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Abstract

Shewanella decolorationis are Gram-negative y-Proteobacteria with environmental bioremediation potential because they can perform an-
aerobic respiration using various types of pollutants as terminal electron acceptors. So far, three isolated and cultured strains of S. decolora-
tionis have been reported. However, no complete S. decolorationis genome has been published yet, which limited exploring their metabo-
lism and feasibility in application. Here, S. decolorationis Ni1-3 isolated from an electroplating wastewater treatment plant showed strong
reduction capabilities on azo dyes and oxidized metals. In order to construct the complete genome, high-quality whole-genome sequenc-
ing of strain Ni1-3 were performed by using both Nanopore MinlON and Illumina NovaSeq platforms, from which the first complete ge-
nome of S. decolorationis was obtained by hybrid assembly. The genome of strain Ni1-3 contains a megaplasmid and a circular chromo-
some which encodes more proteins than that of the strains LDS1 and S12 belonging to the same species. In addition, more Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPRs) are identified in strain Ni1-3 genome. Importantly, 32 cytochrome-c and AzoR
azoreductase coding genes are identified in the genome, which make strain Ni1-3 competent to degrade the azo dyes and versatile to bio-
remediate some other environmental pollution. The complete genome sequence of strain Ni1-3 can expand our knowledge toward its

metabolic capabilities and potential, meanwhile, provide a reference to reassemble genomes of other S. decolorationis strains.
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Introduction

The Shewanella of Gram-negative are facultative anaerobic
y-Proteobacteria which are widely distributed in aquatic environ-
ments, such as fresh water and marine sediments (Hau and
Gralnick 2007). To date, about 70 different species of Shewanella
have been discovered and reported (Hau and Gralnick 2007;
Lemaire et al. 2020). Their hallmark features include unparalleled
respiratory diversity and the capacity to thrive at harsh condi-
tions, and most Shewanella strains can grow at low temperatures
(<5°C) (Hau and Gralnick 2007). Shewanella strains generally have
versatile strategies of extracellular electron transfer, which en-
able them to utilize a wide range of organic carbon sources and
transfer electrons to insoluble electron acceptors, such as elec-
trode and metallic precipitate (Lemaire et al. 2020). Meanwhile,
Shewanella strains can reduce/degrade various inorganic or or-
ganic substances, such as Cr(VI) (Wielinga et al. 2001), nitrate
(Samuelsson 1985), selenite (Klonowska et al. 2005), dimethyl
sulfoxide (Myers and Nealson 1988), nitroaromatic compounds
(Zhao et al. 2005; 2007), and so on. Their metabolic diversity and
the nonpathogenicity of most strains make Shewanella have a

great potential in bioremediation of metal and organic pollution.
Moreover, they are useful in producing probiotics, proteins or
compounds, as well as constructing microbial fuel cells (Nealson
and Scott 2006; Hau and Gralnick 2007; Lemaire et al. 2020).

Shewanella decolorationis are unique bacteria in Shewanella ge-
nus, which can carry out anaerobic respiration using some azo
dyes as terminal electron acceptors (Hong et al. 2007; Hong and
Gu 2009). The first reported S. decolorationis is strain S12 isolated
from the activated sludge of a textile-printing wastewater treat-
ment plant (Xu et al. 2005). S. decolorationis S12 can effectively de-
colorize Reactive Brilliant Blue K-GR, amaranth, methyl red, and
other dyes under anaerobic conditions (Xu et al. 2006; Hong et al.
2007). S. decolorationis are very likely to have important applica-
tion potential in the bioremediation of dyeing wastewater due to
their remarkable capacity to decolorize dyes.

To the best of our knowledge, so far only three draft genomes
of S. decolorationis strains have been reported, namely S12, Nil-3,
and LDS1 (Xu et al. 2013; Cai et al. 2019; Lemaire et al. 2019). Strain
Nil-3 was isolated in our laboratory from the sludge of an elec-
troplating wastewater treatment plant (Cai et al. 2019). This study
aims to complete the genome of strain Nil-3 by assembling the
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sequencing reads from Nanopore MinION and Illumina NovaSeq
platforms, and to characterize the genome through annotation
and comparative genomics.

