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Leptospirosis is a zoonotic disease caused by spirochetes from the genus Leptospira. In
Thailand, Leptospira interrogans is a major cause of leptospirosis. Leptospirosis patients
present with a wide range of clinical manifestations from asymptomatic, mild infections to
severe illness involving organ failure. For better understanding the difference between Lep-
tospira isolates causing mild and severe leptospirosis, illumina sequencing was used to se-
quence genomic DNA in both serotypes. DNA of Leptospira isolated from two patients, one
with mild and another with severe symptoms, were included in this study. The paired-end
reads were removed adapters and trimmed with Q30 score using Trimmomatic. Trimmed
reads were constructed to contigs and scaffolds using SPAdes. Cross-contamination of
scaffolds was evaluated by ContEst16s. Prokka tool for bacterial annotation was used to
annotate sequences from both Leptospira isolates. Predicted amino acid sequences from
Prokka were searched in EggNOG and David gene ontology database to characterize gene
ontology. In addition, Leptospira from mild and severe patients, that passed the criteria
e-value < 10e”® from blastP against virulence factor database, were used to analyze with
Venn diagram. From this study, we found 13 and 12 genes that were unique in the isolates
from mild and severe patients, respectively. The 12 genes in the severe isolate might be vir-
ulence factor genes that affect disease severity. However, these genes should be validated
in further study.
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Introduction

Leptospirosis is a worldwide zoonotic disease that influences humans and animals world-
wide [1]. It is a zoonosis caused by bacteria in the genus Leptospira. Leptospira can be clus-

tered in three groups including pathogenic, intermediate pathogenic and saprophytic

1/9


http://crossmark.crossref.org/dialog/?doi=10.5808/gi.21037&domain=pdf&date_stamp=2021-09-30

Anuntakarun S et al. ® Genome characterization of Leptospira interrogans

Genomics & INrForRmATICS

groups. The various clinical manifestations are caused by the patho-
genic and intermediate groups, while the saprophytic group does
not cause the disease in humans or animals [2]. Human leptospiro-
sis can be acquired by contact with the urine of infected animals or
soil and water contaminated with Leptospira [1]. There are two
chromosomes in the Leptospira species with a cumulative length
ranging from 3.9 to 4.6 Mb. This variability in the genome length
confers the bacteria with an ability to live within diverse environ-
ments and adapt to a wide range of hosts [3]. Approximately 60%
of the functional genes that affect the unique pathogenic mecha-
nisms caused by Leptospira are unknown [4].

In 2017, the 100K Pathogen Genome Project was established
with internationalization coprojects by many countries, including
China, South Korea, and Mexico. This project provides various
pathogen draft genomes from many areas, and which include hu-
man and animal diseases, food, environmental reservoirs of those
pathogens and wildlife. Several species such as Campylobacter, Shi-
gella, Salmonella, Listeria, Helicobacter, and Vibrio are currently in-
volved in the project [S]. Virulence genes code for virulence factors
that are essential for successful infection and pathogenesis, such as
invasion, colonization, adaptation in host environments, immune
evasion and tissue damage. Comparison of genomes from microor-
ganisms causing the variety of symptoms provides insight into the
mechanisms of microbial infection and pathogenesis. The virulence
factor database (VFDB) [6] provides up-to-date information of
virulence factor genes from various bacterial pathogens.

In this study, we compared the genomes of Leptospira isolated in
Thailand from both mild and severe leptospirosis patients. The
data provide insight into the genomic characteristics of Leptospira
interrogans. In addition, virulence factor genes were analyzed using
bioinformatics approaches. This research provides information for
therapeutic and vaccine development for leptospirosis.

Methods

Isolation of Leptospira

Leptospira isolated from human patients in this study were obtained
from the Department of Medicine, Faculty of Medicine, Siriraj
Hospital, Mahidol University, Bangkok, Thailand. The protocol
was approved by the Ethical Committee of the Ministry of Public
Health, Royal Government of Thailand. One isolate was from a
mild leptospirosis patient, while the other was from a patient pre-
senting with a severe clinical manifestation. Leptospirosis was labo-
ratory confirmed by detecting IgM antibody to Leptopsira by indi-
rect immunofluorescent assay and PCR for lipL32 gene detection.
Briefly, the mild case (TH_mild) was a 25-year-old male, admitted
to Loei Hospital on 21 August 2001. He presented with three days
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of fever, headache and myalgia. Leptospira detected from his blood
culture was identified as Serogroup Pyrogenase. The severe case
(TH_severe) was a 59-year-old male admitted to Nakhon Ratcha-
sima Hospital on 2 July 2012. He presented with septic shock and
died within 48 h of admission. He had a history of 3 days of fever
and developed hypotension, jaundice, acute renal failure and upper
gastrointestinal hemorrhage. He had no hemoptysis or acute respi-

ratory distress syndrome.

