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a  b  s  t  r  a  c  t

Piscirickettsia  salmonis,  the  causative  agent  of  salmonid  rickettsial  septicemia  (SRS),  is  a significant  threat
to the  healthy  and  sustainable  production  of salmonid  farming  industry.  This Gram-negative  bacterium,
originally  isolated  from  a coho  salmon  in  Southern  Chile,  produces  a systemic  infection  characterized
by  colonization  of several  fish  organs.  P. salmonis  is able  to  infect,  survive,  and replicate  inside  salmonid
eywords:
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macrophages  however  little is known  about  its  mechanisms  of pathogenesis.  Here,  we  present  the  whole
genome  sequence  and  annotation  of the P. salmonis  reference  strain  LF-89  (ATCC  VR-1361).  The  genome
contains  one  circular  chromosome  of 3,184,851  bp and  three  plasmids,  pPSLF89-1  (180,124  bp),  pPSLF89-
2  (33,516  bp)  and  pPSLF89-3  (51,573  bp).  A  total  of  2850  protein-coding  genes,  56  tRNAs  and  six copies
of  5S–16S–23S  rRNA.

© 2015  Elsevier  B.V.  All  rights  reserved.
Piscirickettsia salmonis is the etiological agent of salmonid
ickettsial septicaemia (SRS), a severe disease that causes major
conomic losses to the Chilean salmon industry (Fryer et al., 1990).
his Gram-negative, intracellular bacterium was first isolated in
oho salmon (Oncorhynchus kisutch) but now it is the cause of seri-
us losses in all farmed salmonid fish species (Rozas and Enriquez,
014). P. salmonis covers a wide geographic range and outbreaks
f SRS have been reported among farmed salmonid in Canada,
orway and Ireland, however, mortalities have not been as high
s those recorded in Chile. P. salmonis has the ability to infect, sur-
ive, replicate, and propagate in salmonid monocytes/macrophages
McCarthy et al., 2008). In fish, P. salmonis produces a systemic

nfection characterized by the colonization of several organs includ-
ng kidney, liver, spleen, intestine, brain, ovary and gills (Rozas and
nriquez, 2014).

� Nucleotide sequence accession number: The complete chromosome sequence
nd three plasmid sequences have been deposited in GenBank under the accession
umber from CP011849–CP011852 (BioProject PRJNA199690). The strain is avail-
ble from the American Type Culture Collection under the accession number ATCC
R-1361.
∗ Corresponding author at: Laboratorio de Bioinformática y Expresión Génica,

NTA-Universidad de Chile, El Líbano 5524, Santiago, Chile.
E-mail address: vcambiaz@inta.uchile.cl (V. Cambiazo).
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Despite the fact that P. salmonis has been recognized as a major
fish pathogen for over 20 years, the mechanisms of P. salmo-
nis pathogenesis, and immune evasion are poorly understood.
Although, several prophylactic approaches have been tested, the
high frequency of new epizootic events indicates that alternative
strategies are required to prevent SRS. The limited effectiveness
of vaccine treatments has favored therapies based primarily on
the use of high doses of antibiotics, which have generated antibi-
otic resistance and strong criticisms to the industry (Henriquez
et al., 2015). Hence, the knowledge of genome sequence and struc-
ture may  be essential to develop effective P. salmonis vaccines.
The availability of P. salmonis genome will provide a catalog of all
the potential antigens from which to select vaccines candidates
that are likely to be more effective against this pathogen. This
approach known as “reverse vaccinology” has been successfully
applied to identify vaccine candidates against human pathogens
(Serruto et al., 2004). Moreover, the availability of P. salmonis
genome sequence will increase our understanding of its physiol-
ogy at the system level, and genome-scale metabolic and regulatory
models are expected to provide a valuable framework to guide the
discovery of novel drug targets (Kim et al., 2012).
Nowadays, there are eight P. salmonis sequencing projects avail-
able at NCBI, four of them correspond to the LF-89 strain and four to
environmental isolates; however they are all draft genomes with
contig numbers between 227 and 534. Here we present the first
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Table  1
Genome features of Piscirickettsia salmonis LF-89 (ATCC VR-1361).

