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Complete genome sequence of Marinomonas sp. FW-1, an
arylsulfatase-producing bacterium isolated from red seaweed

Qiang Wang, Xiaoting Fu’, Xiangzhao Mao, Jiachao Xu, Xin Gao

College of Food Science and Engineering, Ocean University of China, Qingdao 266003, Shandong Province, China

Abstract: [Objective] Marinomonas sp. FW-1 secretes high-activity arylsulfatase. This study was carried out to
clone all the possible arylsulfatase in Marinomonas sp. FW-1 and investigate the motif information essential for
arylsulfatase. [Methods] We used high-throughput sequencing to obtain the entire genome sequence of
Marinomonas sp. FW-1. We carried out gene assembly, gene prediction, functional annotation and Clusters of
Orthologous Groups clustering analysis. Thereafter, we cloned arylsulfatase genes in Escherichia coli and analyzed
the activity of the recombinant proteins. [Results] The complete genome is of 3964876 bp in length, with an
average Guanine and Cytosine content of 44.03%, encoding 3590 protein genes, containing 78 tRNA and 25 rRNA
operons. Genome annotation indicated the presence of four possible arylsufatase genes. Among the four candidate
genes, three genes contained C-X-P-X-R maotif and their recombinant products were found to exhibit arylsulfatase
activities. [Conclusion] This study revealed multiple arylsulfatase gene sequences in the complete genome
Marinomonas sp. FW-1 strain, which predicted various potential applications of this strain. Moreover, C-X-P-X-R
motif was confirmed to be essential for arylsulfatase activity.
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Agar is the polysaccharide extracted from the
cell wall of some members of the red algae class
Rhodophyta, which is composed of agarose and
agaropectin™. Agarose is composed of a repeating
unit of alternating 1,4-linked 3,6-anhydro-a-I-
galactosyl residues and 1,3-linked a-d-galactosyl
residues, while the structure of agaropectin
additionally contains sulfate groups in C6 position of

galactosyl residues and forms I-galactose-6-sulfate!?.

Agarose was widely utilized in biotechnology and
pharmaceutical industries, such as the use in

electrophoresis and chromatographic resinf®!
Incorporation of sulfate groups in agar usually
weakens gel strength due to the avoidance of a
cross-linked structure during gelation®. There is
evidence that the agar quality in terms of gel
strength depends on the content of
3,6-anhydrogalactopyranosyl (3,6-AG). With
increasing demand of agarose, more studies referred
to the removal of sulfates for improving the gel
strength of agar. The gel strength of the desulfated
agarin creased approximately 2-fold compared to
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control agar® and showed a similar separation
resolution in agarose gel electrophoresis compared
to commercial agarose®.. The alkali treatment is the
traditional method widely used in the agar industry
to remove the primary sulfate groups of the
galactopyranosyl unit and convert  the
galatopyranhosyl to 3,6-AG. However, the alkali
treatment has many drawbacks, such as the reduction
of polysaccharide yield, the formation of brown
color in agar product, and the pollution of
environment!. Thus, there is a growing need to
develop eco-friendly processing technologies for
recovery of products from bioresource. Enzymatic
processing technology can solve these problems.
“Arylsulfatase” which catalyzes the hydrolyseis of
arylsulfate ester bonds to the corresponding phenols
and inorganic sulfate, it can desulfate agar into
agarosel®.

1 Materials and methods

1.1 Materials

1.1.1 Buffer solution: 100 mmol/L Tirs-HCI (pH
7.5), 0.9% NaCl (YongDa, China).

1.1.2 Culture medium (g/L): (1) 2216E
solid-agar medium: 2216E (Hope Bio-Technology,

Qingdao, China) 37.40, agar (Solarbio, China) 20.00.

(2) Seed medium: 2216E 37.40.(3) Fermentation
medium: NaCl 25.00, MgCl,-6H,0 4.12, KCI 1.00,
CaCl, 0.20, K;HPO,4-3H,0 0.13, FeCl,-4H,0 0.014,
peptone 5.00, yeast extract 2.00, agar 1.00 (pH 7.5)
(peptone and yeast extract both from Hope
Bio-Technology, other reagent were from YongDa of
China).

1.2 Validation of Marinomonas sp. FW-1
activity and bacterial analysis

Samples of seawater, seaweed, and gut of
seashells were screened to isolate arylsulfatase
producing microorganisms. Enzyme activity was
screened as the previously describe method by
culturing strains on the 2216E agar medium

including 0.1 mL 5 mol/L p-nitrophenyl sulfate
(PNPS)EL.