Library preparation

DNA was extracted from the leptospires grown in EMJH medium
using QIAamp DNA mini kit (Qiagen, Valencia, CA, USA) accord-
ing to the manufacturer’s instructions. In the fragmentation step, a
Covaris M220 focused-ultrasonicator (Covaris, Brighton, UK),
with 20% duty factor, SO unit of peak incident power (W), and 200
cycles per burst for 150 s, was used to fragment 1 ug of DNA. In the
DNA library preparation, the fragmented DNA was prepared based
on the TruSeq DNA LT Sample Prep Kit (Illumina, San Diego, CA,
USA) following the manufacturer’s instructions. Then, AMPure
XP beads (Beckman Coulter, Danvers, MA, USA) was used to per-
form clean up and size selection of the DNA library. The concen-
tration of the DNA library was measured using the KAPA Library
Quantification Kit (Kapa Biosystems, Wilmington, MA, USA).
The DNA library was diluted to 6 pM. Finally, the diluted DNA li-
brary was paired-end sequenced (2 x 150 bp) with the MiSeq plat-
form (Illumina), using MiSeq Reagent Kits V2 (300 cycles) accord-
ing to the standard protocol.

Quality filter and genome assembly

MiSeq was used to sequence the mild and severe strains of Leptospi-
ra isolated from the Thai patients. Trimmomatic-0.38 [7] was used
to trim and remove low quality reads using default parameter. De
novo assembly was performed in both strains using SPAdes-3.13.0
[8]. All scaffolds were checked for contamination of 16S rRNA us-
ing the ContEST16s database [9]. The Artermis comparison tool
(ACT) [10] was used to perform alignment of assembled sequenc-
es to a reference genome using L. interrogans serovar Lai 56601 as a
reference. The DNA sequences were deposited in the Sequence
Read Archive data of NCBI server (BioProject PRINA716760).

Gene prediction and functional annotation

In the gene prediction step, Prokka 1.13.3 [11] was used to predict
genes in the mild and severe Leptospira genome. Putative protein
coding sequences from Prokka were performed in the functional
annotation. The integration of annotation data from the EggNOG
database version 1.0.3 [ 12] and the David gene ontology (GO) da-
tabase [13] represent the function of predicted genes including the
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cluster of orthologous groups of proteins (COGs), Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway [14], and GO an-

notation.

Prediction of virulence factor gene

The putative protein coding sequences were searched using blastP
with the VEDB. The criteria for the determination of candidate vir-
ulence sequences was based on an e-value of 10e™". Venn diagram
analysis was used to find unique candidate virulence sequences in a
specific strain. Lipoprotein prediction in gram-negative bacteria
was performed using LipoP 1.0 [15].

Identification of phages in mild and severe Leptospira
genomes

PHASTER (PHAge Search Tool Enhanced Release) [ 16] was per-
formed to identify phages in both the mild and severe genomes.

Results

Genome characteristics of mild and severe strain
There was a total of 5,439,790 and 2,162,355 reads with 150 bp
paired-end library using mean Phred score (Q) > 30 in mild and
severe strain, respectively. The number of scaffolds more than 500
bp are 165 in the mild strain and 309 in the severe strain. The over-
view of fastq and de novo data assembly of mild and severe strains is
shown in Table 1. After merging and ordering scaffolds with ACT,
there are 3,947 and 297 predicted genes in the final assembly of
chromosome 1 (4.70 Mb) and chromosome 2 (0.36 Mb), respec-
tively. In the severe strain, there are 4,373 and 236 predicted genes
in the final assembly of chromosome 1 (5.14 Mb) and chromo-
some 2 (0.37 Mb), respectively. The large variations of the CG con-
tent regions in the genome may be caused by being over- or un-
der-fragmented during the library construction. The percentage of
GC content in Leptospira interogans ranges from 35%-41% [17].
The mild genome had an average GC content of 35%, and the se-
vere genome had an average GC content of 37%.

From COGs analysis of mild and severe strains, the top three cat-

egories included function unknown, membrane/envelope biogen-

Table 1. Characteristics of mild and severe data and de novo assembly

Feature Mild Severe

Length (bp) 150 150
Raw reads 5,989,479 2,590,133
Q30 reads 5,439,790 2,162,355
No. of scaffolds 619 1,210
No. of scaffolds (> 500 bp) 165 309
N50 97,013 185,969
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esis and signal transduction mechanisms, as indicated in Fig. 1. For
the KEGG pathway analysis, the top three pathways included meta-
bolic pathways, biosynthesis of amino acids, and 2-oxocarboxylic
metabolism acid, as shown in Supplementary Fig. 1. Functional an-
notation is the process of collecting information about the function
of genes. The GO system [18] was used in this study. There are
three distinct categories in GO, namely molecular function, cellular
component and biological process. The results of GO analysis giv-
en in Supplementary Figs. 2—4 show that the top three molecular
functions are sigma factor activity, magnesium ion binding, and
structural constituent of ribosome. The top three cellular compo-
nents are cytoplasm, ribosome, and large ribosomal subunit. The
top three biological processes are DNA-templated transcription/
initiation, translation, and peptidoglycan biosynthetic process.
There is no significant difference between mild and severe strains
from COGs, KEGG pathway and GO analysis.

