in the marine environment was also observed [13], which indicates that EPS273 has a promising
potential in combating bacterial biofilm-associated infection and marine biofouling.

A better understanding of the biosynthesis mechanism and regulation of EPS production will
facilitate genetic, metabolic, and proteinic engineering to produce more, or tailor-made, EPS [14].
In the present study, in order to investigate the biosynthesis of EPS273 and provide the basis for
developing new, efficient methods to produce EPS273 for its future applications, we sequenced the
genome of P. stutzeri 273, and analyzed the biosynthesis of EPS273 by a computational approach.
Furthermore, corresponding gene deletion mutants were also generated to provide functional evidence
of the proposed 18-gene cluster involved in EPS273 biosynthesis, and the biological role of EPS273 for
its producing stain P. stutzeri 273 was also investigated.

2. Results

2.1. Genome Properties of P. stutzeri 273

The complete genome of Pseudomonas stutzeri 273 is composed of one circular chromosome of
5,030,940 bp with a GC content of 60.78%, which is similar to those of previously-reported P. stutzeri
strains (GC content of 60.3–64.0%). No nitrogen fixation genes (nif ) or extrachromosomal elements are
found. The genome contains 4717 genes with the total length of 4,421,631 bp, which occupies 87.89% of
the genome. There are 58 tRNA genes and 12 rRNA in the genome (Table S1), and a total of 3151 genes
are classified into 22 clusters of orthologous groups (COG) categories (Table S2).

2.2. Insights from the Genome Sequence of P. stutzeri 273

The metabolic networks were analyzed according to Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis. A total of 299 genes, 44 genes, and 252 genes are involved in the pathway of
membrane transport, glycan biosynthesis and metabolism, and carbohydrate metabolisms (Table S3).
There are many genes encoding proteins responsible for sugar transport, such as sugar transporter,
sugar ABC transporter ATPase, and sugar ABC transporter permease, which might be involved
in metabolism, biosynthesis, and transport of EPSs. Genes for complete glycolysis, pentose
phosphate pathways, oxidative phosphorylation, and citrate cycle were identified by genome analysis,
as previously reported for aerobically heterotrophic bacteria. Furthermore, as in other P. stutzeri strains,
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the genome of the strain P. stutzeri 273 has complete sets of genes for flagellum synthesis, denitrification,
and bacterial chemotaxis. Notably, there are several gene clusters involved in heavy metal resistance
in genome of P. stutzeri 273, such as resistance to copper, mercury, and nickel, which indicates that
P. stutzeri 273 has potentials in bioremediation applications in the future.

Based on the genome sequences, the phylogenetic relationship of P. stutzeri 273 with other four
P. stutzeri strains and P. aeruginosa PAO1 was analyzed. As expected, the most distantly phylogenetic
neighbor of P. stutzeri 273 is P. aeruginosa PAO1. In contrast, its closest phylogenetic neighbor is the
strain P. stutzeri CCUG 29243 (Figure 1A). Notably, P. stutzeri CCUG 29243 is a naphthalene-degrading
strain isolated from polluted marine sediments of the West Mediterranean Sea [15], and the other three
relatively-distant phylogenetic neighbors of P. stutzeri SLG510A3-8 [16], P. stutzeri ATCC 17588 [17] and
P. stutzeri A1501 [18] are terrestrial bacteria. Therefore, marine-derived P. stutzeri strains might gain
some special characteristics during the course of evolution compared with the terrestrial counterparts.
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and LASTZ [20] alignment tools. The phylogenetic tree was constructed by the TreeBeST [21] using 
the method of PhyML, and the setting of bootstraps is 1000 with the orthologous genes detected from 
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The bar is 0.005. (B) Strain-to-strain variation between P. stutzeri 273, P. stutzeri SLG510A3-8, P. 
stutzeri CCUG 29243, P. stutzeri ATCC 17588, and P. stutzeri A1501. The Venn diagram was built 
using the Vennerable R package. The specific/shared genes of above P. stutzeri strains were clustered 
by the CD-HIT [22] rapid clustering of similar proteins software with a threshold of 50% pairwise 
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specific genes owned by different genomes.  

Figure 1. Characterization of P. stutzeri 273. (A) Phylogenetic tree based on the whole genome of
P. stutzeri 273, P. stutzeri SLG510A3-8, P. stutzeri CCUG 29243, P. stutzeri ATCC 17588, P. stutzeri A1501,
and P. aeruginosa PAO1. Comparison of above P. stutzeri strains was performed using MUMmer [19]
and LASTZ [20] alignment tools. The phylogenetic tree was constructed by the TreeBeST [21] using
the method of PhyML, and the setting of bootstraps is 1000 with the orthologous genes detected from
gene family analysis. The number in the phylogenetic tree represents the reliability of each branch.
The bar is 0.005. (B) Strain-to-strain variation between P. stutzeri 273, P. stutzeri SLG510A3-8, P. stutzeri
CCUG 29243, P. stutzeri ATCC 17588, and P. stutzeri A1501. The Venn diagram was built using the
Vennerable R package. The specific/shared genes of above P. stutzeri strains were clustered by the
CD-HIT [22] rapid clustering of similar proteins software with a threshold of 50% pairwise identity
and 0.7 length difference cutoff in amino acids. The number of genes in different genomes is depicted
in the respective ellipse. The number in the overlapping region represents number of genes shared by
different genomes. The number in the non-overlapping region represents the number of specific genes
owned by different genomes.
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Comparative genomic analyses were also performed among P. stutzeri 273, its closely-related
phylogenetic neighbor P. stutzeri CCUG 29243, and three more distantly-related strains, P. stutzeri
SLG510A3-8, P. stutzeri ATCC 17588, and P. stutzeri A1501, which were fully sequenced (Figure 1B).
The results of comparative analyses showed that most of the genomic regions were conserved while
some differences between the genome of P. stutzeri 273 and genomes of other strains also existed.
The five strains of P. stutzeri share 2739 genes, which make up the core component of the genome in
each strain. A total of 1094 genes exist only in P. stutzeri 273, which are far more than those that exist
strain-specifically in the other four strains of P. stutzeri. Notably, a large part of these strain-specific
genes of P. stutzeri 273 was observed in seventeen putative genomic islands (GIs), which might be
involved in “fast forward evolution” of the host. Therefore, analysis of the marine strain P. stutzeri
273 will help us gain an insight into the evolution of the species by analyzing members derived from
different environments and better understand strain adaptation to marine habitats of P. stutzeri.

Notably, except the 2739 genes shared by all five P. stutzeri strains, comparative genomic
analysis showed that marine derived strains P. stutzeri 273 and P. stutzeri CCUG 29243 shared an
additional 462 genes, which were more than those shared with the other three terrestrial P. stutzeri
strains. This analysis is consistent with above result of phylogenetic analysis (Figure 1B). In a
word, a comparative genome analysis of P. stutzeri strains will help us to elucidate the evolutionary
adaptation of the members in this species, and also facilitate us to investigate the genomic dynamics of
these organisms.