Materials and methods
Bacterial strain and genomic DNA extraction

S. decolorationis Nil-3 was from laboratory stock. The original
strain was previously isolated from an electroplating wastewater
treatment plant and the genomic DNA extraction of strain Nil-3
was described in our previous work (Cai et al. 2019). The purity of
the extracted genomic DNA was robustly checked using the
Synergy HTX multi-mode reader (BioTek, USA) and its integrity
was verified by the agarose gel electrophoresis.

Genome sequencing

The genomic DNA was sequenced using Nanopore and Illumina
technologies. The 1.5pug genomic DNA of strain Nil-3 was used
for the library construction with the SQK-LSK108 kit (Oxford
Nanopore Technologies, UK) according to the manufacturer’s in-
struction, and Nanopore MIinION sequencing was performed us-
ing MInKNOW v1.15.4 with the FLO-MINSP6 flow cell (Oxford
Nanopore Technologies, UK). Base calling was conducted using
Guppy v3.1.5 which was configured in MinKNOW, and the reads
of whose quality less than Q7 were filtered. [llumina sequencing
conducted on the NovaSeq platform was described in our previ-
ous work (Cai et al. 2019).

Genome assembly and annotation

The quality control of Nanopore reads was conducted using
NanoPlot v1.35.5 (De Coster et al. 2018). The quality of the
Ilumina raw reads and clean reads was analyzed using FastQC
v0.11.8 (https://github.com/s-andrews/FastQC). Quality trim-
ming, read filtering, and removing adapter were performed using
fastp v0.20.1 (Chen et al. 2018). After the quality control of the
two data sets, the genome was de novo assembled using Unicycler
v0.4.9b (Wick et al. 2017) with normal hybrid assembly mode.

The genome annotation was performed using the NCBI
Prokaryotic Genome Annotation Pipeline (PGAP) (Tatiana et al.
2016), and the resulting proteome was further annotated with
the databases of Carbohydrate-Active enZYmes (CAZy) (Cantarel
et al. 2009), Cluster of Orthologous Groups (COG), and Kyoto
Encyclopedia of Genes and Genomes (KEGG) using the eggNOG-
Mapper (Jaime et al. 2016). The protein-coding sequences (CDSs)
of plasmid were predicted using Prodigal v2.6.3 (Hyatt et al. 2010).
The rapid annotation of chromosome and plasmid was per-
formed using Rapid Annotation using Subsystem Technology
(RAST) v2.0 (Overbeek et al. 2014). The identification of genomic
islands (GIs) in the annotated genome was performed using the
IslandViewer 4 (Bertelli et al. 2017), and the identification of

Table 1 Genomic features of the Shewanella strains

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPRs) in the genome of strain Nil-3 and other Shewanella
strains was carried out using CRISPR Recognition Tool (CRT)
(Bland et al. 2007). The features of chromosome and plasmid were
visualized using CGView (Stothard and Wishart 2005).

Phylogenetic and comparative analysis

To explore the phylogenic relationship between S. decolorationis Nil-
3 and other Shewanella strains, a phylogenetic tree based on the
whole genome sequence was constructed using CVTree3 (Zuo and
Hao 2015) with all the CDSs of strain Nil-3 and other 27 Shewanella
strains downloaded from the NCBI and JGI databases. Collinearity
analysis of the chromosome sequences of strains Nil-3 and LDS1
was performed using Mauve v20150226 (Darling et al. 2004), and the
value of locally collinear blocks (LCBs) weight was set as 145.
Average nucleotide identity (ANI) calculation of the whole genome
of strains Nil-3, LDS1, and S12 was performed using JSpeciesWS
(Richter et al. 2016). To compare the functional genes of strain Nil-3
with those of other two Shewanella strains, the proteomes of strains
MR-1 and LDS1 were also comprehensively annotated using
eggNOG-Mapper. The cytochrome-c CDSs of strains Nil-3, LDS1,
and S12 were identified by amino-acid sequence alignment against
the 41 cytochrome-c CDSs of Shewanella oneidensis MR-1 (Camacho
et al. 2009), and the alignment results were considered to be positive
when meeting the criteria (query coverage > 90%, identity > 80%
and e-value < 1 x 10~°) described by Assis et al. (2017).