Putative virulence factor analysis

A total of 4,244 and 4,699 predicted genes in mild and severe
strains, respectively from Prokka were used to identify virulence
factor gene with VFDB. The 162 and 161 virulence factor genes
were found in mild and severe stains, respectively using blastP with
an e-value < 10e°. Venn diagram analysis was used to compare vir-
ulence factor genes between mild and severe strains. Fig. 2A shows
that 12 genes and 10 genes, respectively, of chromosome 1 were
found in only the mild strain and only the severe strain. In chromo-
some 2, one gene was found in the mild strain only and two genes
were found in the severe strain only (Fig. 2B). The gene lists that
were discovered in only the mild strain included AfaG-VII, neuA/
fimD, rhmA, dapH, yhbX, murB, ahpC, flhiB, LA 3103, nuc, PS_
PT04340, ipaH2.5, and rfaK”. Meanwhile, the gene lists found in
only the severe strain consist of mntB, iga, flgG, proC, kdnB, neuA 1,
neuA 2, pyrB, C8] 1334, rfbB, gtfl, and hemB. The description of
virulence factor genes is shown in Tables 2 and 3. In Fig. 2C, the re-
gions of virulence factor genes were mapped into chromosomes of
mild and severe strains. There are many different regions of viru-
lence factor genes found in mild and severe strains, especially in
chromosome 1. In chromosome 2 of the severe strain, the group of
virulence factor genes were located in the range of 4.8-5.2 Mb. In
addition, nearby virulence factor genes might exhibit co-expression

or regulation. However, nearby virulence factor genes will be stud-

ied further.

Phage analysis

For phage investigation, prophage sequences in mild and severe
strain genomes were identified and annotated using PHASTER.
Prophages play an important role in the evolution of the bacterial
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Function unknown -

Membrane/envelope biogenesis -

Signal transduction mechanisms -
Replication, recombination and repair -
Translation, ribosomal structure and biogenesis -
Amino acid transport and metabolism -
Energy production and conversion -
Coenzyme transport and metabolism -
Transcription -

Lipid transport and metabolism -
Carbohydrate transport and metabolism -

Strain
Mild

. Severe

Inorganic ion transport and metabolism -

Posttranslational modification, protein turnover, chaperones -

Cell motility -

Nucleotide transport and metabolism -

Intracellular trafficking, secretion, and vesicular transport -

Secondary metabolites biosynthesis, transport and catabolism -

Defense mechanisms -

Cell cycle control, cell division, chromosome partitioning -

Chromatin structure and dynamics -

Extracellular structures -

Cytoskeleton -

RNA processing and modification -

N
o-
[S)

200

o-

Genes

Fig. 1. Comparison of clusters of orthologous groups of proteins between mild and severe strains.
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Fig. 2. Comparison of virulence factor genes between mild and severe strains. (A) Venn diagram analysis between mild and severe strains in
chromosome 1. (B) Venn diagram analysis between mild and severe strains in chromosome 2. (C) Comparison region of predicted virulence
factor genes in each chromosome of both mild and severe strains (M_1: chromosome 1 in mild strain, M_2: chromosome 2 in mild strain,
S_1: chromosome 1 in severe strain and S_2 chromosome 2 in severe strain; Yellow stripe in the black bar: region of virulence factor genes).

Table 2. Description of predicted virulence factor genes in mild strains

Gene Description TH_mild FMAS_KW1 FMAS_KW2  FMAS_AW1
AfaG-Vil Afimbrial adhesin \ X X X
neuA/fimD CMP-N-acetylneuraminic acid synthetase \ X X X
rhmA 2-Keto-3-deoxy-L-rhamnonate aldolase \ X X X
dapH 2,3,4,5-Tetrahydropyridine-2,6-dicarboxylate N-acetyltransferase V X X X
yhbX Outer membrane protein YhbX \ \ N \
murB UDP-N-acetylenolpyruvoylglucosamine reductase \ N N \
ahpC Alkyl hydroperoxide reductase C \ N N N
flhB Flagellar biosynthetic protein FIhB \ N N N
LA_3103 Fibronectin-binding protein \ N N N
nuc Thermonuclease \ X X X
PS_PT04340 Insecticidal toxin protein, putative \ X X X
ipaH2.5 Invasion plasmid antigen V X X X
rfak Alpha 1,2 N-acetylglucosamine transferase \ X X X

