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Abstract. Leptospirosis, a life-threatening disease caused by Leptospira spp, is a
serious global public health issue, especially in humid tropical and subtropical
countries. Humans commonly are infected through occupational, recreational or
domestic contact with urine of carrier animals. Despite numerous tests having
been developed, availability of sensitive and specific biomarkers for diagnostic
and vaccination purposes remains an issue, mainly due to the existence of more
than 250 Leptospira serovars and limited knowledge on Leptospira pathogenesis.
Bacterial virulence factors are often targeted and developed as biomarkers to
leptospirosis detection and vaccination development. Here, we review studies
using genomics, transcriptomics and proteomics approaches on pathogenic,
intermediate pathogenic and saprophytic Leptospira. In addition, the challenges
facing biomarker discovery and suggestions to improve the overall output of the
biomarker discovery are addressed.
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INTRODUCTION

Leptospirosis is a worldwide zoonotic
disease caused by Leptospira spp. Humans
are usually infected through contact with
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water contaminated with bacteria from ro-
dents or other reservoir hosts (Bharti et al,
2003). Bacteria enter the human body
through abrasions, and circulate and
reproduce in the blood stream for up to
seven days (Adler and de la Pifia Moct-
ezuma, 2010). The estimated number of
human leptospirosis cases averages over
500,000 per year, with an annual preva-
lence of 10-100 per 100,000 population and
a mortality rate of up to 25% (Bharti et al,
2003; Victoriano et al, 2009; WHO, 2010).

OCCURRENCE AND PATHOLOGY

Leptospirosis is an endemic disease
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in Malaysia, with a prevalence of 27.2
per 100,000 populations (Ministry of
Health Malaysia, 2015). In Malaysia,
individuals of 18-45 years of age are at
greater likelihood of being infected by
Leptospira as generally they are more
mobile and, thereby, at higher risk of
exposure compared to school children or
the elderly (Benacer et al, 2016). Although
no significant association has been found
between average rainfall and number of
reported leptospirosis cases in the coun-
try (Benacer et al, 2016), however several
leptospirosis outbreaks have occurred
following floods (Levett, 2001; Bharti et al,
2003; Thayaparan et al, 2013). In addition,
multiple leptospirosis outbreaks also have
been related to National Service training,
as trainees undergo outdoor activities,
which increases their exposure to lepto-
spiral urine-contaminated soil and water
(Mohamed-Hassan et al, 2012).

Leptospira belongs to order Spiro-
chaetales, family Leptospiraceae, genus
Leptospira (Faine et al, 1999). Leptospires
are spirochetes of 0.1 ym in diameter and
6-20 pm in length (Adler and de la Pitia
Moctezuma, 2010) and have hooks at one
or both ends (Evangelista and Coburn,
2010). Infectious groups (pathogenic and
intermediate pathogenic) are classified
into over 250 distinct serotypes, while
non-infectious group is referred to as
saprophytic (Brenner et al, 1999; Slack et al,
2009). The nine pathogenic species cause
disease of varying severity, ranging from
subclinical to lethal infection; the five in-
termediate pathogenic species cause mild,
self-resolving illnesses without fatal com-
plications (Schmid et al, 1986; Brenner et al,
1999; Petersen et al, 2001; Levett et al, 2006;
Matthias et al, 2008). Approximately half
of all pathogenic and saprophytic (6 spe-
cies) serovars are identified as L. interro-
gans and L. biflexa, respectively (Picardeau
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et al, 2008; Adler et al, 2011).

Leptospirosis is considered an oc-
cupational disease, where those exposed
to activities such as mining, sewer main-
tenance, livestock farming and meat pro-
cessing, veterinary medicine and military
training are at high risk of contracting
the disease (Bharti et al, 2003). Infected
patients present with fever, headache,
diarrhea, vomiting, and abdominal and
muscle pain (Fernandes et al, 2012),
Typical presentation of leptospirosis is
divided into two phases: an initial acute
phase with septicemia characterized by
bacteremia, which normally lasts about
seven days (Bharti et al, 2003); followed
by a second icterohemorrhagic phase,
with appearance of Weil syndrome nor-
mally lasting 4-30 days, accompanied
by renal and hepatic failure, pulmonary
distress and ultimately death (Adler and
de la Pifla Moctezuma, 2010; Seguro and
Andrade, 2013).

