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1. Introduction

Abstract

Leptospirosis is a zoonotic illness caused by a bacterial spirochaete
belonging to the genus Leptospira that induces renal failure in humans.
This bacterium has high pathogenicity and can even cause death. As a
result, research into the pathogenic mechanism of this organism is
essential. Sequencing can be performed to understand the evolution
and characteristics of an organism. Sequencing technologies like
Sanger sequencing, [llumina sequencing, and recent technologies like
MinION nanopore sequencing can be performed to study the whole
genome of leptospiral strains. Based on whole genome sequencing,
pathogenic characteristics and pathways involved during disease
infection can be investigated. Identification of pathogenic features in
the whole genome of Leptospira sp. may enable certain gene
modifications or the development of potential vaccines to eradicate the
disease. This review is an overview of various sequencing approaches
and highlights the comparison of genome features present in
pathogenic leptospires and saprophytic leptospires.

DNA sequencing is a sensitive approach for understanding the genetic information of a
microorganism and the genes responsible for the regulatory instructions for turning on or off
mechanisms [1]. Sequencing is performed to retrieve information about the genes responsible for
causing diseases and specific mutations within the organism [2]. The main advantage of sequencing
is the application in the areas of forensics and in the identification of extinct or endangered species.
It can also be applied in agriculture to reduce pest attacks and increase productivity. Because of the
advancement in science, sequencing technology has developed extensively and evolved from first,
second, and even third-generation sequencing technologies, which help researchers and clinicians
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understand the genetic information in pathogenic strains [3]. One of the best ways to avoid
communicable diseases is by vaccination. The development of vaccines has become easier because
of high-throughput technologies like functional and structural genomics and full genome
sequencing. The most recent advances in synthetic genomes offer greater opportunities for creating
vaccines. Pan-genomic reverse vaccinology increases the potential for discovering new vaccine
candidates by analyzing sequence data from diverse isolates of the same species of a pathogen. The
time it takes for vaccine discovery research and development has been significantly lowered as a
result of the prompt availability of comprehensive and accurate pathogenic genome sequences and
the growth of analysis tools that can be used for mining biological information contained in genome
sequences. Genome mining has made it possible to assign gene functions, predict a few features of
encoded proteins such as cellular location, molecular weight, pl, or solubility, and predict genes that
might encode factors that promote pathogenesis [4]. In this perspective reverse vaccinology can be
seen as a particularly alluring method, delivering conserved potential antigens in the shortest amount
of time, especially when combined with the knowledge from comparative and experimental
genomics. The discovery of pathogenesis-related variables, which are crucial components in the
production of novel vaccines, has also been accelerated by the development of postgenomics
methods. With the potential to use genetic data to develop possible vaccine candidates, a new
revolution in vaccine development may emerge from the application of genomic techniques that are
innovative in their ability to recognize the molecular mechanisms of illness. The development of
postgenomics techniques has also improved the identification of pathogenesis-related variables,
which are vital elements in the design of novel vaccines. Sequencing may now be performed more
quickly, with higher sensitivity and specificity, and without requiring skilled labour that can often
be completed within a few days [5].

2. First Generation Sequencing
2.1 Chain termination method

The first breakthrough in DNA sequencing occurred in 1977 when Maxam and Gilbert introduced
a method for sequencing based on the chemical modification of DNA. Their method involved
breaking the DNA strands at specific sites, and it did not rely on DNA polymerase, unlike Sanger
sequencing [6, 7]. The method involves radioactive labeling at 5’end of the DNA fragment to be
sequenced. Chemical treatment is done to modify the DNA and cleave it at specific sites. Purines
are depurinated using formic acid, guanines undergo methylation by dimethyl sulfate, and hydrazine
is used to hydrolyze pyrimidines. This modified DNA is then cleaved by piperidine resulting in
small fragments [8]. These small fragments are visualized using auto radiography. This technique
suffers as it lacks automation, usage of hazardous chemicals, and is time-consuming [9, 10].