host and are commonly found in the bacterial genome [19]. In our
results, there is no phage in either mild and severe genomes. How-
ever, the size ranges of incomplete phages from 6.9-11.3 kb were
detected in both strains. PHAGE Synech S CAM7 NC 031927,
PHAGE_Sphing PAU_NC_019521, PHAGE_Synech_AC-
G_2014b_NC 027130, PHAGE Bacill Finn NC 020480,
PHAGE_Psychr pOW20 A NC_020841 and PHAGE_Shigel
St6_NC_005344 were found in the mild genome. Moreover,
PHAGE Acinet Acj9 NC 014663, PHAGE Bacill SP_15
NC 031245, PHAGE Synech S CAM7 NC 031927, PHAGE

https://doi.org/10.5808/gi.21037

Sphing PAU NC 019521 and PHAGE_Synech ACG_2014f
NC_026927 were found in the severe genome. Almost all of the in-
complete prophages were similar to other Leptospira species that con-
tained incomplete phages with sizes ranging from 4.1 to 13.8 kb [20].
However, PHAGE Acinet Acj9 NC 014663 which was found in
the severe strain, is the one multiple-drug resistant species [ 21].

Plasmid analysis
Additional investigation of plasmids in the TH_mild and TH_ se-
vere strains isolated form Thai patients found that both strains con-
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Table 3. Description of predicted virulence factor genes in severe strains

Gene Description TH_severe Taganrog-2018 SK-1
mntB Manganese transport system membrane protein MntB V X X
iga IgA-specific serine endopeptidase V X X
flgG Flagellar basal-body rod protein FlgG V V v
proC Pyrroline-5-carboxylate reductase N N \V
kdnB 3-Deoxy-alpha-D-manno-octulosonate 8-oxidase \ X X
neuA_1 N-Acylneuraminate cytidylyltransferase N N \V
neuA_2 CMP-N,N'-diacetyllegionaminic acid synthase \ N N
pyrB Aspartate carbamoyltransferase catalytic subunit N N N
C8J_1334 Hypothetical protein V X X
rfoB dTDP-glucose 4,6-dehydratase V V V
gtf1 Glycosyltransferase Gtf1 N X N
hemB Delta-aminolevulinic acid dehydratase N X N
-
Signal peptide - Strain
Mild

N-terminal transmembrane helix -

Lipoprotein signal peptide -

o- -
l l

- Severe

40
Genes

Fig. 3. Comparison of lipoprotein predicted genes between mild and severe strains. The class of prediction from LipoP 1.0 was separated into
four groups including cytoplasmic, signal peptide, N-terminal transmembrane helix, and lipoprotein signal peptide.

tained L. interrogans serovar Canicola strain Gui44 plasmids (pGuil
and pGui2), L. interrogans serovar Linhai str. 56609 plasmids (lcp1
and lcp2) and L. interrogans serovar Manilae strain UP-MMC-NI-
ID LP plasmid pLIMLP1. Interestingly, the L. borgpetersenii serovar
Ballum strain 56604 plasmid Ibp2 was found only in the TH._se-
vere strain, implying that this plasmid might be associated with the

pathogenesis or severity of Leptospira.

Lipoprotein analysis

Lipoproteins of bacteria are a set of membrane proteins. There are
many functions in the role of pathogenesis and host-pathogen in-
teraction, especially the functions of surface adhesion and initiation
of inflammatory processes through translocation of virulence fac-
tors in the host cytoplasm [22]. In our study, we used 32 and 67
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unique genes in mild and severe strains, respectively, from eggNOG
annotation to predict lipoprotein signal peptide using LipoP 1.0.
This software can discriminate between lipoprotein and other sig-
nal peptides. The prediction was separated into four groups, includ-
ing cytoplasmic, signal peptide, N-terminal transmembrane helix
and lipoprotein signal peptide. In addition, this result in Fig. 3
showed that a protein sequence was assigned to a lipoprotein signal

peptide found in the severe strain only.

Discussion
LipoP1.0 predicts lipoproteins and discriminates between lipopro-
tein signal peptides and other signal peptides in gram-negative bac-

teria using a Hidden Markov model (HMM). They report that the

https://doi.org/10.5808/gi.21037
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accuracy performance of prediction in gram-negative bacteria is
96.8%. Another lipoprotein prediction is called LIPOPREDICT
which predicts signal peptides using a support vector machine [23].
The accuracy of this tool is 97%. Support vector machine has a sim-
ilar performance to HMM. We would like to use LIPOPREDICT
to predict lipoproteins in our genomes. Unfortunately, LIPOPRE-
DICT is not available so far.