2.3. Identification of EPS273 Biosynthesis Locus in the P. stutzeri 273 Genome

Our previous study showed that P. stutzeri 273 exhibited strong antibiofilm and anti-infection
activities against P. aeruginosa PAO1 by producing EPS273 [13]. To find the potential biosynthesis locus
of EPS273, the whole genome of P. stutzeri 273 was thoroughly analyzed by bioinformatics. A gene
cluster containing 18 genes was proposed to be involved in the biosynthesis of EPS273. In order to
gain a better understanding of the putative roles of the proteins in this gene cluster, the DELTA-BLAST
(Domain-Enhanced Lookup Time-Accelerated BLAST) algorithm of blastp was used [23], which focuses
on the domain structure of the proteins and is beneficial to identify the potential biosynthesis locus
of EPS273.

As the first step to analyze the biosynthesis locus of EPS273, genes encoding glycosyltransferases
(GTs) were identified. A polysaccharide gene cluster (Figure 2A) consisting of five GTs and 13 other
genes were identified, which is similar to the symbiosis exopolysaccharide biosynthetic genes (syp)
of Vibrio sp. reported previously [24]. Within the gene cluster, 14 genes appeared to encode proteins
involved in biosynthesis, modification or export of polysaccharides (Figure 2A). According to the
analyses, the proteins were grouped into three classes, GTs, polysaccharide exporters, and “other”
(Table 1).

Of the 18 putative genes responsible for EPS273 biosynthesis, four genes are predicted to encode
regulatory proteins. (i) EPS273-A is a GGDEF domain-containing protein. In molecular biology,
the GGDEF domain is a protein domain universally existing in bacteria and is often linked to a
regulatory domain, such as a phosphorylation receiver or oxygen sensing domain [25]. The protein
containing GGDEF domain exerts its function as a diguanylate cyclase to synthesize cyclic di-GMP,
which is an intracellular signaling molecule existing widely in bacteria [25]. Therefore, EPS273-A is
proposed to be a diguanylate cyclase for EPS273 biosynthesis. (ii) EPS273-B belongs to P-loop_NTPase
superfamily and is predicted to be a sensor kinase. (iii) EPS273-C is a response regulator which contains
a signal receiver domain, accepting the signal from the sensor partner of the two-component systems,
originally thought to be unique to bacteria (CheY, OmpR, NtrC, and PhoB) [26]. (iv) EPS273-M contains
a RfaH domain and is proposed to be the direct transcriptional activator of the EPS273 biosynthesis
locus [27].
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Table 1. Polysaccharide biosynthetic gene cluster in P. stutzeri 273.

Accession Number Protein Designation Size (Amino Acids) Putative Function

WP_064482084.1 EPS273-A 534 Diguanylate cyclase
WP_045428334.1 EPS273-B 492 Sensor kinase
WP_064482085.1 EPS273-C 136 Response regulator
WP_064482094.1 EPS273-M 175 Transcription activator
WP_064482090.1 EPS273-H 405 Glycosyltransferase family 1
WP_064482091.1 EPS273-I 372 Glycosyltransferase family 1
WP_064482093.1 EPS273-L 419 Glycosyltransferase family 1
WP_064482087.1 EPS273-E 332 Glycosyltransferase family 2
WP_045428298.1 EPS273-P 309 Glycosyltransferase family 2
WP_064482086.1 EPS273-D 356 Acetyltransferase
WP_064482092.1 EPS273-J 445 Glycosyl hydrolase
WP_064482803.1 EPS273-K 417 O-antigen ligase
WP_064482095.1 EPS273-N 247 O-antigen production
WP_064482096.1 EPS273-O 736 Tyrosine protein kinase
WP_064482098.1 EPS273-R 393 Aminotransferase DegT
WP_064482088.1 EPS273-F 74 Hypothetical protein
WP_064482089.1 EPS273-G 108 Hypothetical protein

WP_064482097.1 EPS273-Q 508 O-antigen unit translocase or
flippase (RfbX/Wzx)

Of the 14 proposed structural proteins, five are putative GTs, which transfer sugar from an
activated donor to a recipient polysaccharide chain. These five proteins, EPS273-H, EPS273-I,
EPS273-L, EPS273-E, and EPS273-P, contain conserved domains in the glycosyltransferase 1 (GT1)
or glycosyltransferase 2 (GT2) family. EPS273-H, EPS273-I and EPS273-L are identified as family 1
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glycosyltransferase. EPS273-H contains a GT1_WbaZ_like domain (Figure 2B), and WbaZ in Salmonella
enterica has been shown to possess the mannosyl transferase activity [28]. EPS273-I contains a
GT1_MtfB_like domain (Figure 2C), and MtfB (mannosyltransferase B) in E. coli has been shown
to transfer mannose into the growing O9-specific polysaccharide chain [29]. EPS273-L contains a
GT1_ExpE7_like domain, and ExpE7 in Sinorhizobium meliloti has been shown to be involved in the
biosynthesis of galactoglucans [30]. EPS273-E and EPS273-P belong to the glycosyltransferase-like
family 2, and members of this family are often involved in bacterial capsule biosynthesis.

One of the EPS273 proteins, a putative polysaccharide exporter EPS273-Q, contains the conserved
domain RfbX (COG2244; E value of 2.68 × 10−15) found in O-antigen unit translocases, and the RfbX
(Wzx) is reported to be involved in transportation of polysaccharide from the cytoplasmic side to the
periplasmic side of the cytoplasmic membrane [31].

The remaining eight proteins have putative functions related to polysaccharide modification or
chain length regulation. EPS273-D is an acyltransferase, which contains an OafA domain. EPS273-J
contains a Glyco_10 domain (E value of 1 × 10−2), which is a putative glycosyl hydrolase. EPS273-K is
an O-antigen ligase-like membrane protein (E value of 1 × 10−96). EPS273-N contains a WbqC domain
(E value of 2.14 × 10−94). Although this kind of protein containing WbqC domain is functionally
uncharacterized, it is reported to be found in an O-antigen gene cluster in E. coli and other bacteria,
suggesting a role in O-antigen production [32]. EPS273-O is predicted to be a tyrosine protein kinase,
which is demonstrated to play an essential role in the biosynthesis of EPS [8]. Moreover, EPS273-O
contains a Wzz domain in the N-terminus (E value of 3.98 × 10−19) and is predicted to be a chain
length determinant protein (Figure 2D). The protein family containing Wzz domain is suggested to
play an important role in the distribution of the chain length on the O-antigen component of LPs [9].
EPS273-R is an aminotransferase DegT, which contains a WecE domain (E value of 3.91 × 10−102) and
is proposed to be a dTDP-4-amino-4,6-dideoxygalactose transaminase [33]. EPS273-F and EPS273-G
are two hypothetical proteins and their exact functions need to be elucidated in the future.