DIAGNOSIS: CURRENT STATUS

Leptospirosis can be diagnosed by
bacterial culture, molecular and serologi-
cal methods (WHO, 2003). Bacterial cul-
ture is the golden standard of diagnosis
and is sensitive prior to initiation of anti-
biotic treatment (WHO, 2003). However,
Leptospira growth is very fastidious, with a
number of strains unable to thrive in selec-
tive media containing multiple antibiotics
(Ridzlan et al, 2010) and may require four
to six months to form visible colonies
(Khaki, 2016). Molecular methods, such
as PCR, quantitative PCR, restriction
fragment length polymorphism PCR and
pulsed-field gel-electrophoresis are much
more rapid and sensitive, enabling detec-
tion even when serological and culture
results are negative (WHO, 2003; Khaki,
2016). However, many laboratories cannot
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afford to apply these DNA-based methods
because they are costly requiring special
equipments and reagents, in addition to
standardized procedures and separate
laboratory space. Serological methods,
such as microscopic agglutination test
(MAT) and enzyme-linked immunosor-
bent assay (ELISA) are easier to conduct.
MAT is the serologic gold standard due
to its high specificity; nevertheless, this
method is tedious and time-consuming
due to the need for regular subculture
and quality control check for purity and
maintenance of several reference lepto-
spiral serovars (Khaki, 2016). ELISA is
more sensitive than MAT because it can
detect IgM in the first week of infection;
however, current ELISA kits are unable
to detect local and infective serovars as
the majority of commercial ELISA kits
only use a nonpathogenic L. biflexa (Patoc
I strain) as whole cell antigen (Ahmad et
al, 2005).

The majority of tests require follow-
up samples for diagnostic proof of recent
infection (WHO, 2003); however, follow-
up samples are difficult to obtain in many
hospitals (Levett, 2001). Thus, the first di-
agnosis from a suspected infected subject
should be sufficiently specific, rapid and
sensitive. In addition, progress in identi-
fying the appropriate Leptospira virulent
antigen for use in molecular and serologic
diagnostic assays remains limited and no
single antigen has been identified as suffi-
ciently accurate, sensitive and / or specific
for routine use (Champagne et al, 1991;
Faine et al, 1999; Levett, 2001; Rajapakse
et al, 2015). The tests results are usually
negative when patients have mild symp-
toms or have already received antibiotics
(Zeng et al, 2017).

As currently available vaccines do not
provide long-term and cross-protective
immunity against many Leptospira se-
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rovars (Adler and de la Pitia Moctezuma,
2010), it becomes important to discover
biomarkers for the development of rapid
and accurate diagnosis and of universal
leptospirosis vaccines against heter-
ologous Leptospira infections. Omics
approaches, such as genomics, transcrip-
tomics and proteomics should be able to
assist in the identification of biomarkers
beneficial for appropriate and specific
therapy of leptospirosis patients with
severe forms and allergy to certain drugs.

STRATEGIES FOR DISCOVERY OF
LEPTOSPIROSIS BIOMARKERS

Biomarkers are biological measure-
ments, which can be used to enable early
disease detection, improve treatment se-
lection and monitor the outcome of thera-
peutic interventions (Simon, 2011). In the
context of leptospirosis, commonly many
samples, such as serum, tissues and urine,
are collected and used in leptospiral bio-
marker discovery. In the present review,
we discuss three main omics technologies,
namely, genomics, transcriptomics and
proteomics used in biomarker discovery
studies, together with new omic technolo-
gies that can enhance quality of output
from these three omic technologies (Fig 1).

Genomics studies of pathogenic, intermedi-
ate pathogenic and saprophytic Leptospira

Numerous studies have been con-
ducted to understand the mechanisms
and virulent factors that underlie the
pathogenesis of Leptospira spp through
genomics studies. One of the most impor-
tant strategies in genomics technology is
whole genome sequencing. For instance,
whole genome sequencing has been per-
formed for pathogenic L. interrogans sv Lai
strain 56601 (Ren et al, 2003), L. interrogans
sv Copenhageni strain Fiocruz L1-130
(Nascimento ef al, 2004), L. borgpetersenii
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Fig 1-Omic technologies employed in leptospirosis
commonly used; and oval indicates new omics
technologies.

sv Hardjo (Bulach et al, 2006), L. inter-
rogans sv Hardjo (Llanes et al, 2016), L.
santarosai sv Shermani (Chou et al, 2012),
L. alexanderi, L. alstoni, L. kirschneri, L.
noguchii, L. santarosai and L. weilii (Xu
et al, 2016); the intermediate pathogenic
L. licerasiae sv Varillal strain VAR010T
(Ricaldi ef al, 2012) and the saprophytic L.
biflexa sv Patoc strain Patoc 1 (Picardeau et
al, 2008). The genome sequence compari-
sons not only allowed the taxonomy of
Leptospiraceae to be reviewed; it can also
identify genomic variability among dif-
ferent Leptospira spp (Smythe et al, 2013).

Pathogenic L. interrogans has the
largest genome (4.77 Mb) compared to
other Leptospira spp genomes, such as L.
biflexa (3.6 Mb) and L. borgpetersenii (3.9
Mb) (Xu et al, 2016). L. borgpetersenii and
L. interrogans genome contains ~2,800
and 3,400 predicted open reading frames
(ORFs), respectively, 656 of which are not
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present in L. biflexa genome (Ren et al,
2003; Bulach et al, 2006; Picardeau et al,
2008). In addition, L. borgpetersenii and
L. interrogans have two chromosomes,
while L. biflexa contains a 74 kb plasmid
(Picardeau et al, 2008).

Pathogenic and intermediate patho-
genic Leptospira spp have diverged from
saprophytic Leptospira spp (Fouts et al,
2016), with L. licerasiae sharing ~48% of
genes common to saprophytic Leptospira
spp; but more than 50% similarity with
pathogenic strains (Ricaldi et al, 2012).
This suggests the intermediate pathogenic
group is more closely related to the patho-
genic group than to the saprophytic group
(Azali et al, 2016).