The genome characteristics of mild and severe strains in this
study were compared with the L. interrogans genomes previously
reported from Russia (strain Taganrog-2018) [24], Sri Lanka
(strain FMAS_KW1, FMAS_KW2, and FMAS_AW1) [25], and
Saint Kitts (strain SK-1) [26]. The Leptospira strains from Russia
and Saint Kitts were classified as severe strains. The result of ge-
nome characteristics comparison was represented in Supplementa-
ry Table 1. In addition, the virulence factor genes were compared
among our strains and other strains as shown in Tables 2 and 3. The
result revealed that yhbX, murB, ahpC, flhB, and LA 3103 genes
were found in Leptospira interrogans stains FMAS KW1, FMAS
KW2, and FMAS AWI1 similar to those found in our mild strain.
Moreover, flgG, proC, neuA_1, neuA_2, pyrB and rfbB genes were
also found in Leptospira interrogans strains in this study, Tagan-
rog-2018 and SK-1 isolated from severe cases. However, mntB, iga,
kdnB, and C8] 1334 genes were found only in our severe strain.

IgA-specific serine endopeptidase or IgA protease is secreted by
gram-negative bacteria. This enzyme plays an important role in hu-
man antibodies. They can specifically cleave IgA, which provides
an antibody for defending the mucosal surface [27]. The inactiva-
tion of IgA protease might have the potential to reduce bacterial
colonization on mucosal surfaces [28]. Aminoglycosides are
broad-spectrum antibiotics that are used in gram-negative and
gram-positive organisms [29]. Many reports showed that Leptospi-
ra are sensitive to aminoglycosides [30,31]. dTDP-glucose-4,6-de-
hydratase genes were related in a gene cluster in an aminoglycoside
antibiotics producer [32].

In bacteria, metal ions play an important role in survival in their
host environment. Bacteria which cannot maintain proper homeo-
stasis of metals are less virulent [33]. In many biological processes
metal ions are needed as metalloprotein materials, which function
as enzyme cofactors or structural elements. Manganese (Mn) is one
important example. Many bacteria require manganese with eukary-
otic host cells to form pathogenic or symbiotic interactions [34].
Currently, there is evidence that the invading microbe uses Mn as
the main micronutrient to avoid the effects of host-mediated oxida-
tive stress and thus plays a significant role in the human host’s toler-
ance to pathogenic bacteria [35]. In our study, we found manganese
transport system membrane protein MntB (mntB) in the severe
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Leptospira strain. This gene encodes transmembrane protein. The
mntB gene is part of the ABC transporter system for manganese
that mediates the movement of various substrates from microbes to
humans across different biological membranes [36]. The lack of
the mntB gene might affect the homeostasis of metal in bacteria that
are less virulent.

The flagellum consists of three main sections, including a flagellar
filament, a hook complex, and a basal body in both gram-negative
and gram-positive bacteria. There are many genes related to flagel-
lar biosynthetic protein such as flhA, flhB [37,38]. The results
showed that fIhB was found in the mild strain. This result came
from blastP with a VFDB. However, flhB was also found in the se-
vere strain from Prokka annotation. In this case, some genes in the
mild strain are similar to the fIhB gene in other species of bacteria in
the VFDB.

In this study, two strains of Leptospira spp. isolated from mild and
severe Thai patients were compared. Our analysis showed 3,947
and 297 predicted genes in the final assembly of chromosome 1
(4.70 Mb) and chromosome 2 (0.36 Mb), respectively, in the mild
strain. In addition, there are 4,373 and 236 predicted genes in the fi-
nal assembly of chromosome 1 (5.14 Mb) and chromosome 2
(0.37 Mb), respectively, in the severe strain. The difference of viru-
lence factor genes was found in both strains. Our results focus on
predicting virulence factor genes in the severe strain that is not
found in the mild strain. The virulence factor genes in the severe
strain are only related to host immune response, and survival in the
host environment might be the vital virulence factor genes. Howev-
er, these genes should be validated in further study.

ORCID

Songtham Anuntakarun: https://orcid.org/0000-0002-6849-0523
Vorthon Sawaswong: https://orcid.org/0000-0003-2805-6690
Rungrat Jitvaropas: https://orcid.org/0000-0001-7555-0048
Kesmanee Praianantathavorn: https://orcid.org/0000-0002-5368-
3015

Witthaya Poomipak: https://orcid.org/0000-0002-3282-7219
Yupin Suputtamongkol: https://orcid.org/0000-0001-7324-1698
Chintana Chirathaworn: https://orcid.org/0000-0002-2131-1815
Sunchai Payungporn: https://orcid.org/0000-0003-2668-110X

Authors' Contribution

Conceptualization: SP, SA. Data curation: CC, YS. Formal analysis:
SA, VS. Funding acquisition: SP. Methodology: SA, KP, WP. Writ-
ing - original draft: SA. Writing - review & editing: SP, CC, R]J.

7/9



Anuntakarun S et al. ® Genome characterization of Leptospira interrogans

Genomics & INFORMATICS

Conflicts of Interest

No potential conflict of interest relevant to this article was reported.