Results and discussion
Genomic assembly and features

To construct the complete genome of strain Nil-3, both
Nanopore sequencing and Illumina sequencing were conducted.
Briefly, 74,257 reads were obtained from Nanopore sequencing
(Supplementary Table S1). Mean read length is 13,776 bp with av-
erage quality of 9.8. For Illumina sequencing, 9,067,958 clean
reads were obtained, and the Phred scores higher than Q20
accounts for 96.96% (Supplementary Table S2). A circular chro-
mosome (5,001,960bp) and a megaplasmid (286,397 bp) were
obtained from Unicycler hybrid assembly (Supplementary Table
S3), neither of them contains N.

The circular chromosome represents 94.58% of the whole ge-
nome of strain Nil-3 containing 4,164 CDSs, 28 TRNAs, 106 tRNAs
(Table 1). Compared with S. oneidensis MR-1, the chromosomes of
S. decolorationis (i.e., strains Nil-3, LDS1, and S12) showed higher
GC contents. Notably, the chromosome of strain Nil-3 encodes
more proteins than that of strain MR-1 and the other two S. decol-
orationis strains (LDS1 and S12). The complete genome sequence
of strain Nil-3 suggests that S. decolorationis and S. oneidensis may
carry similar counts of rRNA and tRNA. Meanwhile 312 CDSs
have been predicted in the megaplasmid.

Organism Accession® Assembly level Length (bp) GC% CDS® rRNA® tRNA? Other RNA®
S. decolorationis Ni1-3 CP031775.3 Complete genome 5,001,960 47.2 4,164 28 106 4

S. decolorationis LDS1 CP037898.1 Chromosome 4,719,362 47.1 4,024 12 96 5

S. decolorationis S12 GCA_000485795.1 Scaffold 4,843,966 47.1 4,094 9 77 3

S. oneidensis MR-1 AE014299.2 Complete genome 4,969,811 46.0 4,068 28 104 6

S. decolorationis Ni1-3 and S. oneidensis MR-1

were analyzed using chromosome

GenBank assembly accession number.
Number of protein-coding sequences.
Number of rRNAs.

Number of tRNAs.

Number of other RNAs.
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Interestingly, as shown in Supplementary Table S4, there are
five CRISPRs in the chromosome of strain Nil-3, and the numbers
of repeats and spacers are 181 and 176, respectively. However,
CRISPR is not found in the genome of strains S12 and MR-1, and
only one CRISPR is found in the genome of strain LDS1. In the
meantime, Casl, Cas2, and Cas3 have been all found in the chro-
mosome of strain Nil1-3. These indicate that strain Nil-3 possesses
the type I-F CRISPR-Cas system and may have experienced many
invasions of exogenous DNA in the past, and now it possesses an

A B GC Skews
W GC Skew-

o A W GC Content

TTi rRNA
ncRMNA
W tRNA
W tmRNA
WCDs
I Genomic Islands

1.0 Mbp
chromosome
5,001,960 bp

excellent immune system. Furthermore, 12 genomic GIs have
been identified in the chromosome using the prediction method of
IslandPath-DIMOB (Figure 1A). There are also 3 GIs predicted in
the plasmid (Figure 1B).