Pan-genome analysis predicts the
structural characteristics of Leptospira
pan-genome contain many protein clus-
ters (Fouts et al, 2016). The same study
also shows pathogenic Leptospira spp
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contain two alternative sigma (o) 54
regulatory networks, namely LepA-c54
and LepB-054, while saprophytic Lepto-
spira spp only carry LepA-054 (Fouts et
al, 2016), suggesting the latter might be
important for pathogenicity of Leptospira
spp in the host.

Selective gene loss and gain in dif-
ferent pathogenic species may have
contributed to the ability of Leptospira to
retain virulence in different conditions.
Compared to L. interrogans, L. borgpeterse-
nii has fewer signal transduction systems,
transcriptional regulatory factors and
metabolic and solute transport functions.
Bulach et al (2006) proposed these charac-
teristics should enable long survival of L.
interrogans in the environment and ready
adaptation to hosts compared with L.
borgpetersenii that is always restricted to
direct contact for transmission. Although
L. borgpetersenii has impaired capacity for
acquiring nutrients and surviving in the
environment (Evangelista and Coburn,
2010); however it carries more transcrip-
tion genes, transposases and pseudogenes
compared to L. biflexa and L. interrogans
(Picardeau et al, 2008). The fewer trans-
posable elements in L. biflexa genome
makes its genetic background more stable
than that of pathogenic Leptospira spp
(Picardeau et al, 2008).

Insertion sequence (IS)-mediated re-
arrangements affect both L. borgpetersenii
and L. interrogans genomes (Bulach et al,
2006). For example, L. borgpetersenii
has 8 copies of 151501 and 94 copies of
IS1533, while L. interrogans has 8 copies
of ISLin2 and 37 copies of ISLinl1 (Xu
et al, 2016). Furthermore, the clustered
regularly interspaced short palindromic
repeats (CRISPR) elements, which have
propagated via horizontal gene transfer
during bacteriophage infection, have been
detected in L. interrogans and pathogenic
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L. santarosai but not in L. borgpetersenii and
saprophytic L. biflexa (Chou et al, 2014).
Table 1 lists several mobile DNA elements
that are diverse among Leptospira spp.

Both pathogenic and saprophytic Lep-
tospira spp have 2,052 core genes involved
in DNA and RNA metabolism, protein
processing and secretion, cell structure,
cellular processes, and energy and in-
termediary metabolism (Picardeau ef al,
2008). However, 900 of those genes are
found only in pathogenic Leptospira spp
and absent from saprophytic Leptospira
spp, such as genes encoding Leptospira
immunoglobulin-like (Lig) proteins, lipo-
proteins (Lip) and Leptospira endostatin-
like (Len) proteins, all related to virulence-
associated proteins (Adler et al, 2011).
Interestingly, L. interrogans also possesses
ctsA thatis involved in peptide transport,
expanding the range of substrates, and in
assisting the cell to escape starvation of
carbon source (Tenor et al, 2004; Zhong
et al, 2011).

Combined genomic and phylogeny
analyses show more genes have been
lost than gained before the separation
of pathogenic and intermediate patho-
genic strains into separate groups (Xu et al,
2016). However, more genes have been
gained than lost in the evolution of each
pathogenic Leptospira sp, with genes lost
including those encoding carbohydrate
and energy metabolism. Furthermore,
there are gene duplications, eg leucine-rich
repeat protein family, PF13855, expan-
sion in pathogenic but not intermediate
pathogenic Leptospira spp (Xu et al, 2016).
The pathogenic and intermediate patho-
genic Leptospira spp also possess at least
two copies of vitamin B,, (cobalamin)
riboswitch gene that is not present in the
saprophytic group (Ricaldi et al, 2012).
These data suggest the pathogenic and
intermediate pathogenic Leptospira spp
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can respond to nutrient-limited niches
and produce metabolites from simpler
molecules. In addition, the pathogenic
and intermediate pathogenic CRISPR
Leptospira spp can escape phage/ plasmid
intrusion using CRISPR-Cas (CRISPR-
associated protein) systems which able to
defend them from the exogenous nucleic
acids (Fouts et al, 2016).

Moreover, pathogenic L. interrogans
and L. kmetyi are the only Leptospira spp
possessing dapA-E required to convert
L-aspartate-4-semialdehyde to LL-2,6,-
diaminopimelate for peptidoglycan and
lysine biosynthesis (Fouts et al, 2016).
Both of these Leptospira spp also have a
complete set of genes of the folate (vitamin
B,) biosynthesis pathway.

In addition, lipopolysaccharides
(LPS) of pathogenic L. interrogans contain
more sugar and fatty acid components
than those of intermediate pathogenic L.
licerasiae (Patra et al, 2015). On the other
hand, LPS biosynthesis rfb encoding O
antigen is located in the same genomic po-
sition in both pathogenic and intermediate
pathogenic Leptospira spp, thereby allow-
ing exchange of genetic material with
non-invasive environmental Leptospira
spp (Ricaldi et al, 2012; Fouts et al, 2016).
However, #fb loci of these two Leptospira
spp have greatly different complexities, eg
L. interrogans has 95 rfb loci (Nascimento et
al, 2004) while L. licerasiae 6 rfb loci (Ricaldi
et al, 2012).