Altogether, our analysis suggested that the gene cluster containing the 18 genes identified in
P. stutzeri 273 might be involved in EPS273 biosynthesis, and corresponding mutants were constructed
to confirm this assumption.

2.4. Insertional Inactivation of Genes Involved in EPS273 Biosynthesis

In order to confirm whether the identified 18-gene locus was involved in EPS273 production or
not, allelic exchange was used to disrupt genes in this locus as described in the Materials and Methods.
Firstly, genes encoding GTs in the proposed 18-gene cluster were selected to be deleted because
GTs could transfer sugar from an activated donor to a recipient polysaccharide chain and played an
important role in EPSs production. Considering both EPS273-H and EPS273-I belonged to mannosyl
transferase according to the DELTA-BLAST analysis and located adjacent in the genome of P. stutzeri
273, the two genes encoding EPS273-H and EPS273-I were deleted together from the genome, and
the corresponding EPS was purified in parallel with that of wild type strain P. stutzeri 273. As for the
wild-type strain P. stutzeri 273, a polysaccharide peak of EPS273 was eluted immediately after the void
volume on Superdex™ 200 column, and showed high antibiofilm activity against P. aeruginosa PAO1,
which coincided with our previous report [13]. As for the mutant strain ∆eps273-HI, two polysaccharide
peaks were eluted immediately after the void volume on SuperdexTM 200 column (Figure 3A), which
indicated that deletion of eps273-HI changed the polysaccharide molecular weight and homogeneity to
some extent. Notably, the anti-biofilm activity against P. aeruginosa PAO1 was also correspondingly
changed (Figure 3B).

Since bacterial tyrosine kinases are reported to be involved in controlling of exopolysaccharide
production [8], a gene encoding EPS273-O, a typical tyrosine kinase according to the DELTA-BLAST
analysis, was selected to be in-frame deleted by homologous recombination. As shown in Figure 3,
the corresponding polysaccharide peak could hardly be detected in mutant strain ∆eps273-O, and the
anti-biofilm activity against P. aeruginosa PAO1 was also reduced dramatically compared with that
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from the wild-type strain P. stutzeri 273 (Figure 3B). Therefore, these results further confirmed that the
identified 18-gene locus in P. stutzeri 273 was involved in the biosynthesis of EPS273 and EPS273-O
played an important role in biosynthesis of EPS273.
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2.5. The Differences of Colony Phenotype and Biofilm Formation between P. stutzeri 273 and Its Mutants
∆eps273-HI and ∆eps273-O

Next, in order to investigate the effect of the gene deletion on the colony phenotype and biofilm
formation, the colony phenotype and biofilm formation of the wild-type strain P. stutzeri 273 and
corresponding deletion mutants ∆eps273-HI and ∆eps273-O were detected, respectively. As expected,
the wild-type strain P. stutzeri 273 showed a darker red color on the Congo red plate, while the mutant
strain ∆eps273-O showed an orange color on the Congo red plate (Figure 4A). This result suggested that
the mutant strain ∆eps273-O produced less polysaccharide than the wild-type strain did, which was
consistent with the results of purification profiles where corresponding EPS273 polysaccharide peak
could hardly be detected in mutant ∆eps273-O (Figure 3A). However, deletion of eps273-HI didn’t
change the color of the mutant ∆eps273-HI obviously on the Congo red plate, which also coincided
with the result of the purification profile that deletion of eps273-HI just changed the polysaccharide
molecular weight and homogeneity (Figure 4A).

Furthermore, when observed under the microscope, the colonies of mutant strain ∆eps273-HI
and ∆eps273-O looked wrinkled, while colony of the wild type strain P. stutzeri 273 was smooth
(Figure 4B). Especially, the difference of the colony margins between the wild-type strain P. stutzeri 273
and the corresponding mutant ∆eps273-O or ∆eps273-HI looked more obvious when observed under a
microscope (Figure 4C).

In addition, the mutant strain ∆eps273-HI formed the biofilm after incubation for 24 h, while the
wild-type strain P. stutzeri 273 did not form a biofilm until being incubated for 36–48 h (Figure 5).
Surprisingly, the mutant strain ∆eps273-O almost completely abolished the ability of biofilm formation
as ∆eps273-O did not have any biofilm formed even when incubated for up to 48 h (Figure 5).
Taken together, these results showed that deletion of eps273-O led to a dramatic reduction of biofilm
formation due to the reduction of EPS273 production, while deletion of ∆eps273-HI facilitated the
biofilm formation.
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Figure 4. Comparison of colony morphology between wild-type and deletion mutants of P. stutzeri 273.
(A) Congo red binding assay of wild-type P. stutzeri 273 compared with deletion mutants ∆eps273-O
and ∆eps273-HI. (B) Morphology observation of wild-type P. stutzeri 273 compared with deletion
mutants ∆eps273-O and ∆eps273-HI. (C) Observation of the edge of the colony in panel B with high
magnification. All images are representative of three separate experiments. At least two independent
experiments of each strain were tested, and only representative images are shown in panels A–C.
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Figure 5. Comparison of the ability of biofilm formation between wild-type P. stutzeri 273 and
its deletion mutants ∆eps273-O and ∆eps273-HI at different time points. At least two independent
experiments of each strain were performed, and only representative images are shown.

3. Discussion

P. stutzeri is a species having very broad phenotypic and genotypic diversity. Within prokaryotes,
great advances have been achieved in P. stutzeri, a species considered as a model system for biochemical
characterization of denitrification [17]. In our previous study, P. stutzeri 273 was isolated from the
sediments of the East China Sea and exhibited great potential in combating biofilm-related infection
and biofouling in marine aquaculture [13].

In this study, we sequenced the whole genome of P. stutzeri 273. It is noteworthy that 17 GIs
were found in the genome of P. stutzeri 273. Moreover, genes encoding ABC transporters and genes
responsible for resistance to copper and mercury are observed in different GIs. Since GI is predicted to
be involved in niche adaptation and the ecological success of microbes by lateral gene transfer [34,35],
the 17 GIs in P. stutzeri 273 may be important for its adaptation to environmental changes by lateral gene
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transfer. It will be of great interest to investigate in future studies whether the remaining hypothetical
genes present in the GIs of P. stutzeri 273 play important roles in conferring its extra resistance to
environmental stress, such as heavy metal stress and oxidation stress, etc.