Phylogenetic characterization

As shown in the phylogenetic tree of 28 Shewanella strains based
on the whole genome (Figure 2), strain Nil-3 is phylogenetically
closest to strains LDS1 and S12, which are clustered in one

W GC Skew+

W GC Skew-

W GC Content
WCDs

I Genomic Islands

Figure 1 Characteristics of the chromosome and plasmid of S. decolorationis Nil-3. From outside to inside: coding sequences on positive strand, coding
sequences on negative strand, RNAs on the strand, GC skew, GC content, and genomic islands (A); coding sequences on positive strand, coding

sequences on negative strand, GC skew, GC content, and genomic islands (B).
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Figure 2 Phylogenetic tree of 28 Shewanella strains based on the whole genome. This tree was constructed using CVTree3 (Zuo and Hao 2015).
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terminal tree branch (marked by green shadow in Figure 2), and
divergent from S. oneidensis and other Shewanella species (Figure
2). Besides, strain Nil1-3 has high ANI values (>97%) with strains
LDS1 and S12 indicating that it belongs to S. decolorationis. The
chromosome collinearity analysis of strain Nil1-3 and strain LDS1
resulted in 28 LCBs as shown in Supplementary Figure S1. There
are lots of homologous sequences between strains Nil-3 and
LDS1, but there are many inversions, translocations, deletions,
and insertions as well, which caused the rearrangement of chro-
mosomal sequences of strain Nil-3.

Functional annotations

A total of 3,714 genes in the chromosome of strain Nil-3 are an-
notated based on COG database, and they account for 89% of all
the CDSs. Among them, 790 genes accounting for 19% are anno-
tated to unknown functions, and they may be a potential gene
set deserved further study. There are 1,475 genes classified by
KEGG pathway database annotation, and the most abundant
groups of genes are involved in biosynthesis of secondary metab-
olites, biosynthesis of cofactors and carbon metabolism. As for
the plasmid, 178 genes are annotated as hypothetical proteins by
RAST, accounting for 57% of all the annotated CDSs.
Interestingly, mercuric ion reductase (MerA), transporter (MerT),
resistance operon regulatory protein (MerR), and binding protein

V: Defense mechanisms|

U: Intracellular trafficking, secretion, and vesicular transport|

T: Signal transduction mechanisms

S: Function unknown |

Q: Secondary metabolites biosynthesis, transport and catabolism
P: Inorganic ion transport and metabolism

O: Posttranslational modification, protein turnover, chaperones|
N: Cell motility

M: Cell wall/membrane/envelope biogenesis

L: Replication, recombination and repair

COoG

J: Translation, ribosomal structure and biogenesis

I: Lipid transport and metabolism

H: Coenzyme transport and metabolism

G: Carbohydrate transport and metabolism

F: Nucleotide transport and metabolism

E: Amino acid transport and metabolism|

D: Cell cycle control, cell division, chromosome partitioning|
C: Energy production and conversion |

B: Chromatin structure and dynamics

A RNA processing and modification

K: Transcription

(MerP) are all found in the plasmid. Besides, four efflux RND
transporters related to copper or silver, two copper resistance
proteins, and five tellurium resistance proteins are also found in
the plasmid. These results suggest that the plasmid provides
strain Nil-3 great power for environmental adaptation and evolu-
tion. Moreover, the functions of these hypothetical proteins with
high proportion deserve further investigation.

As shown in Figure 3, annotation of strain Nil-3 chromosome
on COG database resulted in 323 genes which are classified as C
(Energy production and conversion), and the count of annotated
genes is greater than that of strains LDS1 and MR-1. Eighty-seven
genes of strain Nil-3 are involved in G (Carbohydrate transport
and metabolism), while 83 and 77 genes carried by strains LDS1
and MR-1 are responsible for carbohydrate and metabolism, re-
spectively. The count of annotated genes involved in P (Inorganic
ion transport and metabolism) is more than that of strains LDS1
and MR-1, and both the resistance genes of nickel and copper are
found in genome of strain Nil-3. This result is consistent with
that strain Nil-3 was isolated from the wastewater containing a
large amount of heavy metal ions. Moreover, strain Nil-3 has
been proved to possess strong resistance to nickel and copper
(Cai et al. 2019). In the meantime, a total of 48 genes are anno-
tated in CAZy database, which are also more than that of strains
LDS1 and MR-1. These indicate that strain Nil-3 may utilize more