A loop of seed bacteria was picked, diluted with
sterilized water, inoculated on the 2216E plate
medium and cultured at 27 °C for 2 days. The
colony morphology was observed, and samples were
analyzed by scanning electron microscope in
Songshan Hospital of Qingdao.

1.3 Growth and arylsulfatase production curve
of Marinomonas sp. FW-1

Marinomonas sp. FW-1 was cultured in the
seed medium of marine broth 2216 (Difico, Detroit,
MI, USA) by shaking at 140 r/min at 28 °C. The
quality of cell growth was estimated by measuring
the absorbance of culture broth at 600 nm each 5 h.
The Marinomonas sp. FW-1 which was cultured in
the seed medium for 12 h was transferred into the
fermentation medium  with an inoculation
concentration of 2% and thereafter incubated by
shaking at 140 r/min, 28 °C. The biomass and
enzyme activity were measured each 12 h.
Arylsulfatase activity was determined by measuring
the amount of formed p-nitrophenl (pNP) at 410 nm.
Enzyme activity (U) was defined as the absorbance
equivalent of 1 umol/L pNP produced per minute per
milliliter of enzyme solution under the experimental
condition.

1.4 Culture of strain FW-1 and extraction of
genomic DNA

Marinomonas sp. FW-1 was cultured in the
seed medium by shaking at 140 r/min at 28 °C. The
genomic DNA of Marinomonas sp. FW-1 was
extracted using the Puregene Yeast/Bact Kit B
(Qiagen, USA). The quantity and quality of the
genomic DNA were evaluated by the Agilent 2100
Bioanalyzer (Santa Clara, CA, USA).

1.5 Complete genome analysis of Marinomonas
sp. FW-1

The whole genome sequence was conducted
with a single-molecule real-time (SMRT)
sequencing platform PacBio RS Il (version 2.3.0,
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Pacific Biosciences, USA). Totally 914114923 bp of
quality-controlled reads were de novo assembled
using the RS Hierarchical Genome Assembly
Process (HGAP) protocol by SMRT Analysis. Total
number of genes, tRNA and rRNA genes were
predicted  with  Prodigal  (version  2.6.3),
tRNAscan-SE (version 1.3) and Barrnap (version 0.7)
programs, respectively. The predicted gene
sequences were translated and searched against the
National Center for Biotechnology Information
(NCBI) nonredundant database, Gene Ontology (GO)
database, the Clusters of Orthologous Groups (COG)
and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases.

1.6 Activity analysis of expressed product

The amplified four fragments were ligated with
the plasmid of pET-28a (+) and transformed into the
E. coli BL21(DE3) cells, respectively. The
recombinant strains were cultivated at 37 °C until
the ODgo reached 0.5-0.8, respectively. It was
further incubated at 20 °C for 20 h after the addition
of isopropyl-B-D-1-thiogalactopyranoside (IPTG
with a final concentration of 0.1 mmol/L). After one
washing with 0.9% NaCl solution, cells were
harvested and ruptured by sonication in pH 7.5
Tris-HCI buffer (100 mmol/L). The cell lysis
solution was collected by centrifugation at 10000xg
for 20 min at 4 °C. An aliquot of 2 mL of each
supernatant was mixed with 500 pL of pNPS and the

Figure 1.

arylsulfatase activity was determined.

2 Results

2.1 Analysis of Marinomonas sp. FW-1

One arylsulfatase producing microorganism
was found to vyield yellow circles around the
colonies after incubation for 2 days at 28 °C (Figure
1-A). The colonies were round-shaped with white
color, which showed smooth and wet surface on top
of the culture medium. The microorganism was
further isolated and characterized to be a Gram-
negative bacterium. Its size was (0.7-1.5) pmx
(1.8-3.0) um as analyzed by a scanning electron
microscopy at 20 kV (Figure 2). The result of the
phylogenetic analysis showed that the strain
belonged to the genus of Marinomonas and named
as Marinomonas sp. FW-1E1,

2.2 The growth curve and arylsulfatase
production curve of Marinomonas sp. FW-1

The growth curve of Marinomonas sp. FW-1
cultured in medium was shown in Figure 3-A. The
lag phase was 0-5 h, the logarithmic phase was 5—
20 h, the stationary phase was 20-30 h and after 30 h
was the decline phase. From the analysis above, we
concluded that the whole growth cycle of the
bacteria was relatively stable. Arylsulfatase
production curve of Marinomonas sp. FW-1 was
shown in Figure 3-B. The arylsulfatase production of
Marinomonas sp. FW-1 increased gradually

Visible enzyme activities of Marinomonas sp. FW-1 at 28 °C for 2 days. Marinomonas sp. FW-1 was

grown on 2216E solid-agar medium containing pNPS (A) and without pNPS (B).
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Scanning electron micrograph image of Marinomonas sp. FW-1 was observed in 20 kV at 10000x (A)

decline phase, while the enzyme production reached
the highest level of 0.25 U/mL. Thereafter, the
arylsulfatase production decreased gradually.