Exopolysaccharide released from bacteria plays important roles in its self-defense of the
harsh conditions of starvation, pH, and temperature, and genes responsible for biosynthesis of
polysaccharides are often clustered in the genome. Based on bioinformatics analyses, only one complete
gene cluster is proposed to be involved in the biosynthesis of EPS273, which is very similar to the syp
polysaccharide locus reported in Vibrio fischeri [23]. Notably, both biosynthesis loci of syp and eps273
include 18 genes that can be grouped into four classes according to putative functions: regulators,
glycosyltransferases, export proteins, and proteins with other functions, including polysaccharide
modification. The patterns of EPS loci derived from V. fischeri and P. stutzeri are similar, which indicates
that biosynthesis of syp-like polysaccharide in different bacteria genus is conserved. Until now, there
is no any other report about syp-like cluster involved in polysaccharide biosynthesis in P. stutzeri.
Therefore, it will be interesting to investigate the exact function of each gene in the eps273 gene cluster
and compare it to that of V. fischeri counterpart.

As the proposed 18-gene cluster contains five glycosyltransferases, of which EPS273-H and
EPS273-I belonged to mannosyl transferase and are located adjacently in the gene cluster, genes
encoding EPS273-H and EPS273-I were deleted together. Deletion of eps273-H and eps273-I together
just changed the polysaccharide molecular weight and homogeneity (Figure 3A), indicating that
deletion of the two adjacent glycosyltransferases might be complemented by other glycosyltransferases
present in the gene cluster, which was consistent with the previous report about expolysaccharide
HE800 [24]. To some extent, the presence of five glycosyltransferases within the 18-gene cluster of
P. stutzeri 273 may confer its ability to generate diversity in the glycosidic structure, which may increase
its adaption to the changes of natural environment. In addition, the gene encoding EPS273-O, a tyrosine
kinase of P. stutzeri 273, was also in-frame deleted. The resulting mutant ∆eps273-O almost abolished
the production of EPS273 and its biofilm formation (Figures 3 and 5), suggesting that EPS273-O
may play an essential role in EPS273 biosynthesis and its biofilm formation, which is in accordance
with previous report that bacterial tyrosine kinase is necessary for exopolysaccharide biosynthetic
production and biofilm formation in B. subtilis [36]. Altogether, the analysis about mutants ∆eps273-HI
and ∆eps273-O further confirmed the involvement of the 18-gene cluster in biosynthesis of EPS273.

To investigate the biological role of EPS273 for its producing strain P. stutzeri 273, biofilm of
wild-type P. stutzeri 273 and its derivative mutants was detected. The deletion mutant ∆eps273-O
almost completely lost the ability of biofilm formation as the production of EPS273 could hardly be
detected, indicating that EPS273 might be important in biofilm formation for its producing strain
P. stutzeri 273. Together with our previous report that EPS273 exhibited high anti-biofilm activity
against P. aeruginosa PAO1 [13], it may be presumed that EPS273 might benefit its producing stain
P. stutzeri 273 to have biofilm formed, and facilitate competition with other strains in niches, because the
formation of biofilm is an integral part of life cycle in bacteria and an important factor for bacterial
survival in diverse environments [37]. It would be of great interest to elucidate the mechanism
of EPS273 to inhibit the biofilm formation of P. aeruginosa PAO1 and facilitate its producing strain
P. stutzeri 273 to form a biofilm. A corresponding study is under way in our lab.

Altogether, the genomic sequence of P. stutzeri 273 not only provides us the basic knowledge
of the strain, but also helps us to identify EPS273 biosynthesis locus. Combined with results of
related gene-deletion mutants, the proposed 18-gene cluster could be claimed to be involved in the
biosynthesis of EPS273. This study would help us to design methods to obtain a better production
yield, as well as to obtain tailor-made EPS273 with novel properties in the future.



Mar. Drugs 2017, 15, 218 10 of 14

4. Materials and Methods

4.1. Bacterial Strains and Media

Escherichia coli DH5α was used as the host for plasmid construction, and E. coli S17-1 was used
as a vector donor in conjugation. P. stutzeri 273 and corresponding mutants were cultured in marine
broth 2216E (5 g/L tryptone, 1 g/L yeast extract, one liter filtered seawater, pH adjusted to 7.4–7.6)
or Lysogeny Broth (LB) medium (10 g/L peptone, 5 g/L yeast extract, 10 g/L NaCl, pH adjusted to
7.0), and incubated at 28 ◦C under vigorous agitation at a speed of 150 rpm. P. aeruginosa PAO1, E. coli
DH5α, E. coli SY327, and E. coli S17-1 were grown in LB medium at 37 ◦C with shaking at a speed of
150 rpm. When necessary, antibiotics were added and the final concentrations were used as follows:
25 µg/mL for chloramphenicol (Cm) and 25 µg/mL for gentamicin (Gm).

4.2. Genomic Studies

The whole genome of P. stutzeri 273 was sequenced by single molecule, real-time (SMRT)
technology [38]. Using SMRT Analysis 2.3.0 to filter low-quality reads and the filtered reads
were assembled to generate one contig without gaps. A total of 90,551 filtered paired-end reads
were produced with an average read length of 12,368 bp, which corresponded to approximately
222-fold coverage. tRNAscan-SE v.1.23 and RNAmmer v.1.2 were used to identify presence of
tRNA and rRNA, respectively [39,40]. Gene prediction was performed by GeneMarkS [41] with
an integrated model that combined the GeneMarkS generated (native) and heuristic model parameters.
A whole genome Blast search (E-value less than 1 × 10−5), minimal alignment length percentage
larger than 40%) was performed against six databases. They are KEGG (Kyoto Encyclopedia of
genes and genomes) [42], COG (Clusters of Orthologous Groups) [43], GO (Gene Ontology) [44],
NR (Non-Redundant Protein Database databases), and Swiss-Prot [45]. The Venn diagram was
constructed by Vennerable R package [46]. The CAZy family of glycosyltransferases was determined
based on the Carbohydrate-Active enZYmes database [47].

4.3. Vector Construction and Mutagenesis

The P. stutzeri 273 derivatives ∆eps273-HI and ∆eps273-O were constructed by allelic exchange
by the method described previously with minor modification [48]. Briefly, fragments for mutant
construction of ∆eps273-O were amplified from the strain P. stutzeri 273 by primers P1/P2 and P3/P4,
and fragments for mutant construction of ∆eps273-HI were amplified by primers P5/P6 and P7/P8
(Table S4), respectively. The PCR fragments were purified, digested and ligated into the suicide
vector pEX18Gm, which has an oriT for conjugation. The resulting plasmid pEX18Gm-∆eps273-HI
or pEX18Gm-∆eps273-O was transformed sequentially into E. coli SY327 and E. coli S17-1 using the
CaCl2 method. Mating between P. stutzeri 273 and E. coli S17-1 containing pEX18Gm-∆eps273-HI
or pEX18Gm-∆eps273-O was performed at 30 ◦C for 24 h. Colonies that were grown on LB agar
supplemented with Cm (25 µg/mL) and Gm (25 µg/mL) represented single-event recombinant
strains that contained vector pEX18Gm-∆eps273-HI or pEX18Gm-∆eps273-O incorporated into the
chromosome. An individual colony was selected and incubated overnight at 30 ◦C with shaking
in LB broth containing Cm (25 µg/mL) and Gm (25 µg/mL), then diluted 1:1000 into fresh LB
broth and plated onto LB medium supplemented with 10% sucrose and incubated for 48 h at 30 ◦C.
A single colony was selected and re-streaked several times before being replicated onto LB medium
supplemented with Gm (25 µg/mL) to confirm sensitivity to gentamicin and loss of the pEX18GM
vector. Double recombination events in putative mutants were checked by PCR amplification with
primers P1/P4 or P5/P8 (Table S4).