L. interrogans contains genes encoding
sphingomyelinases while non-pathogenic
L. biflexa does not (Picardeau et al, 2008).
These genes might be involved in vascular
damage (Louvel et al, 2006; Picardeau et al,
2008) and hemolytic anemia leptospirosis
(Bernheimer and Bey, 1986). The number
of sphingomyelinase genes are differ-
ent among serovars, eg L. interrogans sv

Vol 50 No. 2 March 2019

Lai, Copenhageni, Manilae, and Pomona
each have five sphingomyelinase genes
(sphl, sph2, sph3, sph4, and sphH) while
L. borgpetersenii strains only have three
sphingomyelinase genes (sphA, sphB and
sph4) (Bulach et al, 2006).

Transcriptomics studies of pathogenic,
intermediate pathogenic and saprophytic
Leptospira

For biomarkers in gene expression
study, microarray is the most common
tool for measuring simultaneous expres-
sion patterns of thousands of genes and
for monitoring gene expression differ-
ences between case and control samples
(Debouck and Goodfellow, 1999). By
investigating bacterial genome expres-
sion and polymorphism profiles from the
host, microarrays detect and characterize
microbial pathogens, monitor microbial
infection and determine antimicrobial
resistance gene profiles (Miller and Tang,
2009). The transcriptional response of
pathogenic Leptospira spp to temperature,
serum, physiological osmolality, iron
depletion and host immune cells have
been investigated using the microarray
approach (Table 2).

Recent development in RNA sequenc-
ing technologies have overcome some of
the limitations of microarrays, namely,
requirements for probes, prior knowledge
of gene targets and low sensitivity (Zhao
etal,2014). In addition, very small quanti-
ties of mRNA are sufficient to allow RNA
sequencing to be performed to identify
not only the genes transcribed but also the
relative levels of expression (Adler et al,
2011, Filiatrault, 2011). RNA sequencing
has been performed on a number of spe-
cies, eg pathogenic L. interrogans serovar
Copenhageni (Caimano et al, 2014), L.
interrogans serovar Manilae (Zhukova et
al, 2017) and saprophytic L. biflexa serovar
Patoc (Iraola et al, 2016).
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Recent in vivo studies have applied
RNA sequencing to study gene expression
by pathogenic leptospires within a mam-
malian host-adapted state showing the
majority of the 110 and 56 genes upregu-
lated and downregulated, respectively
in the mammalian cells (compared to in
vitro-grown bacteria) are absent in sapro-
phytic Leptospira sp (Caimano et al, 2014).
More recent RNA sequencing experiments
revealed genes regulating genes motility,
sugar/lipid metabolism, iron scavenging
and outer membrane formation are up-
regulated, while those of DNA replication
and cell division are downregulated in L.
biflexa forming biofilm (Iraola et al, 2016).

A combination of RNA sequencing
and the genomic analysis demonstrated
expression of several lipoprotein genes,
including LipL32, LipL21 and LipL36, are
more highly upregulated in pathogenic
L. interrogans sv Copenhageni compared
to pathogenic L. santarosai sv Shermani
strain LT821 during infection in HK-2 cells
(Chou et al, 2014). Compared to normal
culture temperature of 30°C, upregulated
expression levels of ligA and ligB mRNA
at 37°C increase protein expression 20-
and 14-folds, respectively in L. interrogans
(Matsunaga et al, 2013). This characteristic
enables pathogens to exploit the tempera-
ture shift in warm-blooded mammalian
hosts for their successful infection (Mat-
sunaga et al, 2013).

RNA sequencing also allows detec-
tion of small non-coding RNAs (sRNAs),
which can inhibit or activate protein
translation by binding adjacent to the
translation start site of target mRNAs
(Ahmed et al, 2016). There are 11 sRNAs
in pathogenic L. interrogans sv Copenha-
geni, confirmed by RT-quantitative PCR
(Caimano et al, 2014). However, more
than 200 sSRNAs are expressed in patho-
genic L. interrogans sv Manilae, among
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which LIC2nc10 (targeting cobalamin
riboswitch), LICnc60 (targeting RNaseP
mRNA), LICnc10 (targeting tmRNA) and
LIC2nc40 are also present in L. interrogans
sv Copenhageni (Zhukova et al, 2017).

Recently, a global transcriptional
start site (TSS) map of L. interrogans was
generated and predicting 2,865 primary
(p)TSSs, sites of transcriptional inti-
tiation overlapping with the start codon
and hence generating leaderless tran-
scripts were situated within the first ten
nucleotides upstream of the translational
initiation site (Cortes et al, 2013; Li et al,
2015; Zhukova et al, 2017). Comparative
differential RN A sequencing analysis has
suggested that the translation efficiency
can be indirectly affected by the large
number of pTSSs (Cortes et al, 2013; Zhu-
kova et al, 2017).