2.2 Sanger sequencing

In the same year, Fredrick Sanger introduced a method of first-generation sequencing called Sanger
sequencing, which is also known as the “chain termination method”. The method which utilized
radiolabelled partially digested fragments, dominated the sequencing world for more than 30 years
[11-13]. Sanger used this method to sequence the complete genome of the bacteriophage PhiX174,
a virus that infects Escherichia coli [14]. This method involves dideoxyribonucleotides (ddNTPs)
where 3’hydroxyl group is absent, a condition which is required for 5’ to 3’ extension of a DNA
polynucleotide chain in a sequencing reaction [10]. When ddNTPs are incorporated, they terminate
the chain reaction. The products are separated and resolved using electrophoresis. They can be
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visualized using auto radiography in which the radioactive bands that are present fluoresce. Many
improvements have been made over the years to this method, where the radiolabeling of phosphate
or tritium is replaced by a fluorometric-based detection technique and capillary-based
electrophoresis. This approach has made the sequencing of DNA faster, and it can also be done for
complex species. Although Sanger’s approach provides positive results with 99.9% accuracy and
increased specificity [15], it suffers from drawbacks like a time-consuming process and another is
that only one strand can be sequenced in a reaction.

2.3 ABI 370 sequencing

In 1984, Fritz Pohl invented a GATC 1500 sequencing platform where radioactive substances are
not utilized for labeling nucleotides. In 1987, Hood and Hunkapiller improved the Sanger
sequencing method by replacing the radioactive labels with fluorescent dyes, and the acquisition
and analysis were interpreted by an ABI 370 machine [16, 17]. This approach was appreciated by
the scientific community and paved the way for the world of second-generation sequencing.

3. Second Generation Sequencing

3.1 Pyrosequencing

In 1996, Mathias Uhlen and Nyren introduced a new approach called pyrosequencing, also known
as 454 pyrosequencing, which utilizes DNA polymerase, ATP sulfurylase, and luciferase enzyme
to synthesize pyrophosphate for sequencing the DNA element [18, 19]. This method does not require
the usage of fluorescence dyes, ddNTPs and gels. The emulsion PCR (oil-water) method, which is
used for amplification, isolates and categorizes the template DNA to prevent unproductive artifacts
between the DNA sequences. The DNA is first isolated, fragmented and an adapter is attached to
the fragments, which are made into a single separate strand [20]. The capture beads contain a single
oligonucleotide primer that is complementary to the adapter. After vigorous agitation of the oil-
water system, emulsification occurs, and amplification of template DNA takes place. The
concentration is optimized to ensure that only one template DNA and one bead are present in each
droplet. The emulsion is then broken to release the beads that contain the single-stranded DNA, and
they are deposited into the well where the pyrosequencing reaction occurs. As a result of the
reaction, light is produced and is captured by a camera. The peaks are detected using a pyrogram.
Eventually, the nucleotide sequences are determined. This method is quicker than Sanger and
Maxam-Gilbert sequencing methods and can be easily automated and processed parallelly. This
method is mainly used for sequencing the human microbiome to study its role in digestion,
metabolism, and even the pathogens. The cons of this method are that the lengths of individual reads
are around 300-500 nucleotides only, and it lacks proofreading, thus reducing accuracy.

3.2 lllumina sequencing

In 1998, Balasubramanian and his research group developed a sequencing-by-synthesis-based
approach known as Illumina sequencing, which utilizes Solexa technology including fluorescent
dyes [21, 22]. The DNA is initially purified, fragmented and attached to adapters, which can be used
as reference points. The processed DNA mixture is loaded into a flow cell, where the first
amplification step starts. The flow cell contains a nanowell, which can arrange the DNA fragments
to avoid overcrowding. The nanowell contains an oligonucleotide that helps attach the adapters to
the well. After the attachment of adapters, cluster generation begins whereby thousands of copies of
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the DNA are created, and this is done using bridge amplification PCR. This process is carried out to
ensure that the signal intensity of the bases can be achieved with standard signal generation. The
primers and the nucleotides are added in which the nucleotides contain reversible dye terminators
so that the DNA polymerase is made sure to be attached with only one nucleotide with a fragment.
A chemical solution is added to remove the 3’OH fluorescent terminal group, and the fluorescence
is captured using a camera or other equipment and the bases are analyzed. This process is continued
until the whole DNA molecule is sequenced. Illumina sequencing leverages clonal amplification
and sequencing by synthesis technology to produce accurate results. This technique is successful as
it can sequence multiple strands and possess a huge data of sequencing information. Even though
the read lengths are ~ 150 bp, the cost of the run is cheaper compared with other sequencing
technologies [23]. However, there are disadvantages like the high substitution error rate and the high
instrumentation cost; furthermore, only highly trained personnel can perform this technique.