2.3  Complete genome analysis method of
Marinomonas sp. FW-1

To understand and improve the application of
arylsulfatase, we sequenced the genome of
Marinomonas sp. FW-1. The complete genome of
Marinomonas sp. FW-1 contained a circular
chromosome of 3964876 bp with a G+C content of
44.03% (Figure 4). The total number of genes were
3590 and the coding region accounted for 88.30% of
the Marinomonas sp. FW-1 genome. In addition, 103
RNAs including rRNA and tRNA were identified
(Table 1). In addition, The COG function
classification was shown in Figure 5.

2.4 Activity analysis of expressed product

Figure 2.
and 20000x (B) magnification, respectively. Its size was (0.7-1.5) pmx(1.8-3.0) um.
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Figure 3. Growth curve (A) Marinomonas sp. FW-1

was cultured in the seed medium of marine broth
2216E by shaking at 140 r/min at 28 °C. The quality of
cell growth was estimated by measuring the
absorbance of culture broth at 600 nm each 5 h.
Arylsulfatase production curve (B). The Marinomonas
sp. FW-1 was cultured in the seed medium for 12 h
were transferred into the fermentation medium (5 g
peptone, 2 g yeast extract, 1 g agar, 1 L artificial
seawater, pH of 7.5) at 2% inoculums concentration
and then shaking at 140 r/min at 28 °C.

during the fermentation. When the fermentation time
reached 72-84 h, the growth of bacteria was in the

In the genomic sequence of Marinomonas sp.
FW-1, two arylsulfatase genes and two sulfatase
genes were identified and designated as SulfA, SulfB,
ArylsulfA and ArylsulfB, respectively (Table 2).
Three genes contained the C-X-P-X-R motif, a
characteristic of the cysteine-type sulfatasel® except
the gene SulfA. According to the nucleotide
sequences of Marinomonas sp. FW-1 and the
fouridentified genes, four pairs of full-length
primers were designed and synthesized (Table 3).
The color and the absorbance at 410 nm changes of
different samples were recorded over time, and the
supernatant of Marinomonas sp. FW-1 and E. coli
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Figure 4. Circular genome map of Marinomonas sp. FW-1. The outer circles showed the scale marks of the
genome. Circles 1 and 2 displayed the protein-coding genes on the forward strand and reverse strand, respectively.
Circle 3 displayed the tRNA (black) and rRNA (red) genes on the forward strand. Circle 4 displayed the tRNA
(black) and rRNA (red) genes on the reverse strand. Circles 5 and 6 displayed the GC content and skew,
respectively. The genome map was made using Circos v0.64 (http://circos.ca/).

B [X] No COG assignment
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Table 1. Genome features of Marinomonas sp. FW-1
Feature Value
Genome size/bp 3964876
G+C content/% 44.03
Total number of genes 3590
rRNA 25
tRNA 78

BL21 were used as a positive control and negative
control, respectively (Figure 6). The recombinant
enzyme from each supernatant of recombinant stairs
was designated as SulfA, SulfB, ArylsulfA and
ArylsulfB, respectively. ArylsulfB exhibited a very
strong arylsulfatase activity because the color
changes of the reaction system were observed when

the supernatant of the cell lysate of ArylsulfB just
contacted with the pNPS. At the reaction time of
5 min, its reaction system showed a deep yellow
color and the absorbance at 410 nm was 0.382. The
reaction system of FW-1, SulfB, ArylsulfA and
ArylsulfB all showed a deep yellow color at the
reaction time of 12 h and 24 h. During 24 h, no color
changes was observed in supernatant of SulfA and E.
coil BL21. To the other three recombinant strains,
the overall trend was that the color of the
supernatant become deeper and the absorbance at
410 nm increased with time. It was concluded that at
least three gene fragments in the whole genome of
Marinomonas sp. FW-1 strain assessed for
arylsulfatase activity.

COG function classification

336 -

N
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T

Number of unigenes
p—
N
[o<]
T

all

ABCDEFGHIT JKLMNOPQRSTUVWYZ

Function class

Figure 5.

Table 2.