Proteomics studies of pathogenic, inter-
mediate pathogenic and saprophytic Lep-
tospira

Proteomics is an analysis of gene ex-
pression at the protein level (Chevalier,
2010). Many strategies have been applied
in proteomics studies of Leptospira; how-
ever, the most common strategies used
in the detection of Leptospira biomarkers
are two-dimensional gel-electrophoresis
(2DE), matrix assisted laser desorption
ionization time-of-flight mass spectrom-
etry (MALDI-TOF/MS), liquid chroma-
tography MS (LC/ MS), western blotting
and enzyme-linked immunosorbent assay
(ELISA) (Nally et al, 2011; Srikram et al,
2011; Srivastava et al, 2012; Tan et al, 2017).

Proteomes of pathogenic L. interro-
gans sv Canicola (Humphryes et al, 2014),
L. interrogans sv Copenhageni (Eshghi et
al, 2009; Malmstrom et al, 2009), L. inter-
rogans sv Pomona (Vieira et al, 2009), L.
interrogans sv Lai (Cao et al, 2010; Zhong
et al, 2011; Zeng et al, 2013), L. interrogans
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sv Australis, Bratislava and Autumnalis,
and Icterohaemorrhagiae and saprophytic
L. biflexa sv Patoc (Thongboonkerd et
al, 2009) have been reported. The outer
membrane protein OmpL1; lipoproteins
LipL32, LipL36, LipL41, and LipL4S§; lep-
tospiral OmpA-like protein Loa22; and
leptospiral immunoglobulin-like protein
LigA and LigB in many pathogenic Lep-
tospira spp. (Cullen et al, 2002; Haake and
Matsunaga, 2002; Nally et al, 2005; Nally
et al, 2007; Monahan et al, 2008; Eshghi
et al, 2009; Nally et al, 2011; Srikram et
al, 2011; Shokri and Aghaiypour, 2016)
have a greater composition and structural
complexity than those of intermediate
and non-pathogenic species (Murray et
al, 2010; Patra et al, 2015). A number of
these proteins bind to extracellular matrix
components, such as collagen, fibronectin,
laminin, and plasminogen for adhesion,
penetration, colonization and pathogen-
esis (Oliveira et al, 2011).

Pathogenic Leptospira spp have many
immunogenic proteins that have the po-
tential as candidates for diagnosis and
vaccine development. The common im-
munogenic proteins, such as glutamine
synthetase, succinyl-CoA synthetase
beta subunit, LipL41, LipL45, DNA poly-
merase III beta subunit, elongation factor
Ts, flagellin, electron transport flavopro-
tein beta subunit and proteolytic subunit
of ATP-dependent Clp protease are found
in proteomes of L. interrogans sv Canicola,
Copenhageni and Pomona and in that of
L. borgpetersenii sv Tarassovi (Sakolvaree
et al, 2007; Humphryres et al, 2014).

Recently, a proteomic map depict-
ing soluble and membrane-associated
proteins of saprophytic L. biflexa during
its exponential growth and stationary
phases was drawn up, indicating L. biflexa
has many post-translational modification
systems which can also be found in patho-
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genic L. interrogans (Stewart et al, 2016).
The post-translational modifications are
methylation and acetylation of mem-
brane-associated proteins, while phos-
phorylation occurs mainly among soluble
proteins. Not unexpected, genomes of
both pathogenic and saprophytic Lepto-
spira spp have the homologs of kinases,
methyltransferases, acyltransferases and
GCNp5-related N-acetyltransferase which
can catalyze the abovementioned pro-
cesses. Hence, these modification systems
might play key physiological roles.

Saprophytic Leptospira spp are con-
sidered to have many important survival
mechanisms as they have to survive in
aquatic environment as well as in the
mammalian host (Haake and Matsunaga,
2010). Louvel et al (2006) demonstrated
both L. biflexa and L. interrogans have
three putative TonB proteins to transport
iron across the outer membrane. Eshghi
et al (2015) observed presence of 274 /325
exoproteins (proteins transported to the
extracellular space), involved in metabolic
and energy generation functions in L.
biflexa; however, no orthologous putative
ATP-binding cassette (ABC) transporter
and hemolysin secretion protein D were
detected in L. interrogans.

Sialic acid cluster was detected in
most pathogenic Leptospira spp, but not
in intermediate pathogenic and sapro-
phytic Leptospira spp (Fouts et al, 2016). In
addition, pathogenic Leptospira contains
leucine-rich repeat (LRR) domains not
found in saprophytes (Miras et al, 2015).
LRR can act as a negative modulator of
host inflammatory responses and induce
a strong host transcriptional response to
the infecting pathogens (Ng and Xavier,
2011). Combined genomic and proteomic
analysis of extracellular proteome demon-
strated L. interrogans has a complete type I
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and type II secretion system to transport
proteins into the extracellular environ-
ment (Zeng et al, 2013).