4. Third Generation Sequencing

One spectacular entry into the third-generation sequencing was the approach of Single-Molecule
Real-Time (SMRT) sequencing technology introduced by Pacific Biosciences in 2010 [24, 25].
They developed a zero-mode waveguide (ZMW) technique that utilizes nanohole containing a single
DNA polymerase. When a nucleotide labeled with fluorescent dye is passed through the nanohole,
it detects the light emitted by the molecule and is captured by the detector placed below the ZMW.
In 2011, the Ion Torrent sequencing method (by Life Technology) used sequencing—by—synthesis
technology which can detect hydrogen ions when new DNA strands are synthesized. The latest
version of SMRT-GridION was introduced in 2012, and is significantly reduced in size, and utilizes
the electric current produced when the DNA strand passes through the biological nanopore to
identify the nucleotide sequence. This GridION (Oxford Nanopore Technology, UK) combines 5
flow cells that can be run individually or together. Each flow cell has 512 nanopores and can
generate more than 100 GB of data from a single run with increased sensitivity and accuracy [26].
It is used to sequence various smaller genomes and transcriptional applications and enables users to
stop and start the sequencing as desired. The data can be retrieved using MinKNOW software [27],
and the processing can be done based on either EPI2ZME software or any other pipeline.

5. Fourth Generation Sequencing
5.1 MinION sequencing

In 2015, MinlION, a portable device, was introduced and made possible for sequencing reactions to
be performed directly at sample collection sites [28]. The device is an example of a fourth generation
sequencing technique and operates following the Sanger sequencing principle. But the main
difference between these techniques is that the MinION sequencing uses array-based technologies,
whereas the latter uses separate steps for sequencing, separation and detection. These whole-genome
sequencing methods have made a huge development in basic research, applied sciences, diagnostics
and many other fields [16]. They have contributed to knowledge of bacterial genome sequences and
genes responsible for diseases, and this data has in turn led to the development of vaccines.
MinlION sequencing has made library preparation more accessible, and preparation can be
done within 10 min, according to the instructions mentioned by the manufacturer. Then the DNA is
loaded into the flow cell comprising nanopores in an electrically resistant membrane, where the
DNA is disrupted, resulting in the generation of electrical signals that can be eventually converted
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into nucleotide base pairs. The sequence is further trimmed to remove the adapters and errors as
they run at a faster rate. They are then made to go through various steps like finding the overlaps,
assembling based on de novo assembly and sequence polishing to reduce the error rates. The final
sequence can be annotated to know about the genes present and their associated functions. These
can be performed with available tools running in real-time [29].

Another advanced sequencing technology that is an extended version of MinION is
PromethION [30]. This bench top instrument provides 48 individual flow cells with over 3000
nanopore channels. It also provides user accessibility, which helps operators make any changes
during the sequencing. This instrument runs 500 base pairs per second and achieves the highest
sequencing accuracy. Voltrax is an automated library preparation that reduces human errors [31].
Research in developing novel sequencing technologies is currently performed, which enable the
study of various microorganisms and their mechanisms.

The first complete genomes of Haemophilus influenza [32] and Mycoplasma genitalium
[33] were sequenced in 1995. In earlier days, the genomes could not be sequenced in a single
reaction and required more time to sequence individual fragments, leading to read mapping and de
novo assembly. But the error rate was high because of the repetitive sequences and accuracy
problems. That is why the next generation of sequencing started to dominate the world. New
techniques can be used to sequence long-read sequence in a shorter time, are of low cost and do not
require an amplification step before the sequencing procedure. Many bacterial genomes have been
sequenced over the years and the sequencing data were submitted to GenBank.