Features Chromosome Plasmid

pPSLF89-1 pPSLF89-2 pPSLF89-3

Length (bp) 3,184,851 180,124 33,516 51,573
G  + C content (%) 39.73 38.9 40.61 39.06
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Rozas, M.,  Enriquez, R., 2014. Piscirickettsiosis and Piscirickettsia salmonis in fish: a
CDS  2634 138 35 43
rRNA genes 18 0 0 0
tRNA genes 56 0 0 0

omplete genome sequence of this bacterium, which comprises
ne circular chromosome and three previously unreported plas-
ids. Thus, our work provides a genetic background to understand

. salmonis biology and pathogenesis.
Genomic DNA from P. salmonis was purified from exponential

rowth cultures (1 mL,  OD600: 0.5) using the DNeasy Blood & Tis-
ue Kit for DNA (Qiagen). Genome sequencing was  performed using
ne lane of an Illumina GAIIx and two single-molecule-real-time
SMRT) cells of the PacBio RSII. For Illumina, a shotgun library with

 total of 70,531,338 paired end reads of 101 bp was  generated
2,064x raw coverage). Whereas the PacBio RSII instrument pro-
uced a total of 158,140 reads with mean read length of 6432 bp,
50 size of 9350 bp and a total of 1,017,189,225 bp (294x raw cov-
rage).

PacBio reads were processed using HGAP3 and the assembled
ontigs were polished using Quiver to generate 16 high qual-
ty contigs completing 3,661,513 bp. The longest contig size was
,291,149 bp with an N50 size of 874,056 bp and a mean contig

ength of 228,844 bp. The PacBio reads were also assembled using
BcR of WGS-Assembler 8.2, resulting in 12 contigs with a total of
,361,721 bp. The longest contig size was 934,543 bp with an N50 of
12,582 bp and mean contig length of 242,396 bp. Both assemblies
ere manually aligned and curated using MUMmer  3.23 (Kurtz

t al., 2004). We  use NUCmer (Delcher et al., 2002) to find over-
aps between the HGAP3 and the WGS-Assembler assemblies. The
esulting overlaps were manually aligned and then checked using
lastx and blastn to avoid chimeric regions and assembly errors. The
nal assembly consisted of a circular chromosome of 3,184,851 bp
nd three circular plasmids, pPSLF89-1 (180,124 bp), pPSLF89-2
33,516 bp) and pPSLF89-3 (51,573 bp). Lastly, an iterative in-house
rocedure of error correction was performed mapping the Illumina
eads over P. salmonis genome using the BWA-aligner 0.7.5a-r405.
ri-Finder software was used to center the chromosome at the
rigin of replication. Genome average GC content was  39.68 mol%.

Putative coding sequences were identified using Glimmer 3.02,
eneMarkS, RNAmmer 1.2 and tRNAscan-SE 1.21. Functional anno-

ation of CDSs was performed using Metanor of GenDB. Protein
omains were predicted using InterPRO-scan against the Inter-
ro database collection. Final annotation was submitted to “NCBI
icrobial Genome Submission Check” and approved on June 17th,

015. We predicted 74 RNA genes (18 rRNA and 56 tRNA) and a
otal of 2850 protein-coding genes, 2634 were contained in the
hromosome, 138 in plasmid pPSLF89-1, 35 in pPSLF89-2 and 43 in
PSLF89-3 (see Table 1).

We performed a comparative analysis between the predicted
roteomes of P. salmonis LF-89 and four other strains with pub-

icly available draft genome sequences and detected 1626 proteins
ncoded by genes present in the four strains. In silico analysis using
he �-barrel predictor BOMP and the TMHMM  program identi-

ed 30 outer membrane proteins (OMP) from the set of common
roteins; these OMPs may  represent good candidates for vaccine
evelopment. It is known that intracellular pathogens have evolved
omplex mechanisms of iron acquisition to compete successfully
nology 212 (2015) 30–31 31

with the host for the metal. In a previous work we predicted a
cluster of genes encoding all enzymes necessary for siderophore
biosynthesis and transport (Pulgar et al., 2015). Siderophores have
the potential to be modified in order to improve the delivery
of antibiotics by using them as Trojan horses, a biotechnological
approach that have been employed to counter bacterial antibiotic
resistance (Gorska et al., 2014). In addition to the iron acquisition
genes, the genome of P. salmonis contains other 143 putative vir-
ulence genes that were identified by blastp search against VFDB
(Chen et al., 2012). Among them, we found genes encoding the core
components (n = 16) of the Dot/Icm type IV secretion system, of
which four components (dotB, dotA, icmK and icmE) were identified
previously (Gomez et al., 2013). Type IV secretion system has been
well described in intracellular pathogens, such as Legionella spp.
and Coxiella spp., in P. salmonis, the 16 dot/icm genes were organized
into three clusters that were interspersed in the genome.

In conclusion, the complete genome sequence of P. salmonis will
provide new insights into virulence factors and pathogenicity of
this bacterium. A detailed analysis of this genome and comparative
studies between genomes of strains with distinct virulence pheno-
types will help in the development of new and efficient vaccines
and antimicrobial agents.
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