CHALLENGES TO THE DISCOVERY
OF LEPTOSPIRA VIRULENCE
FACTORS

Currently, many leptospiral virulence
factors have been discovered but their
functions remain unknown. An exami-
nation of the pathogenicity of virulence
proteins from every serovar remains very
challenging because there are >250 Lep-
tospira serovars. Furthermore, discovery
efforts become complicated when transfer
of genes or mobile gene elements occurs
between different Leptospira serovars or
with other bacteria. For example, ligA and
ligB have immunoglobulin-like regions
that are homologous to Escherichia coli int-
imin-binding protein, Clostridium acetobu-
tylicum cell adhesion domain and Yersinia
pseudotuberculosis invasin (Palaniappan
et al, 2002). In addition, leptospiral Isa66
and [oa22 resemble E. coli OmpA protein
C-terminal domain (Ristow et al, 2007;
Oliveira et al, 2011).

The optimum environment for ex-
perimentation has to be maintained as
gene regulations can vary with environ-
mental conditions, such as osmolality,
temperature and iron availability (Table
2). The expression level of each gene can
also differ when leptospires are cultured
under various in vitro conditions. Lepto-
spiral virulence genes, eg ligA, ligB and
ompL37, are downregulated when RNA
is extracted under in vitro culture condi-
tions (Palaniappan et al, 2002; Adler et al,
2011; Matsui et al, 2012). This is one of the
key limitations of genomics technology
in biomarker discovery study. However,
expression of other genes would be ex-
pected to be different between in vivo
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and in vivo. For example, lipL32 from in
vivo culture is downregulated to avoid
recognition by the host immune system
(Matsui et al, 2012).

Genes are expressed at altered levels
in different animal models. For example,
flaB is downregulated upon interaction
with mice but not with human and ham-
ster cells (Xue et al, 2010; Matsui et al,
2012). However, determining biomark-
ers in human infection is very important
for establishing which bacterial protein
is virulent. Pathogenicity of a serovar in
humans can only be established after it
has been isolated from a patient. On the
other hand, it is necessary to ensure that
the leptospiral organisms will express the
virulence protein in mammalian or human
cells but not the environmental organisms
during inoculation (Guerreiro et al, 2001).
Hence, the virulence of an antigen has to
be carefully validated.

Although Leptospira virulence pro-
teins, such as LipL41 (Haake et al, 1991),
LipL45 and GroEL (Matsunaga et al, 2003)
can be detected in both high- and low-
passage cultures, high numbers of passag-
ing might result in loss of virulence, such
as attenuation in L. interrogans Lai strain
56601 after 400 passages (Lehmann ef al,
2016). Haake et al (1991) reported a large,
high-passage inoculum (=107 cells) fails
to produce lethal infection in hamsters.
LigA and LigB levels are significantly
produced only in low-passage isolates.
In high-passage L. kirschneri isolates at-
tenuation in virulence is attributed to an
inability of host antibodies to detect Lig
proteins (Matsunaga et al, 2003), suggest-
ing high numbers of passages could result
in deleterious mutations in these virulence
genes impairing growth in host (Lehmann
et al, 2016).

The growth phase of the culture can

311



SOUTHEAST ASIAN | TRoP MED PusLic HEALTH

+ + aseere) d Jiy 6981V
urajoxd s[qonpur
- - -uoneare)s apeydsoyg L Hoyd I891V'1
dserdjsueIy]
- - - Asoquioydsoyd aye3010 (£TTTIDIT) 6ESIVT
urajoxd
- - [eonaypodAy paarssuo) (822CIDIT) 8ESTIV'1
xa[dwod 19310dsuerny
- 0 + D4V jo urjord suerquis A WD LSYIV]
n + + urajoxd aredar yNQ 1 opvs - (£6TCIDIT) 9SPIVT
urojoxd
- n Teonayod Ay paarasuo) (6€€CIDIT) TOVIVT
103e[N3aI
asuodsar juauodwos-om)
; + + © JO Juauodwod I9ATDY L (£08Z1DIT) 9180V'1
n + + ursjord Ajquussse snyig n’'N (8T8CIDI'T) 208OV'1
1addoo Ajqrssod
+ + + ‘ase Ly #odsuen uone) d (T86CIDIT) 76S0V'1
n n + asejeIpAy yoD-[Aoud I Vsap  (€S0€1DIT) T0S0VT
8S[[0 2Dol€ 0} qduwdy
ondoGeyd 0g woly  uoiauy 3 d
im JuoI]  LANTe[OWS)  pWNISG yisdn s dway auad ay Jo uonduNg 90D auan) ruadeyuado) .5.
! ! e AS SUVS0LIJUL ]
uoTORIIU] duay, o1sAyg ’

jo 3ey sndor|

uonIpuod [ejuswLIddxe pue pajendar ausn)

‘yoeordde Aerreordtu ursn suonrpuod [eyuswitiadxe opun passaidxe A[reryuaiaytp sauad suvdo.iojur virdsojday
¢ °lq8L

Vol 50 No.?2 March 2019

312



Owmics IN LEPTOSPIROSIS BIOMARKER DISCOVERY

aseua8Axo swal
- 103e[N3a1 yrungns ewsdig
+ asejeydsoyd redng
+ asepixorad auonyyeIn|o