Group
LDS1
Ni1-3
MR-1

0 200 400 600 800
Number of matched genes

Figure 3 The comparative analysis of annotated protein functions of S. decolorationis Ni1-3, S. decolorationis LDS1, and S. oneidensis MR-1 based on the COG

database.
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Figure 4 The heatmap of the cytochrome-c proteins comparison of S. decolorationis Nil-3, S. decolorationis LDS1, S. decolorationis S12, and S. oneidensis MR-1.
The cell colored in red or gray indicates the specific protein is identified or not, respectively.

organic carbon sources for respiration and possess a stronger
metabolic system than strains LDS1 and MR-1.

Cytochrome-c proteins

The outstanding feature of Shewanella species is possessing a vari-
ety of cytochrome-c proteins, which are involved in electron
transfer of bacterial respiration (Meyer et al. 2004; Breuer et al.
2015). To date, excluding one pseudogene, about 41 cytochrome-
c CDSs have been identified in strain MR-1 (Meyer et al. 2004).
Strain MR-1 is a model strain of both Shewanella and exoelectro-
gens (Logan 2009), most of its cytochrome-c proteins have been
functionally annotated and well-studied. Thus, we used its 41
cytochrome-c CDSs as references to identify the homologous
cytochrome-c proteins. There are 32 cytochrome-c proteins in
strains Nil-3 and S12 identified by BLAST, and strain LDS1 has
only 31 cytochrome-c proteins (Figure 4). Consistently, except for
periplasmic monoheme cytochrome cg4, the cytochrome-c pro-
teins of the three strains are the same. OmcA and MtrC are not
found in all the three strains by BLAST, but three or four OmcA/
MtrC family decaheme c-type cytochromes are found in their ge-
nome by NCBI annotation. The results indicate that their OmcA
and MtrC are quite different from those of strain MR-1, and they
also possess CymA-Mtr electron transfer chains which are
mainly composed of cytochrome-c proteins (Beblawy et al. 2018).
Consequently, they could obtain electrons from organic carbon
sources via that electron transfer chains, and these electrons can
be ultimately transferred to extracellular environments for the
degradation of azo dyes (Cai et al. 2012; Cao et al. 2017).
Meanwhile, strain Nil1-3 contains AzoR which has been proved to
be azoreductase (Yang et al. 2013). In fact, strain Nil-3 has been
observed degrading/reducing several azo dyes (e.g., amaranth,
Sudan red I, and methyl red) or oxidized cathodic materials with

high capacity in our further researches (data not shown), and it
may be applicable for dyeing wastewater treatment relying on its
respiratory diversity and adaptive capacity to harsh environ-
ments.

Conclusions

We report a high-quality complete genome of strain Nil-3 which
was isolated from a wastewater treatment plant containing
plenty of heavy metal ions. Phylogenetic and ANI calculation
analyses indicate that strain Nil-3 belongs to the species S. decol-
orationis and is closely related to S. decolorationis LDS1 and S. decol-
orationis S12. This complete genome sequence could work as a
reference for assembling genomes of other S. decolorationis strains
and provide genomic insights for expanding the application
potentials of Shewanella strains.

Data availability

The chromosome and plasmid sequences of S. decolorationis Nil-3
can be accessed under the GenBank accession number CP031775.3
and CP076856.1 respectively. The data sets of Nanopore and
Mlumina reads are available in the NCBI SRA database via the
BioProject accession number PRINA723063. Supplemental material
is available at figshare: https://doi.org/10.25387/g3.14974596.
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