4.4. EPS Extraction, Purification, and Analysis

The marine bacterium P. stutzeri 273 or its derivatives ∆eps273-HI or ∆eps273-O, was cultured
in glass flasks containing the same amount of LB medium, respectively, and incubated at 28 ◦C
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under vigorous agitation for 48 h. Corresponding EPS273 components of P. stutzeri 273, or its
derivatives ∆eps273-HI and ∆eps273-O, were purified in parallel according to the methods described
previously [13]. Briefly, the anti-biofilm active components were purified by ammonium sulfate
precipitation, sequential HiTrap™ Q HP column (GE Healthcare, Chicago, IL, USA), ultra-filtration
(100-kDa MW cut-off membrane, Millipore, Billerica, MA, USA) and Hiload™ 16/600 Superdex™
200 column chromatography(version 28-9893-35, GE Healthcare, Chicago, IL, USA). Total sugar
contents of the elution fractions were determined by the phenol-sulfuric acid method using glucose as
the standard [49].

4.5. Anti-Biofilm Assays

The anti-biofilm activity of purified EPS273 from wild-type or deletion mutants against
P. aeruginosa PAO1 was detected in 24-well polystyrene microplate using our previous method with
minor modification [50]. Briefly, overnight culture of P. aeruginosa PAO1 was diluted to OD600
of 0.1 with LB medium, and 950 µL of fresh diluted P. aeruginosa PAO1 was incubated statically
in 24-well polystyrene plate with or without 50 µL of elution fractions of purified corresponding
EPS273 components from P. stutzeri 273, or its derivatives ∆eps273-HI and ∆eps273-O, at 37 ◦C for
24 h. For quantification of biofilm formation, planktonic bacteria were abandoned, and wells of
24-well polystyrene microplate were rinsed gently with sterile distilled water, air-dried for 10 min,
and subsequently stained with 1% crystal violet for 10 min. The crystal violet of the stained biofilm
was dissolved in 200 µL of ethanol (95%, volume/volume), then detected at 595 nm.

4.6. Colony Morphology on Congo Red (CR) Plates

Colonies on CR plate were grown as previously described with minor modifications [51]. Briefly,
colonies of P. stutzeri 273, or its derivatives ∆eps273-HI or ∆eps273-O grown on 2216E plates were
streaked onto 2216E plates supplemented with Congo red at a final concentration of 8 µg/mL and
incubated at 28 ◦C for three days. The morphology of the colonies on Congo red plates was checked and
recorded under an inverted microscope (NIKON TS100, Tokyo, Japan) equipped with a digital camera.

4.7. Biofilm Formation of P. stutzeri 273 and Its Derivatives ∆eps273-HI or ∆eps273-O

To check the biofilm formation of wild-type and corresponding mutant strains, P. stutzeri 273,
or its derivative ∆eps273-HI or ∆eps273-O, was cultured in glass tubes containing the same amount
of LB medium, respectively, and incubated overnight at 28 ◦C under vigorous agitation. Thereafter,
the overnight culture was diluted to the initial OD600 of 0.02 with fresh LB medium, and tubes
containing the same amount of newly-diluted LB medium were incubated at 28 ◦C statically for 24 h,
36 h, and 48 h, respectively. The biofilm formation of P. stutzeri 273, or its derivatives, was checked
and recorded.

4.8. Nucleotide Sequence Accession Numbers

The complete genome sequence of P. stutzeri 273 has been deposited at GenBank under the
accession number CP015641.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/7/218/s1.

Acknowledgments: This work was supported by National Natural Science Foundation of China (no. 31600035)
for Shimei Wu; Natural Science Outstanding Youth Fund of Shandong Province (no. JQ201607), Tai Shan
Young Scholar Foundation of Shandong Province, the AoShan Talents Program supported by Qingdao National
Laboratory for Marine Science and Technology (no. 2015ASTP), the “100-Talent Project” of the Chinese Academy
of Sciences for Chaomin Sun. The plasmid pEX18Gm was kindly provided by Luyan Ma of the Institute of
Microbiology, Chinese Academy of Sciences.

Author Contributions: Shimei Wu and Chaomin Sun conceived and designed the experiments; Shimei Wu and
Rikuan Zheng performed the experiments; Shimei Wu and Chaomin Sun analyzed the data; Shimei Wu and
Chaomin Sun wrote the paper; and Zhenxia Sha helped to write the paper.

www.mdpi.com/1660-3397/15/7/218/s1


Mar. Drugs 2017, 15, 218 12 of 14

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Sutherland, I.W. Biofilm exopolysaccharides: A strong and sticky framework. Microbiology 2001, 147, 3–9.
[CrossRef] [PubMed]

2. Boels, I.C.; Ramos, A.; Kleerebezem, M.; De Vos, W.M. Functional analysis of the Lactococcus lactis galU and
galE genes and their impact on sugar nucleotide and exopolysaccharide biosynthesis. Appl. Environ. Microb.
2001, 67, 3033–3040. [CrossRef] [PubMed]

3. Knoshaug, E.P.; Ahlgren, J.A.; Trempy, J.E. Exopolysaccharide expression in Lactococcus lactis subsp cremoris
Ropy352: Evidence for novel gene organization. Appl. Environ. Microb. 2007, 73, 897–905. [CrossRef]
[PubMed]

4. De Vuyst, L.; Degeest, B. Heteropolysaccharides from lactic acid bacteria. FEMS Microbiol. Rev. 1999, 23,
153–177. [CrossRef] [PubMed]

5. Weigel, P.H.; DeAngelis, P.L. Hyaluronan synthases: A decade-plus of novel glycosyltransferases.
J. Biol. Chem. 2007, 282, 36777–36781. [CrossRef] [PubMed]

6. Whitfield, C. Biosynthesis and assembly of capsular polysaccharides in Escherichia coli. Annu. Rev. Biochem.
2006, 75, 39–68. [CrossRef] [PubMed]

7. Reid, A.N.; Whitfield, C. Functional analysis of conserved gene products involved in assembly of
Escherichia coli capsules and exopolysaccharides: Evidence for molecular recognition between Wza and Wzc
for colanic acid biosynthesis. J. Bacteriol. 2005, 187, 5470–5481. [CrossRef] [PubMed]

8. Elsholz, A.K.; Wacker, S.A.; Losick, R. Self-regulation of exopolysaccharide production in Bacillus subtilis by
a tyrosine kinase. Genes Dev. 2014, 28, 1710–1720. [CrossRef] [PubMed]