A: RNA processing and modification

B: Chromatin structure and dynamics

C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

J: Translation, ribosomal structure and biogenesis

K: Transcription

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis

N: Cell motility

O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown

T: Signal transduction mechanisms

U: Intracellular trafficking, secretion, and vesicular transport
V: Defense mechanisms

W: Extracellular structures

Y: Nuclear structure

Z: Cytoskeleton

COG function classification of Marinomonas sp. FW-1 genes.

Predicted arylsulfatase and sulfatase genes in Marinomonas sp. FW-1

Locus tag Gene name Gene product

Sulfatase Anaerobic sulfatase-maturating enzyme homolog AsIB
TBCP-2795_1162  SulfA Choline-sulfatase

TBCP-2795_1775 SulfB

Arylsulfatase

TBCP-2795_1161  ArylsulfA Arylsulfatase

TBCP-2795_2428  ArylsulfB Arylsulfatase J

http://journals.im.ac.cn/actamicrocn
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Table 3. Sequences of the primers

Protein name Primer name Restriction enzyme Prime sequence (5'—3’)
SulfA 1-F BamH I CGCGGATCCATGAATCAGATTGTAGATCGA
1-R Hind III CCCAAGCTTTGAATAAAATCTTCCCTTTATCT
SulfB 2-F BamH I CGCGGATCCATGGCAGAAAAGAAACCAAA
2-R Xho | CCGCTCGAGCTCTGCTTTAGGGAAACGTGAT
ArylsulfA 3-F BamH I CGCGGATCCATGATTGATCGCTTGCACGA
3-R Sal I ACGCGTCGACTCGACCACTGTAGGACGCTG
ArylsulfB 4-F BamH I CGCGGATCCATGACAAATATAATCTACAT
4-R Hind III CCCAAGCTTCCGTTGCGGCATATCCGCCA
SulfA SulfB ArylsulfA ArylsulfB E. coli BL21

FW-1
| l-ﬂin.

12h

\

24h

Figure 6.

30 min
\
\

Color changes of Marinomonas sp. FW-1, SulfA, SulfB, ArylsulfA, ArylsulfB’s supernatant with time.

Each image contains two tubes, the left one was a negative control without pNPS, and the right one was the mixture

of 2 mL supernatant with 500 uL pNPS, respectively.

3 Discussion

Arylsulfatase, is the enzyme that catalyzes the
hydrolysis of arylsulfate ester bonds to the
corresponding phenols and inorganic sulfate®.
They are widespread in nature and are found in
microorganisms, most animal and human tissues,
and plant seeds™. A number of arylsulfatases of
microbial origin have been characterized. The
arylsulfatase  producing  bacteria  including
Aspergillus oryzae™ Klebsiella pneumoniae™",

actamicro@im.ac.cn

Marinomoas sp.B, Pseudoalteromonas
carrageenovoral®, Pseudomonas aeruginosal*®,
Serratia marcescens™, Sphingomonas sp.[®and so
on. But the complete genome sequence information
of arylsulfatase was rare. Therefore, it is necessary
to complete the genome sequencing of arylsulfatase.

There is no clear family classification for
arylsulfatase according to the CAZy database
(http://www.cazy.org/GH96_characterized.html) and
literature "% Arylsulfatase genes may have also
diverged to an extent that they cannot be readily
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identified using bioinformatic search tools™*®!, while
the arylsulfatases identified contain a conserved
amino acid sequence motif (C/S-X-P-X-R), which is
required for enzyme activity™®™"). In this study, three
genes of SulfB, ArylsulfA and ArylsulfB contained the
C-X-P-X-R motif and their corresponding proteins
exhibited arylsulfatase activity, while the gene of
SulfA didn’t contain the motif and its corresponding
protein showed no arylsulfatase activity. The result
further confirmed that C-X-P-X-R motif was essential
for arylsulfatase activity.

In addition to the above mentioned application
of arylsulfatase in desulfation agar into agarose,
arylsulfatases from different sources have potential
applications in many fields of research, industry, and
agriculture™. Arylsulfatase can release arylphenols
like p-cresol and intensify the typical sheep-like
flavor in blended cheese!™”). It can degrade endosulfan
without producing the toxic metabolite endosulfan
sulfate which is an efficient way of remediating
contaminated environmentst*®. Arylsulfatase activity
also could be used as indicator of soil quality™.

In this study, the complete genome sequence of
Marinomonas sp. FW-1 strain was determined and
we found in this genome at least three genes with
arylsulfatase activity, which provided a valuable
reference genome for other species in the genus
Marinomonas and gave insights into biological
modification of agar for its applications in food,
pharmaceutical, industries, and agriculture.

4 Nucleotide sequence accession
number

The complete  genome  sequence  of
Marinomonas sp. FW-1 has been deposited in
GenBank under the accession number: CP025987.
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