6. Sequencing of Various Strains of Leptospira sp. with Special Reference to
Genome Features

The genome of Leptospira sp. comprises a large chromosome I and a mini chromosome II [34, 35].
Nearly 450 serovars of Leptospira sp. have been sequenced, and the whole genome sequence
information is available in the public NCBI database [36, 37]. Whole-genome sequencing was
performed with Illumina technology on a DNA isolate of a patient in Yunnan, China and sequencing
data revealed that >95% similarity was obtained with L. weilii serovar Heyan strain L 231 [38].
Similarly, L. interrogans serovar Icterohaemorrhagiae strain Lai was collected from the National
Reference Laboratory for Leptospira at NIFDC, China [39]. After processing the sequenced data,
the draft genomes were assembled using L. interrogans gene sequence as a reference standard for
studying their pathogenic mechanisms. The virulence factors present in these strains were analyzed
using various methods and it was found that lipopolysaccharides play a significant role in causing
the disease, and their composition varies in pathogenic, intermediate and saprophytic leptospires
[40]. The analysis showed that 2617 genes were orthologous with L. interrogans, 2417 were
orthologous with L. borgpetersenii and 1907 were orthologous with L. biflexa [38]. Furthermore,
researchers found three riboswitches for vitamin B12 biosynthesis transport, indicating that these
operons were fully complete only in pathogenic and not in saprophytic, and might help in causing
disease and adaptation to different environments and hosts. More than 30 coding sequences (CDSs)
were found for motility and chemotaxis, and many secretory pathways were also found. The type II
secretory system helps transport toxins and hydrolytic enzymes across the cell membrane facilitating
pathogenesis. It was found that even within the same serovar groups, these strains were distinct,
indicating that the disease caused by the pathogenic species were strain dependent. Also, the
comparison of specific genome features among the pathogenic, intermediate, and saprophytic strains
were identified.
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6.1 Genome features in saprophytic leptospires

Saprophytic species are non-pathogenic, and they live in aquatic environments. Among the
saprophytic leptospires, Leptospira biflexa serovar Patoc strain Patocl (Ames) was first sequenced
by the whole-genome shotgun sequencing method [41]. The sequence information of strain Patoc 1
(Ames) was compared with two other pathogenic strains, namely L. interrogans and L.
borgpetersenii, and it was found that more than one-third of the features present in pathogenic
species were absent in saprophytic species, indicating that they could not be involved in causing
leptospirosis. Biofilm formation is also observed in L. biflexa and L. interrogans, both thriving for
survival in the environment with solid biofilms [42], whereas biofilm formation was not observed
in strains of L. borgpetersenii. Since L. biflexa is a fast-growing species, it was believed that the
number of tRNAs would be high when compared with other strains [43]. But the assumption was
incorrect, and the tRNA numbers were lower than other species, confirming that the growth depends
not on tRNAs but on the metabolism used for their survival [44]. Even though this strain contains a
putative hemolysin, the genome that codes for the enzyme to degrade the tissues is absent. But the
genes responsible for DNA, RNA metabolism, intermediary metabolism, protein secretions and cell
structure are all the same in every species, indicating that the virulence gene might have evolved at
later stages.

6.2 Genome features in intermediate or semi-pathogenic species

Intermediate strains of Leptospira sp. are found between the saprophytic and pathogenic strains,
indicating that the pathogenic strains share the significant genes responsible for virulence [45].
These species that are found to be in between saprophytes and pathogens share most of the genes
with both species. The genomes of two intermediate strains, L. licerasiae serovar Varillala strain
VARO10 and L. licerasiae strain MMDO0835, were sequenced using the Illumina Solexa genome
analyzer platform [46], and the genome features were studied and found to have maximum similarity
and comprising several proteins related to nitrogen, amino acid and carbohydrate metabolism which
might enable the bacteria to grow better in artificial media than the pathogenic species. For
instance, the gene i/v4 encoding threonine ammonia-lyase is present only in saprophytic leptospires
and not in pathogenic leptospires [46]. These genes were further examined for riboswitches and
other regulatory elements. A cis-regulatory element presents only in an intermediate strain of L.
licerasiae, ydaO-yuaA complex, was found to be expressed during osmotic shock. It was found that
more than an average number of the proteins found in L. licerasiae were similar to those in L.
interrogans, suggesting that the intermediate species were closely related to pathogenic strains,
rather than saprophytic strains. Recent findings have proven that O antigen synthesis is unique in L.
licerasiae and no orthologs have been identified in L. interrogans and L. biflexa, confirming its
nature of semi-pathogenicity. The rfb locus is located in pathogenic strains and a few intermediate
strains of L. inadai, L. broomii and L. fainei between a copper-binding protein on the left and the
ribosomal protein S6 on the right [47]. Hence, the researchers concluded that intermediate strains
are moving towards pathogenic and semi-pathogenic or intermediate leptospiral strains.