9. Grangeasse, C.; Nessler, S.; Mijakovic, I. Bacterial tyrosine kinases: Evolution, biological function and
structural insights. Philos. Trans. R. Soc. B 2012, 367, 2640–2655. [CrossRef] [PubMed]

10. Rossello, R.; Garciavaldes, E.; Lalucat, J.; Ursing, J. Genotypic and phenotypic diversity of
Pseudomonas Stutzeri. Syst. Appl. Microbiol. 1991, 14, 150–157. [CrossRef]

11. Lalucat, J.; Bennasar, A.; Bosch, R.; Garcia-Valdes, E.; Palleroni, N.J. Biology of Pseudomonas stutzeri.
Microbiol. Mol. Biol. Rev. 2006, 70, 510–547. [CrossRef] [PubMed]

12. Mendez, V.; Fuentes, S.; Hernandez, M.; Morgante, V.; Gonzalez, M.; Seeger, M. Isolation of
hydrocarbon-degrading heavy-metal-resistant bacteria from crude oil-contaminated soil in central chile.
J. Biotechnol. 2010, 150, S287. [CrossRef]

13. Wu, S.M.; Liu, G.; Jin, W.H.; Xiu, P.Y.; Sun, C.M. Antibiofilm and anti-infection of a marine bacterial
exopolysaccharide against Pseudomonas aeruginosa. Front. Microbiol. 2016, 7, 102. [CrossRef] [PubMed]

14. Schmid, J.; Sieber, V.; Rehm, B. Bacterial exopolysaccharides: Biosynthesis pathways and engineering
strategies. Front. Microbiol. 2015, 6, 496. [CrossRef] [PubMed]

15. Brunet-Galmes, I.; Busquets, A.; Pena, A.; Gomila, M.; Nogales, B.; Garcia-Valdes, E.; Lalucat, J.; Bennasar, A.;
Bosch, R. Complete genome sequence of the naphthalene-degrading bacterium Pseudomonas stutzeri AN10
(CCUG 29243). J. Bacteriol. 2012, 194, 6642–6643. [CrossRef] [PubMed]

16. Hu, B.; Nie, Y.; Geng, S.; Wu, X.L. Complete genome sequence of the petroleum-emulsifying bacterium
Pseudomonas stutzeri SLG510A3-8. J. Biotechnol. 2015, 211, 1–2. [CrossRef] [PubMed]

17. Chen, M.; Yan, Y.L.; Zhang, W.; Lu, W.; Wang, J.; Ping, S.Z.; Lin, M. Complete genome sequence of the type
strain Pseudomonas stutzeri CGMCC 1.1803. J. Bacteriol. 2011, 193, 6095. [CrossRef] [PubMed]

18. Yan, Y.L.; Yang, J.; Dou, Y.T.; Chen, M.; Ping, S.Z.; Peng, J.P.; Lu, W.; Zhang, W.; Yao, Z.Y.; Li, H.Q.; et al.
Nitrogen fixation island and rhizosphere competence traits in the genome of root-associated Pseudomonas
stutzeri A1501. Proc. Natl. Acad. Sci. USA 2008, 105, 7564–7569. [CrossRef] [PubMed]

19. Kurtz, S.; Phillippy, A.; Delcher, A.L.; Smoot, M.; Shumway, M.; Antonescu, C.; Salzberg, S.L. Versatile and
open software for comparing large genomes. Genome Biol. 2004, 5, R12. [CrossRef] [PubMed]

20. Harris, R.S. Improved Pairwise Alignment of Genomic DNA. Ph.D. Thesis, Pennsylvania State University,
State College, PA, USA, 2007.

21. Nandi, T.; Ong, C.; Singh, A.P.; Boddey, J.; Atkins, T.; Sarkar-Tyson, M.; Essex-Lopresti, A.E.; Chua, H.H.;
Pearson, T.; Kreisberg, J.F.; et al. A Genomic Survey of Positive Selection in Burkholderia pseudomallei Provides
Insights into the Evolution of Accidental Virulence. PLoS Pathog. 2010, 6, e1000845. [CrossRef] [PubMed]

http://dx.doi.org/10.1099/00221287-147-1-3
http://www.ncbi.nlm.nih.gov/pubmed/11160795
http://dx.doi.org/10.1128/AEM.67.7.3033-3040.2001
http://www.ncbi.nlm.nih.gov/pubmed/11425718
http://dx.doi.org/10.1128/AEM.01945-06
http://www.ncbi.nlm.nih.gov/pubmed/17122391
http://dx.doi.org/10.1111/j.1574-6976.1999.tb00395.x
http://www.ncbi.nlm.nih.gov/pubmed/10234843
http://dx.doi.org/10.1074/jbc.R700036200
http://www.ncbi.nlm.nih.gov/pubmed/17981795
http://dx.doi.org/10.1146/annurev.biochem.75.103004.142545
http://www.ncbi.nlm.nih.gov/pubmed/16756484
http://dx.doi.org/10.1128/JB.187.15.5470-5481.2005
http://www.ncbi.nlm.nih.gov/pubmed/16030241
http://dx.doi.org/10.1101/gad.246397.114
http://www.ncbi.nlm.nih.gov/pubmed/25085422
http://dx.doi.org/10.1098/rstb.2011.0424
http://www.ncbi.nlm.nih.gov/pubmed/22889913
http://dx.doi.org/10.1016/S0723-2020(11)80294-8
http://dx.doi.org/10.1128/MMBR.00047-05
http://www.ncbi.nlm.nih.gov/pubmed/16760312
http://dx.doi.org/10.1016/j.jbiotec.2010.09.225
http://dx.doi.org/10.3389/fmicb.2016.00102
http://www.ncbi.nlm.nih.gov/pubmed/26903981
http://dx.doi.org/10.3389/fmicb.2015.00496
http://www.ncbi.nlm.nih.gov/pubmed/26074894
http://dx.doi.org/10.1128/JB.01753-12
http://www.ncbi.nlm.nih.gov/pubmed/23144395
http://dx.doi.org/10.1016/j.jbiotec.2015.06.421
http://www.ncbi.nlm.nih.gov/pubmed/26144046
http://dx.doi.org/10.1128/JB.06061-11
http://www.ncbi.nlm.nih.gov/pubmed/21994926
http://dx.doi.org/10.1073/pnas.0801093105
http://www.ncbi.nlm.nih.gov/pubmed/18495935
http://dx.doi.org/10.1186/gb-2004-5-2-r12
http://www.ncbi.nlm.nih.gov/pubmed/14759262
http://dx.doi.org/10.1371/journal.ppat.1000845
http://www.ncbi.nlm.nih.gov/pubmed/20368977


Mar. Drugs 2017, 15, 218 13 of 14

22. Li, W.Z.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide
sequences. Bioinformatics 2006, 22, 1658–1659. [CrossRef] [PubMed]