Acknowledgments

The authors would like to acknowledge the supports from Gradu-
ate School, Faculty of Science and Faculty of Medicine, Chulalong-
korn University (the 100" Anniversary Chulalongkorn University
Fund for Doctoral Scholarship; the 90" Anniversary of Chulalong-
korn University Ratchadaphiseksomphot Endowment Fund).

Supplementary Materials

Supplementary data can be found with this article online at http://
www.genominfo.org.

References

1. Bharti AR, Nally JE, Ricaldi JN, Matthias MA, Diaz MM, Lovett
MA, et al. Leptospirosis: a zoonotic disease of global importance.
Lancet Infect Dis 2003;3:757-771.

2. Adler B, de la Pena Moctezuma A. Leptospira and leptospirosis.
Vet Microbiol 2010;140:287-296.

3. Picardeau M, Bulach DM, Bouchier C, Zuerner RL, Zidane N,
Wilson PJ, et al. Genome sequence of the saprophyte Leptospira
biflexa provides insights into the evolution of Leptospira and the
pathogenesis of leptospirosis. PLoS One 2008;3:e1607.

4. Xu 'Y, Zhu Y, Wang Y, Chang YF, Zhang Y, Jiang X, et al. Whole
genome sequencing revealed host adaptation-focused genomic
plasticity of pathogenic Leptospira. Sci Rep 2016;6:20020.

5. Weimer BC. 100K Pathogen Genome Project. Genome An-
nounc 2017;5:e00594-17.

6. Chen L, Yang J, Yu J, Yao Z, Sun L, Shen Y, et al. VFDB: a refer-
ence database for bacterial virulence factors. Nucleic Acids Res
2005;33:D325-D328.

7.Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics 2014;30:2114-2120.

8. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Ku-
likov AS, et al. SPAdes: a new genome assembly algorithm and its
applications to single-cell sequencing. ] Comput Biol 2012;
19:455-477.

9. Lee I, Chalita M, Ha SM, Na SI, Yoon SH, Chun J. ContEst16S:
an algorithm that identifies contaminated prokaryotic genomes
using 16S RNA gene sequences. Int J Syst Evol Microbiol
2017;67:2053-2057.

10. Carver TJ, Rutherford KM, Berriman M, Rajandream MA, Bar-

8/9

rell BG, Parkhill J. ACT: the Artemis Comparison Tool. Bioinfor-
matics 2005;21:3422-3423.

11. Seemann T. Prokka: rapid prokaryotic genome annotation. Bioin-
formatics 2014;30:2068-2069.

12. Huerta-Cepas J, Szklarczyk D, Heller D, Hernandez-Plaza A,
Forslund SK, Cook H, et al. eggNOG 5.0: a hierarchical, func-
tionally and phylogenetically annotated orthology resource based
on 5090 organisms and 2502 viruses. Nucleic Acids Res 2019;
47:D309-D314.

13. Huang DW, Sherman BT, Tan Q, Collins JR, Alvord WG, Roayaei
J, et al. The DAVID Gene Functional Classification Tool: a novel
biological module-centric algorithm to functionally analyze large
gene lists. Genome Biol 2007;8:R183.

14. Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K.
KEGG: new perspectives on genomes, pathways, diseases and
drugs. Nucleic Acids Res 2017;45:D353-D361.

15. Juncker AS, Willenbrock H, Von Heijne G, Brunak S, Nielsen H,
Krogh A. Prediction of lipoprotein signal peptides in Gram-nega-
tive bacteria. Protein Sci 2003;12:1652-1662.

16. Arndt D, Grant JR, Marcu A, Sajed T, Pon A, Liang Y, et al.
PHASTER: a better, faster version of the PHAST phage search
tool. Nucleic Acids Res 2016;44:W16-W21.

17. Farrar J, Hotez P, Junghanss T, Kang G, Lalloo D, White N, et al.
Manson's Tropical Diseases. Oxford: Saunders, 2013.

18. The Gene Ontology Consortium. Gene Ontology: tool for the
unification of biology. Nat Genet 2000;25:25-29.

19. Fortier LC, Sekulovic O. Importance of prophages to evolution
and virulence of bacterial pathogens. Virulence 2013;4:354-365.

20. Kurilung A, Keeratipusana C, Suriyaphol P, Hampson DJ, Prapas-
arakul N. Correction to: Genomic analysis of Leptospira interro-
gans serovar Paidjan and Dadas isolates from carrier dogs and
comparative genomic analysis to detect genes under positive se-
lection. BMC Genomics 2019;20:246.

21. Turner D, Ackermann HW, Kropinski AM, Lavigne R, Sutton
JM, Reynolds DM. Comparative analysis of 37 Acinetobacter
bacteriophages. Viruses 2017;10:5.

22. Kovacs-Simon A, Titball RW, Michell SL. Lipoproteins of bacte-
rial pathogens. Infect Immun 2011;79:548-561.

23. Kumari SR, Kadam K, Badwaik R, Jayaraman VK. LIPOPRE-
DICT: bacterial lipoprotein prediction server. Bioinformation
2012;8:394-398.