103e[n3a1 asuodsar
juauodwod -0m3 e Jo
aseupy| SUIPNSIY I0SUSG

- urajoxdodry g38ry

aseAd
ae[dueng /are[Auspy

urajoid snowduouy
asepruy

jstuoSejue
+ 10308) PwWdIS-Huy

- urajoxd SYI[-qR1D

(8¥102D1T) 98141
6£Td1

(6£002DI'T) 20141
(THPEIDIT) 662V

(682€IDIT) LTIFV'T
(F9F0IDIT) 824EV'T

(0060TDIT) FETEVT
¥28Tv1
(8¢411DIT) 002Vl

(TOSTIDIT) ZT12V'1
(€68TIDIT) ¥10TV'1

313

jungns
onAoayoid yuspuadap
- + + -d1v ‘d[D ssepndadopug O  vdp (102121 6£81V'1
IE 2DolE 0} qdway
PnddoSeyd JUoI]  LAe[owWs)  pWINISS 0€ Wit} HoTlAuE auad ap Jo uonouN,j D0 auan) uagdeyuado) 10

ynm yysdn  se durey

e AS SUPS0LL3UL *
uonoeIdU] duar, o1sAy 1 T

jo 3e3 sndo|

uonTpuod [ejuswiLIadxs pue pajendar auan)

(panunuo)) g d[qeL,

Vol 50 No. 2 March 2019



Table 2 (Continued)
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aCluster of orthologous groups (Tatusov et al, 1997). PLeptospires grown at physiological (37°C and 39°C) versus environmental (20°C and
30°C) temperatures (Lo et al, 2006). Leptospires grown at 30°C then shifted to 37°C overnight (Lo et al, 2006). Leptospires in serum response
medium (Lo et al, 2010). eLeptospires in response to macrophage-derived cells (Xue et al, 2010). +, upregulated; -, downregulated; 0, no sig-

(Patarakul et al, 2010). Physiological osmolality upshift on leptospires growth (Matsunaga et al, 2007). ‘Leptospires grown in iron-limited
nificant difference in gene expression.

also affect gene expression level.
Abundant lipL36 expression in the
early log phase of leptospiral growth
begins to decline early in the mid-
log phase (Haake et al, 1998), and
extracellular protein is produced at
high levels only in early-mid phase of
Leptospira cultures (Zeng et al, 2013).
In addition, posttranslational modi-
fications of membrane-associated
proteins vary according to the growth
phase of L. biflexa (Stewart et al, 2016).

Compositions of culturing media
can affect the gene expression. Differ-
ent batches of reagents and bovine
serum albumin in Ellinghausen-
McCullough-Johnson-Harris (EMJH)
growth medium cause different al-
terations in gene expression thereby
producing variations in Leptospira
growth in culture (Stewart et al, 2016).

The amounts of samples required
can be an issue. A relatively large
amount of sample is required for pro-
teomics (in 2DE step) compared with
genomics studies (Hanash, 2003).
Genomics assays can utilize PCR
to amplify a limited sample while
no such options exist in proteomics
(Srinivas et al, 2002). Despite Cullen
et al (2005) reported that their lep-
tospiral surfaceomic study was able
to profile surface protein expression
using a small amount of sample (<107
cells); however, proteomic assays
usually require a purification step to
enrich a sample (Koomen et al, 2008).

Compared to proteins, genetic
material is more stable under vari-
ous conditions. MicroRNA (miRNA)
remains stable even after being
subjected to severe conditions, viz.
boiling, very low or high pH levels,
RNase A treatment, different storage
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conditions and up to ten freeze-thaw
cycles (Chen et al, 2008; Grasedieck et
al, 2012). On the other hand, relatively
mild chemical and physical treatments
can readily lead to protein denaturation,
aggregation and precipitation (Jacob et
al, 2006). Thus, precautions are required
to maintain protein stability through ap-
propriate choice of buffers, surfactants,
anionic polymers, cyclodextrins, metal
ions, salts, and lyophilization and freezing
procedures (Manning et al, 2010).

Another challenge in biomarker
discovery is that differential mRNA ex-
pression does not always correlate with
the protein expression (Gygi et al, 1999;
Adler et al, 2011). LipL36 level is reduced
under iron depletion conditions, but not
lipL36 transcription (Cullen et al, 2002).
The discrepancy might be attributed to
post-translational processing and regula-
tion events not related to transcript level
(Haake et al, 1998; Adler et al, 2011).

Expression of a virulence gene might
depend on the type of tissue infected ow-
ing host-pathogens interactions specific to
the host cell types. For example, a dialysis
membrane chamber used to study the
response of leptospires to host-derived
signals was insufficient to describe the
interactions in lung (Caimano et al, 2014).
A novel leptospiral adenylate /guanylate
cyclase responsive to cAMP-stimulating
activity is upregulated only in a tissue-
specific manner (Lehmann et al, 2014).
Thus, care should be taken when inter-
preting data obtained from a cell line;
if possible a number of cell lines from
different lineages should be evaluated in
host-pathogen interaction experiments.