6.3 Genome features in pathogenic leptospires

Pathogenic species are responsible for causing infectious disease, and they induce many clinical
complications in humans. Sequencing was performed with Illumina and Single-Molecule Real-Time
(SMRT) sequencing technologies on six strains of L. interrogans obtained from Malaysia [48]. The
strains chosen were L. interrogans serovar Lai strain Langkawi, L. interrogans serovar Copenhageni
strain 898, L. interrogans serovar Bindjei strain 782, L. interrogans serovar Paidjan strain 1489, L.
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interrogans serovar Bataviae strain 1548 and L. interrogans serovar Yeoncheon strain 1530. The
genes present in these pathogenic strains were analyzed and the virulence factors responsible for
causing infection were found. Predominantly, the components responsible for causing virulence like
sialic acid, biofilm formation and lipid A biosynthesis were identified in pathogenic strains [49].
The researchers discovered that the alginate biosynthesis pathway was complete only in pathogenic
leptospires and not in saprophytic and intermediate leptospires.

The sialic acid biosynthesis with unique features like O-acetyltransferase is present only in
L. alexanderi and L. borgpetersenii and these species contain nucleoside-bisphosphate-sugar
epimerase [48]. Only the pathogenic species L. santarosai has N-acetylneuraminic acid with the
phosphoglyceric dehydrogenase domain whereas intermediate and saprophytic species lack this
gene. The genes encoding for molecules that adhere to the extracellular matrix suggest that these
genes are based on survival and mammalian adaptation to the environment. Three genes encoded
for adhesive molecules present only in pathogenic species are Lsa30, Lsa44 and Mfn6. Moreover,
virulence proteases like collagenase and thermolysins that avoid complement and extracellular
matrix degradation via metalloproteases were found. These proteases are found in neither
intermediate nor saprophytic species.

Three enzymes responsible for dealing with the oxidative stress in the host are catalases,
peroxidases and superoxide dismutases. The catalases are present only in pathogenic species,
indicating that they play a role in helping the bacteria to live inside the mammalian host. Superoxide
dismutase is absent in pathogenic species and is present only in saprophytic species indicating that
these species might not have been exposed to oxygen radicals in the environment and may have
developed an alternate strategy to remove the oxygen radicals.

CRISPR/cas systems, which are only present in pathogenic species, are used for the
immune system in bacteria to protect them from foreign antigens, and because of the cas system
presence, the prophages are incomplete in pathogenic and intermediate species [50]. The MtrD
efflux pump, a potential defensive mechanism present in Neisseria gonorrhea [51], is also present
in the pathogenic species, indicating that this gene can support growth under hostile conditions.
LipL41, a major outer membrane protein highly expressed in pathogenic species, is recognized as a
heme-binding protein [52]. LipL32 is also highly conserved in pathogenic, and it is expressed during
infection. Ramli ef al. [53] concluded that L. interrogans is a dynamic pathogen and there are still
many virulence features to be discovered.