24. Samoilov AE, Stoyanova NA, Tokarevich NK, Evengard B, Zueva
EV, Panferova YA, et al. Lethal outcome of leptospirosis in south-
ern Russia: characterization of Leptospira interrogans isolated
from a deceased teenager. Int ] Environ Res Public Health 2020;
17:4238.

25. Senevirathna I, Jayasundara D, Lefler JP, Chaiboonm KL, War-

https://doi.org/10.5808/gi.21037


www.genominfo.org.
https://doi.org/10.1016/s1473-3099(03)00830-2
https://doi.org/10.1016/s1473-3099(03)00830-2
https://doi.org/10.1016/s1473-3099(03)00830-2
https://www.ncbi.nlm.nih.gov/pubmed/19345023
https://www.ncbi.nlm.nih.gov/pubmed/19345023
https://doi.org/10.1371/journal.pone.0001607
https://doi.org/10.1371/journal.pone.0001607
https://doi.org/10.1371/journal.pone.0001607
https://doi.org/10.1371/journal.pone.0001607
https://www.ncbi.nlm.nih.gov/pubmed/26833181
https://www.ncbi.nlm.nih.gov/pubmed/26833181
https://www.ncbi.nlm.nih.gov/pubmed/26833181
https://doi.org/10.1128/genomea.00594-17
https://doi.org/10.1128/genomea.00594-17
https://doi.org/10.1093/nar/gki008
https://doi.org/10.1093/nar/gki008
https://doi.org/10.1093/nar/gki008
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1099/ijsem.0.001872
https://doi.org/10.1099/ijsem.0.001872
https://doi.org/10.1099/ijsem.0.001872
https://doi.org/10.1099/ijsem.0.001872
https://doi.org/10.1093/bioinformatics/bti553
https://doi.org/10.1093/bioinformatics/bti553
https://doi.org/10.1093/bioinformatics/bti553
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1186/gb-2007-8-9-r183
https://doi.org/10.1186/gb-2007-8-9-r183
https://doi.org/10.1186/gb-2007-8-9-r183
https://doi.org/10.1186/gb-2007-8-9-r183
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1110/ps.0303703
https://doi.org/10.1110/ps.0303703
https://doi.org/10.1110/ps.0303703
https://doi.org/10.1093/nar/gkw387
https://doi.org/10.1093/nar/gkw387
https://doi.org/10.1093/nar/gkw387
https://www.ncbi.nlm.nih.gov/pubmed/10802651
https://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.4161/viru.24498
https://doi.org/10.4161/viru.24498
https://www.ncbi.nlm.nih.gov/pubmed/30922217
https://www.ncbi.nlm.nih.gov/pubmed/30922217
https://www.ncbi.nlm.nih.gov/pubmed/30922217
https://www.ncbi.nlm.nih.gov/pubmed/30922217
https://doi.org/10.3390/v10010005
https://doi.org/10.3390/v10010005
https://doi.org/10.3390/v10010005
https://doi.org/10.1128/iai.00682-10
https://doi.org/10.1128/iai.00682-10
https://doi.org/10.6026/97320630008394
https://doi.org/10.6026/97320630008394
https://doi.org/10.6026/97320630008394
https://doi.org/10.3390/ijerph17124238
https://doi.org/10.3390/ijerph17124238
https://doi.org/10.3390/ijerph17124238
https://doi.org/10.3390/ijerph17124238
https://doi.org/10.3390/ijerph17124238
https://www.ncbi.nlm.nih.gov/pubmed/32494307

Genomics & Informatics 2021;19(3):e31

Genomics & INFoOrRMATICS

nasekara J, Agampodi S, et al. Complete genome sequence of
Leptospira interrogans strains FMAS KW1, FMAS KW?2 and
FMAS AWT1 isolated from leptospirosis patients from Karawa-
nalla and Awissawella, Sri Lanka. ] Genomics 2020;8:49-52.

26. Llanes A, Prakoso D, Restrepo CM, Rajeev S. Complete genome
sequence of a virulent Leptospira interrogans serovar Copenhageni
strain, assembled with a combination of nanopore and Illumina
reads. Microbiol Resour Announc 2020;9:€00200-20.

27. Plaut AG. The IgAl proteases of pathogenic bacteria. Annu Rev
Microbiol 1983;37:603-622.

28. Mistry D, Stockley RA. IgA1 protease. Int ] Biochem Cell Biol
2006;38:1244-1248.

29. Krause KM, Serio AW, Kane TR, Connolly LE. Aminoglyco-
sides: an overview. Cold Spring Harb Perspect Med 2016;6:
2027029.