23. Shibata, S.; Yip, E.S.; Quirke, K.P.; Ondrey, J.M.; Visick, K.L. Roles of the structural symbiosis polysaccharide
(syp) genes in host colonization, biofilm formation, and polysaccharide biosynthesis in Vibrio fischeri.
J. Bacteriol. 2012, 194, 6736–6747. [CrossRef] [PubMed]

24. Goudenege, D.; Boursicot, V.; Versigny, T.; Bonnetot, S.; Ratiskol, J.; Sinquin, C.; LaPointe, G.; Le Roux, F.;
Delbarre-Ladrat, C. Genome sequence of Vibrio diabolicus and identification of the exopolysaccharide HE800
biosynthesis locus. Appl. Microbiol. Biotechnol. 2014, 98, 10165–10176. [CrossRef] [PubMed]

25. Ryjenkov, D.A.; Tarutina, M.; Moskvin, O.V.; Gomelsky, M. Cyclic diguanylate is a ubiquitous signaling
molecule in bacteria: Insights into biochemistry of the GGDEF protein domain. J. Bacteriol. 2005, 187,
1792–1798. [CrossRef] [PubMed]

26. Lee, A.K.; Detweiler, C.S.; Falkow, S. OmpR regulates the two-component system SsrA-SsrB in Salmonella
pathogenicity island 2. J. Bacteriol. 2000, 182, 771–781. [CrossRef] [PubMed]

27. Belogurov, G.A.; Sevostyanova, A.; Svetlov, V.; Artsimovitch, I. Functional regions of the N-terminal domain
of the antiterminator RfaH. Mol. Microbiol. 2010, 76, 286–301. [CrossRef] [PubMed]

28. Awram, P.; Smit, J. Identification of lipopolysaccharide O antigen synthesis genes required for attachment of
the S-layer of Caulobacter crescentus. Microbiology 2001, 147, 1451–1460. [CrossRef] [PubMed]

29. Kido, N.; Torgov, V.I.; Sugiyama, T.; Uchiya, K.; Sugihara, H.; Komatsu, T.; Kato, N.; Jann, K. Expression of the
O9 Polysaccharide of Escherichia-coli: Sequencing of the Escherichia coli O9 Rfb Gene-Cluster, Characterization
of Mannosyl Transferases, and Evidence for an Atp-Binding Cassette Transport-System. J. Bacteriol. 1995,
177, 2178–2187. [CrossRef] [PubMed]

30. Ruberg, S.; Puhler, A.; Becker, A. Biosynthesis of the exopolysaccharide galactoglucan in Sinorhizobium
meliloti is subject to a complex control by the phasphate-dependent regulator PhoB and the proteins ExpG
and MucR. Microbiology 1999, 145, 603–611. [CrossRef] [PubMed]

31. Liu, D.; Cole, R.A.; Reeves, P.R. An O-antigen processing function for Wzx (RfbX): A promising candidate
for O-unit flippase. J. Bacteriol. 1996, 178, 2102–2107. [CrossRef] [PubMed]

32. Feng, L.; Tao, J.; Guo, H.J.; Xu, J.G.; Li, Y.Y.; Rezwan, F.; Reeves, P.; Wang, L. Structure of the Shigella dysenteriae
7 O antigen gene cluster and identification of its antigen specific genes. Microb. Pathog. 2004, 36, 109–115.
[CrossRef] [PubMed]

33. Hwang, B.Y.; Lee, H.J.; Yang, Y.H.; Joo, H.S.; Kim, B.G. Characterization and investigation of substrate
specificity of the sugar aminotransferase WecE from E-coli K12. Chem. Biol. 2004, 11, 915–925. [CrossRef]
[PubMed]

34. Stuart, R.K.; Brahamsha, B.; Busby, K.; Palenik, B. Genomic island genes in a coastal marine Synechococcus
strain confer enhanced tolerance to copper and oxidative stress. ISME J. 2013, 7, 1139–1149. [CrossRef]
[PubMed]

35. Dobrindt, U.; Hochhut, B.; Hentschel, U.; Hacker, J. Genomic islands in pathogenic and environmental
microorganisms. Nat. Rev. Microbiol. 2004, 2, 414–424. [CrossRef] [PubMed]

36. Gerwig, J.; Kiley, T.B.; Gunka, K.; Stanley-Wall, N.; Stulkel, J. The protein tyrosine kinases EpsB and PtkA
differentially affect biofilm formation in Bacillus subtilis. Microbiology 2014, 160, 682–691. [CrossRef] [PubMed]

37. Hall-Stoodley, L.; Costerton, J.W.; Stoodley, P. Bacterial biofilms: From the natural environment to infectious
diseases. Nat. Rev. Microbiol. 2004, 2, 95–108. [CrossRef] [PubMed]

38. Roberts, R.J.; Carneiro, M.O.; Schatz, M.C. The advantages of SMRT sequencing. Genome Biol. 2013, 14, 405.
[CrossRef] [PubMed]

39. Lagesen, K.; Hallin, P.; Rodland, E.A.; Staerfeldt, H.H.; Rognes, T.; Ussery, D.W. RNAmmer: Consistent and
rapid annotation of ribosomal RNA genes. Nucleic Acids Res. 2007, 35, 3100–3108. [CrossRef] [PubMed]

40. Lowe, T.M.; Eddy, S.R. tRNAscan-SE: A program for improved detection of transfer RNA genes in genomic
sequence. Nucleic Acids Res. 1997, 25, 955–964. [CrossRef] [PubMed]

41. Besemer, J.; Lomsadze, A.; Borodovsky, M. GeneMarkS: A self-training method for prediction of gene starts
in microbial genomes. Implications for finding sequence motifs in regulatory regions. Nucleic Acids Res.
2001, 29, 2607–2618. [CrossRef] [PubMed]