One among the pathogenic strains is Leptospira santarosai which is comparatively less
virulent than L. interrogans. This strain was reported to cause a leptospirosis outbreak in Taiwan
from 2001 to 2006, and 291 patients suffered from renal dysfunctions and systemic dissemination.
The L. santarosai serovar Shermani strain LT821 was obtained from ATCC and sequenced using
[llumina sequencing technology [54]. The raw data were processed using tools like MAQ for
assembling the sequence [55], and with annotation using PGAP. The genome feature of this strain
consists of 111 contigs and 3,936,333 bp, with an N50 read of 97,507 bp [56]. The GC content of
the sequence was 41.82% and had 4033 CDS, 37 tRNAs and 5 rRNAs. Then this strain was typed
using multilocus sequence typing (MLST) based on the seven housekeeping genes, fadD, sucA,
mreA, pfkB, pntA, tpiA and glmU [57]. The LT821 strain was compared for genomic analysis with
other strains, including L. interrogans serovar Lai str. 56601, L. interrogans serovar Lai str. IPAV,
L. interrogans serovar Copenhageni str. Fiocruz L (1-130), L. borgpetersenii serovar Hardjo-bovis
L 550, L. borgpetersenii serovar Hardjo-bovis JB 197 and L. santarosai serovar Shermani strain LT
821. The primers used for pntA, mreA and tpiAd failed to provide results for PCR amplification for
L. santarosai and this meant other ways to distinguish the strain were needed. Similarly, many
virulence factors were identified, such as sphingomyelinase, motility-associated genes, and
chemotaxis, ankyrin repeat domains that are involved in antibiotic resistance, nutrient acquisition,
and leucine-rich repeat, which are involved in penetration of host and survival. The findings also
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revealed that L. borgpetersenii and L. santarosai were closely related after mapping and genotyping,
whereas L. interrogans and L. santarosai were closely related via genomics and blastX analysis.

Leptospirosis can be severe in some cases, and the bacteria can cause infection in the host
immune system, leading to the failure in adaptive and innate immune response in the host and even
leading to fatal conditions. Researchers have developed many potential diagnostic biomarkers to
identify the disease to avoid these conditions. Biomarkers like RANTES, and CHI3L1 can be used
in which RANTES serves as a chemokine, and they recruit immune cells to the site of infection.
Recent findings prove that a high nitric oxide level in patients causes severe infection, and tissue
and organ damage [58]. Pentraxins are some conserved proteins that are known to be involved in
acute responses, and if these protein levels are found to be higher, they may cause severe disease,
and so can be used to monitor the disease severity level [59]. Another biomarker is cathelicidin,
which is conserved in the immune system and shows antimicrobial activity. It is involved in
inducing neutrophil and phagocytosis, and if the level of cathelicidin decreases, the severity of the
leptospires increases, perhaps leading to death. So, the cathelicidin can be used as an indicator or a
potential therapeutic agent for this disease [60].

6.3.1 Outbreak of leptospirosis in Malaysia

During the outbreak of leptospirosis in Malaysia, seven intermediate and saprophyte species from
the environment were isolated, namely L. semungkisensis strain SSS9, L. fletcheri strain SSW15, L.
langatensis strain SSW18, L. selangorensis strain SSW17, L. jelokensis strain L5S1, L. perdikensis
strain HP2, L. congkakensis strain SCS9 and three pathogenic species namely L. weilii strain SC295,
L. interrogans strain HP358 and L. borgpetersenii strain HP364 from humans. These strains were
sequenced using Illumina sequencing technology, and the raw data were processed using various
platforms. The clinical infection of these strains was observed in the hamster, which depicts that
only the L. interrogans caused fatal illness in the hamster, whereas L. weilii showed weight loss and
became inactive, and L. borgpetersenii showed no clinical infection. The virulence factors present
in the pathogenic species were found using VFDB and BLAST. The LipL32, Lig A-like
immunoglobulin, putative lipoprotein and sphingomyelinase C were not found in intermediate and
saprophytic species [61]. The presence of the cir4 gene in L. interrogans revealed the impairment
of antibiotic resistance in the species, and SspH1, also known as effector protein, helps in bacterial
survival and accounts for proteasomal degradation in the host. It was concluded that L. interrogans
was the most virulent among all other strains, and its virulence factors are yet to be experimentally
studied [62].