30. Faine S, Adler B, Bolin C, Perolat P. “Leptospira” and leptospirosis.
2nd ed. Melbourne: MediSci, 1999.

31. Kobayashi Y. Clinical observation and treatment of leptospirosis.
Infect Chemother 2001;7:59-68.

32.DuY, Li T, Wang YG, Xia H. Identification and functional analysis
of dTDP-glucose-4,6-dehydratase gene and its linked gene cluster

in an aminoglycoside antibiotics producer of Streptomyces tene-

https://doi.org/10.5808/gi.21037

brarius H6. Curr Microbiol 2004;49:99-107.

33. Hood M, Skaar EP. Nutritional immunity: transition metals at
the pathogen-host interface. Nat Rev Microbiol 2012;10:525-
S37.

34. Zeinert R, Martinez E, Schmitz J, Senn K, Usman B, Ananthara-
man V, et al. Structure-function analysis of manganese exporter
proteins across bacteria. ] Biol Chem 2018;293:5715-5730.

35. Lisher JP, Giedroc DP. Manganese acquisition and homeostasis at
the host-pathogen interface. Front Cell Infect Microbiol
2013;3:91.

36. Saier MH Jr. Molecular phylogeny as a basis for the classification
of transport proteins from bacteria, archaea and eukarya. Adv Mi-
crob Physiol 1998;40:81-136.

37. Lambert A, Picardeau M, Haake DA, Sermswan RW, Srikram A,
Adler B, et al. FlaA proteins in Leptospira interrogans are essential
for motility and virulence but are not required for formation of
the flagellum sheath. Infect Immun 2012;80:2019-2025.

38. Cheng C, Wang H, Ma T, Han X, Yang Y, Sun J, et al. Flagellar bas-
al body structural proteins FIhB, FliM, and FliY are required for
flagellar-associated protein expression in Listeria monocytogenes.
Front Microbiol 2018;9:208.

9/9


https://www.ncbi.nlm.nih.gov/pubmed/32494307
https://www.ncbi.nlm.nih.gov/pubmed/32494307
https://www.ncbi.nlm.nih.gov/pubmed/32494307
https://www.ncbi.nlm.nih.gov/pubmed/32327507
https://www.ncbi.nlm.nih.gov/pubmed/32327507
https://www.ncbi.nlm.nih.gov/pubmed/32327507
https://www.ncbi.nlm.nih.gov/pubmed/32327507
https://doi.org/10.1146/annurev.mi.37.100183.003131
https://doi.org/10.1146/annurev.mi.37.100183.003131
https://doi.org/10.1016/j.biocel.2005.10.005
https://doi.org/10.1016/j.biocel.2005.10.005
https://doi.org/10.1101/cshperspect.a027029
https://doi.org/10.1101/cshperspect.a027029
https://doi.org/10.1101/cshperspect.a027029
https://doi.org/10.1007/s101560100011
https://doi.org/10.1007/s101560100011
https://www.ncbi.nlm.nih.gov/pubmed/15297914
https://www.ncbi.nlm.nih.gov/pubmed/15297914
https://www.ncbi.nlm.nih.gov/pubmed/15297914
https://www.ncbi.nlm.nih.gov/pubmed/15297914
https://doi.org/10.1038/nrmicro2836
https://doi.org/10.1038/nrmicro2836
https://doi.org/10.1038/nrmicro2836
https://doi.org/10.1074/jbc.m117.790717
https://doi.org/10.1074/jbc.m117.790717
https://doi.org/10.1074/jbc.m117.790717
https://doi.org/10.3389/fcimb.2013.00091
https://doi.org/10.3389/fcimb.2013.00091
https://doi.org/10.3389/fcimb.2013.00091
https://doi.org/10.1016/s0065-2911(08)60130-7
https://doi.org/10.1016/s0065-2911(08)60130-7
https://doi.org/10.1016/s0065-2911(08)60130-7
https://doi.org/10.1128/iai.00131-12
https://doi.org/10.1128/iai.00131-12
https://doi.org/10.1128/iai.00131-12
https://doi.org/10.1128/iai.00131-12
https://www.ncbi.nlm.nih.gov/pubmed/29487588
https://www.ncbi.nlm.nih.gov/pubmed/29487588
https://www.ncbi.nlm.nih.gov/pubmed/29487588
https://www.ncbi.nlm.nih.gov/pubmed/29487588

	Introduction
	Methods
	Isolation of Leptospira 
	Library preparation 
	Quality filter and genome assembly  
	Gene prediction and functional annotation 
	Prediction of virulence factor gene 
	Identification of phages in mild and severe Leptospira genomes 

	Results
	Genome characteristics of mild and severe strain 
	Putative virulence factor analysis 
	Phage analysis 
	Plasmid analysis 
	Lipoprotein analysis  

	Discussion
	ORCID
	Authors’ Contribution 
	Conflicts of Interest  
	Acknowledgments
	Supplementary Materials 
	References