42. Kanehisa, M.; Goto, S.; Hattori, M.; Aoki-Kinoshita, K.F.; Itoh, M.; Kawashima, S.; Katayama, T.; Araki, M.;
Hirakawa, M. From genomics to chemical genomics: New developments in KEGG. Nucleic Acids Res. 2006,
34, D354–D357. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/bioinformatics/btl158
http://www.ncbi.nlm.nih.gov/pubmed/16731699
http://dx.doi.org/10.1128/JB.00707-12
http://www.ncbi.nlm.nih.gov/pubmed/23042998
http://dx.doi.org/10.1007/s00253-014-6086-8
http://www.ncbi.nlm.nih.gov/pubmed/25273176
http://dx.doi.org/10.1128/JB.187.5.1792-1798.2005
http://www.ncbi.nlm.nih.gov/pubmed/15716451
http://dx.doi.org/10.1128/JB.182.3.771-781.2000
http://www.ncbi.nlm.nih.gov/pubmed/10633113
http://dx.doi.org/10.1111/j.1365-2958.2010.07056.x
http://www.ncbi.nlm.nih.gov/pubmed/20132437
http://dx.doi.org/10.1099/00221287-147-6-1451
http://www.ncbi.nlm.nih.gov/pubmed/11390676
http://dx.doi.org/10.1128/jb.177.8.2178-2187.1995
http://www.ncbi.nlm.nih.gov/pubmed/7536735
http://dx.doi.org/10.1099/13500872-145-3-603
http://www.ncbi.nlm.nih.gov/pubmed/10217494
http://dx.doi.org/10.1128/jb.178.7.2102-2107.1996
http://www.ncbi.nlm.nih.gov/pubmed/8606190
http://dx.doi.org/10.1016/j.micpath.2003.10.003
http://www.ncbi.nlm.nih.gov/pubmed/14687563
http://dx.doi.org/10.1016/j.chembiol.2004.04.015
http://www.ncbi.nlm.nih.gov/pubmed/15271350
http://dx.doi.org/10.1038/ismej.2012.175
http://www.ncbi.nlm.nih.gov/pubmed/23344240
http://dx.doi.org/10.1038/nrmicro884
http://www.ncbi.nlm.nih.gov/pubmed/15100694
http://dx.doi.org/10.1099/mic.0.074971-0
http://www.ncbi.nlm.nih.gov/pubmed/24493247
http://dx.doi.org/10.1038/nrmicro821
http://www.ncbi.nlm.nih.gov/pubmed/15040259
http://dx.doi.org/10.1186/gb-2013-14-6-405
http://www.ncbi.nlm.nih.gov/pubmed/23822731
http://dx.doi.org/10.1093/nar/gkm160
http://www.ncbi.nlm.nih.gov/pubmed/17452365
http://dx.doi.org/10.1093/nar/25.5.0955
http://www.ncbi.nlm.nih.gov/pubmed/9023104
http://dx.doi.org/10.1093/nar/29.12.2607
http://www.ncbi.nlm.nih.gov/pubmed/11410670
http://dx.doi.org/10.1093/nar/gkj102
http://www.ncbi.nlm.nih.gov/pubmed/16381885


Mar. Drugs 2017, 15, 218 14 of 14

43. Tatusov, R.L.; Fedorova, N.D.; Jackson, J.D.; Jacobs, A.R.; Kiryutin, B.; Koonin, E.V.; Krylov, D.M.;
Mazumder, R.; Mekhedov, S.L.; Nikolskaya, A.N.; et al. The COG database: An updated version includes
eukaryotes. BMC Bioinform. 2003, 4, 41. [CrossRef] [PubMed]

44. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.;
Dwight, S.S.; Eppig, J.T.; et al. Gene Ontology: Tool for the unification of biology. Nat. Genet. 2000, 25, 25–29.
[CrossRef] [PubMed]

45. Magrane, M.; Consortium, U. UniProt Knowledgebase: A hub of integrated protein data. Database (Oxf.)
2011, 2011, bar009. [CrossRef] [PubMed]

46. Lam, F.; Lalansingh, C.M.; Babaran, H.E.; Wang, Z.Y.; Prokopec, S.D.; Fox, N.S.; Boutros, P.C.
VennDiagramWeb: A web application for the generation of highly customizable Venn and Euler diagrams.
BMC Bioinform. 2016, 17, 401. [CrossRef] [PubMed]

47. Lombard, V.; Ramulu, H.G.; Drula, E.; Coutinho, P.M.; Henrissat, B. The carbohydrate-active enzymes
database (CAZy) in 2013. Nucleic Acids Res. 2014, 42, D490–D495. [CrossRef] [PubMed]

48. Qian, G.L.; Wang, Y.S.; Qian, D.Y.; Fan, J.Q.; Hu, B.S.; Liu, F.Q. Selection of available suicide vectors for
gene mutagenesis using chiA (a chitinase encoding gene) as a new reporter and primary functional analysis
of chiA in Lysobacter enzymogenes strain OH11. World J. Microb. Biotechnol. 2012, 28, 549–557. [CrossRef]
[PubMed]

49. Jiang, P.; Li, J.; Han, F.; Duan, G.; Lu, X.; Gu, Y.; Yu, W. Antibiofilm activity of an exopolysaccharide from
marine bacterium Vibrio sp. QY101. PLoS ONE 2011, 6, e18514. [CrossRef] [PubMed]

50. Wu, S.M.; Liu, G.; Zhang, D.C.; Li, C.X.; Sun, C.M. Purification and biochemical characterization of an
alkaline protease from marine bacteria Pseudoalteromonas sp 129-1. J. Basic Microb. 2015, 55, 1427–1434.
[CrossRef] [PubMed]

51. Nielsen, L.; Li, X.H.; Halverson, L.J. Cell-cell and cell-surface interactions mediated by cellulose and a novel
exopolysaccharide contribute to Pseudomonas putida biofilm formation and fitness under water-limiting
conditions. Environ. Microbiol. 2011, 13, 1342–1356. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/1471-2105-4-41
http://www.ncbi.nlm.nih.gov/pubmed/12969510
http://dx.doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
http://dx.doi.org/10.1093/database/bar009
http://www.ncbi.nlm.nih.gov/pubmed/21447597
http://dx.doi.org/10.1186/s12859-016-1281-5
http://www.ncbi.nlm.nih.gov/pubmed/27716034
http://dx.doi.org/10.1093/nar/gkt1178
http://www.ncbi.nlm.nih.gov/pubmed/24270786
http://dx.doi.org/10.1007/s11274-011-0846-8
http://www.ncbi.nlm.nih.gov/pubmed/22806850
http://dx.doi.org/10.1371/journal.pone.0018514
http://www.ncbi.nlm.nih.gov/pubmed/21490923
http://dx.doi.org/10.1002/jobm.201500327
http://www.ncbi.nlm.nih.gov/pubmed/26213994
http://dx.doi.org/10.1111/j.1462-2920.2011.02432.x
http://www.ncbi.nlm.nih.gov/pubmed/21507177
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Genome Properties of P. stutzeri 273 
	Insights from the Genome Sequence of P. stutzeri 273 
	Identification of EPS273 Biosynthesis Locus in the P. stutzeri 273 Genome 
	Insertional Inactivation of Genes Involved in EPS273 Biosynthesis 
	The Differences of Colony Phenotype and Biofilm Formation between P. stutzeri 273 and Its Mutants eps273-HI and eps273-O 

	Discussion 
	Materials and Methods 
	Bacterial Strains and Media 
	Genomic Studies 
	Vector Construction and Mutagenesis 
	EPS Extraction, Purification, and Analysis 
	Anti-Biofilm Assays 
	Colony Morphology on Congo Red (CR) Plates 
	Biofilm Formation of P. stutzeri 273 and Its Derivatives eps273-HI or eps273-O 
	Nucleotide Sequence Accession Numbers 