6.3.2 Various gene elements present in pathogenic leptospires and their functions

After sequencing, the pathogenic strain Leptospira was then analyzed to know about the virulence
factors present in it, and to determine the genes responsible for causing infection. Magnesium is
required for the functioning of several organs and if there is any damage in the Loop of Henle, which
is the primary site for magnesium absorption, the kidney can be damage and its function affected.
The strain's virulent genes account for various factors like movement inside the host tissue, biofilm
matrix formation, and invasion of the host tissues. The genes predominantly present in the
pathogenic strains are CRISPR-associated genes, cas system genes, an adaptive immune system
which can protect the bacteria from bacteriophages and foreign genetic elements. Included is the
algA gene and its alginate biosynthesis protein, which is used for biofilm formation. The previous
major effort to study the pathogenesis was solely based on analyzing the protein-coding sequences
and developing diagnostic techniques. But later, the search for the virulence factors became more
widespread, including research into non-coding sequences, CRISPR-associated regions, and
riboswitches. Riboswitches are the non-coding tRNA motifs present in the 5’ untranslated regions
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responsible for the activation of gene expression. They are involved in the synthesis of vitamins like
cobalamin and thiamine. Cobalamin is transported using a Ton B-like receptor suitable for the
potential vaccine target because this receptor presents many surface-exposed epitopes [34].

The sphingomyelinase gene is also a major virulence factor that can lyse the erythrocytes
and cause destruction in the host tissue. The sph_2 gene is expressed in humans during infection
and the iron in RBC cells is absorbed by bacteria for their growth and survival within the host.
Another possibility is that if iron is depleted in the blood, sphingomyelinase activity increases.
Among the various paralogs of sphingomyelinases, sphingomyelinase C activity has been confirmed
only for sph2, which can cleave into ceramide and phosphocholine. The genes encoding for
sphingomyelinase are absent in saprophytic species, confirming their role in pathogenesis [63].
Hemolysins are also assumed to assist the pathogenic species in acquiring the iron from the host.
They are responsible for producing cytokines during infection in humans, inducing Interleukin - 1,
and TNF-a, which are inflammatory cytokines produced during acute infection, and can cause
apoptosis and necrosis. Heme is used as a growth source for L. interrogans, and heme oxygenase is
also involved in utilizing oxygen and acts as a virulence-promoting factor [64].

The presence of the heat shock protein (4spA) also reveals that the survival of the bacteria
within the host can protect the cell from any attack, and it is not influenced by environmental
conditions [65]. Many chaperone proteins are present, which assist in protein folding and the
avoidance of non-specific aggregation. Biofilm consists in surface-associated cells synthesized from
some extracellular materials, consisting of some exopolymeric substances. The formation helps
bacteria neutralize antibiotics, and the cell in biofilm can attach to both biotic and abiotic surfaces
and multiply to form a microcolony. It also helps in the protection from the non-specific host defense
during infection and adherence and contributes to long-term survival in environmental water
resources. The Pnp gene is an indirect regulator of cyclic monophosphate nucleotides, and the key
secondary messenger in biofilm formation [42].

The LepA gene helps in the survival of both pathogenic and saprophytic species in
environmental conditions [66]. Ligd, which belongs to the class of high molecular weight
immunoglobulin molecules, is only present in pathogenic species, and is responsible for the
adherence to host cells as it binds and interacts with fibronectin and collagenase. So, either the LigA4
or the LigB gene is required to cause infection. Calcium is an essential nutrient for binding with
fibronectin using the LipL gene. Vitamin B12 and thiamine are required for bacterial growth and
these genes were also found in this strain [54].

The outer membrane is speculated to be the cause of pathogenicity and is responsible for
the adherence to the host. So, by studying the outer membrane, potential targets and vaccines are
being developed. Some outer membrane components are lipopolysaccharides, lipoproteins and
peptidoglycan, which are used for cell wall synthesis and account for pathogenesis. Some
lipopolysaccharides are primary virulence factors due to their adherence and they can activate
macrophages through the Toll-like receptor pathway in humans. But the LPS composition of
pathogenic and intermediate species may vary. Peptidoglycan, which is present in large amounts in
leptospires, is antigenic component that is tightly cross-linked, helping the leptospire to survive. So,
these can be selected as targets for antibiotics [67].

Iron is a micronutrient responsible for host and pathogen survival for immune function and
infectious disease. Neutrophils contain myeloperoxidase, an iron-dependent enzyme responsible for
killing the bacteria, and a reduction in iron level causing a decrease in enzyme level [68]. The outer
membrane proteins like gps4 and metXA are involved in the process of leptospiral infection. metXA
targets three human proteins, namely AKAPSL (kinase anchor protein 8-like), B2M (beta-2-
microglobulin), which is involved in the antibacterial humoral response, and TACCI (transforming
acidic coiled-coil containing protein 1), which aids in cell replication, gspA targets human protein
HIVEPI1-zinc which is involved in signal transduction [69]. Membrane proteins facilitate the
adherence to the endothelial cell by binding with VE-cadherin, leading to endothelial damage and
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causing hemorrhagic manifestation. Periplasmic proteins like flaB and glyA4 gene are conserved only
in pathogenic and intermediate species. Some inner membrane proteins like FeoB, hipX, uppP and
outer membrane proteins like xsed, pgi genes are only present in pathogenic species but not in
intermediate and saprophytic species. Some bacterial proteins like c/pB, trpB, secA, leuB, carA, fusA
and purC are involved in pathogen-host interaction that inactivates and damages host T cells. The
clpB gene is responsible for survival under stress conditions such as oxidative and thermal
conditions, and is involved in developing an infection inside the host [69].

The genes encoding for chemotaxis are highly conserved and amino acid sequence are
more similar in pathogenic organisms than in the other two species. Each species behaves differently
towards the chemotactic signals and MCPs (methyl accepting chemotaxis) protein-containing
species that might trigger intracellular signal transduction. Some chemotaxis regulators, cheA, cheR,
cheB and cheY have been identified, suggesting that these proteins might affect leptospiral survival
and ability to infect the host [47]. The AsIU, hslV genes are ATP-dependent protease subunits that
contribute to survival and virulence during infection and disease transmission. The /pxD gene plays
an important role in temperature adaptation and virulence [70]. Vitamins like cobalamin are only
synthesized from L-glutamate present in pathogenic leptospiral strains because these strains are
autotrophic, whereas the saprophytes are auxotrophic, which helps in iron absorption when lysing
the red blood cells. Loa22 has been proven to cause infection in the host, and is absent in saprophytic
species since they do not have genes that encode tissue degrading capabilities [71]. The fad4 gene
responsible for adhesion in the host cell was also found. Still, many virulence factors responsible
for the infection are being experimentally investigated and knowledge of these factors will be
invaluable in the development of potential vaccines against leptospirosis.

7. Conclusions

Infection caused by Leptospira sp. can progress to multi-organ failure or even lead to death in
humans due to the progression of acute infection to an asymptomatic level. Hence, there is a need
to identify the genetic information of various strains of Lepfospira sp. and to study the genetic
characteristics of the pathogenic leptospires. These sequencing approaches can help clinicians
investigate the virulence factors present in the pathogenic leptospires, and the genes responsible for
causing disease. Currently, as there is a lot of advancement in sequencing technologies, the most
accurate form of sequencing is essential with less processing time and fewer biological inputs.
Among the sequencing approaches described in this review, and considering the advancements in
sequencing technology, the best possible approach requires less availability of reagents, less
sequencing run-time, less utilization of consumables, and more user-friendly instrumental
approaches. Furthermore, advancements in the sequencing platforms should minimize the
processing of the raw data sequences with minimal storage.

Considering the genome feature of the Leptospira genome, the virulence genes responsible
for causing the infection were identified only in pathogenic leptospires and not in saprophytic
leptospires. The genes that are mainly responsible for causing the disease like 4s/U - chaperone
protein that can help in the survival of the bacteria inside the host and helps in the transmission of
the disease, tly4 gene, which encodes hemolysin that induces cytolysis in cells and causes death,
and sphingomyelinase C that lyses the erythrocytes and causes cell membrane damage can be
targeted, and inactivating the genes might be possible for reducing the virulence nature of the
bacteria. Since this bacterium can also attach to the host, genes that encode for biofilm formation
like algA, outer membrane protein such as loa22, lipL32 that adhere to the host cell, and
immunoglobulin-like proteins like /ig4, ligB, ligC that can cause infection, can be targeted to reduce
their attachment to host thus reducing infection. Antibiotics are also a good option for preventing

10



Curr. Appl. Sci. Technol. Vol. 23 No. 6 R. Veerabahu et al.

the spread of disease and slowing the growth of bacteria. Antibiotic resistance genes like cird,
tetracycline and many multidrug resistance genes are present, making the narrowing the target genes
more challenging. Hence, there is a need to improve the functional study of genes and develop
medicines against leptospirosis.
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