Numerous studies have applied 2DE
in their leptospiral proteomics research
(Cullen et al, 2002; Nally et al, 2005, Nally
et al 2007; Hoke et al, 2008; Eshghi et al,
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2009; Srikram et al, 2011; Tan et al, 2017).
2DE can resolve different protein isoforms
(Sickmann et al, 2001) and is useful in
studies of post-translational modifications
(Chandramouli and Qian, 2009). How-
ever, this gel-based method is sequential,
labor-intensive and difficult to automate.
2DE also has limitations in identifica-
tion of proteins with extreme isoelectric
properties (beyond the pH range of pH
gradient) and unusually large or small
sizes (Minden, 2007; Chevalier, 2010). In
addition, it is also difficult to detect mem-
brane proteins and peptides because the
strong detergents used in membrane pro-
tein extraction are not compatible with the
isoelectric focusing procedure (Schwartz
etal, 2001). In order to overcome these lim-
itations, an increasing number of recent
studies have resorted to adopting gel-free
methods, such as isobaric tags (iTRAQ)
for relative and absolute quantitation, lig-
uid chromatography-mass spectrometry
(LC-MS) and protein array, all of which
are more accurate, simple, fast, sensitive
and reproducible (Sakolvaree et al, 2007;
Eshghi et al, 2009; Nally et al, 2011; Tan et
al, 2017).

Moreover, proteomics research is
always complicated by alternate splic-
ing of transcripts and post-translational
modifications of proteins (Griffiths et al,
2010). Analysis of proteomics results is
time-consuming, as proteomes differ due
to epistasis and environmental influences
on gene expression and protein composi-
tion and modification (Barth et al, 2013).

IMPROVEMENTS TO OMICS
TECHNOLOGIES

Integration of other applications
could improve the quality of output from
current omics technologies. In transcrip-
tional profiling, single-nucleotide poly-
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morphism or polymorphism genotyping
in general can be integrated with mass
spectrometry or protein arrays to improve
their output. Other improvements, viz.
higher-speed arraying, humidified array-
ing chambers, generation of stable and
long-lasting antibodies for proteomics,
larger scale cell-free protein synthesis,
higher-throughput and rate of sequencing
or arraying with online detection, clearer
imaging, and integration of simpler analy-
sis tools, are also expected to improve the
overall output.

Phylogenetic analysis is important
for gaining insight into the evolutionary
process ranging from L. biflexa to L. inter-
rogans. It can also provide information on
gene gain, loss, transfer and duplication
or on abundance of expansion of specific
virulence-related protein families in Lepto-
spira spp (Xu et al, 2016). The combination
of phylogenetic and omics technologies
can help to identify new serovars and their
origins without the need for serotyping
(Lehmann et al, 2014).

Metabolomics can provide informa-
tion on the possible roles of metabolites of
interest in leptospirosis pathogenesis and
effects of Leptospira on host metabolism
(Fiehn, 2001). The study of metabolites
plays an important role in revealing in-
teractions between host and pathogen, as
metabolites are required for all pathogens
to survive and multiply (Li et al, 2013).
Many host metabolites have already been
suggested as important in pathogenesis
as well as indicators of leptospirosis se-
verity, viz. apolipoprotein Al, interleukin
6, serum amyloid A, nitric oxide, serum
creatinine phosphokinase, alanine trans-
aminase, aspartate transaminase, and al-
kaline phosphatase (Kalugalage et al, 2013;
Soares et al, 2017; Tan et al, 2017). These
findings upon integrating with metabolo-
mics technology should be useful in the
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treatment and care of Leptospira-infected
patients.

Chaperonomics is an emerging omics
technology with which to study chap-
erone genes, transcripts, proteins, and
their interaction networks (Vinaiphat and
Thongboonkerd, 2018). Several chaper-
one/heat shock proteins have been found
in pathogenic Leptospira but absent in the
saprophytic species, eg Qlp42 (Nally et
al, 2001) and Hsp15 (Guerreiro et al, 2001;
Cullen et al, 2002). Response of leptospiral
heat shock proteins towards temperature
shift has been reported (Fayet et al, 1989;
Nally et al, 2001; Lo et al, 2009; King et
al, 2014). Hence, an integration of this
new approach with other existing omics
should enable further development of
chaperone/ heat shock protein-based
diagnostics and vaccine development
for leptospirosis (Vinaiphat and Thong-
boonkerd, 2018).

Currently, computational or bioin-
formatics approach is of use in assisting
omics technologies to study Leptospira
pathogenicity. It has shown more sensi-
tivity than high-throughput laboratory
approaches for resolving some of the
limitations of experimental work, such
as in the detection of low-abundance pro-
teins and cross-contamination of cellular
compartments during sample preparation
(Rey et al, 2005). Computational methods
can also assist in predicting bacterial pro-
tein subcellular localization, membrane
proteins and lipoproteins; hence, this tool
can provide clues to the understanding
of protein function and disease pathoge-
nicity, as well as assisting in novel drug
development. Several computational
programs have been developed, viz. SpLip
for predicting lipoproteins (Setubal et al,
2006); ProtCompB (Viratyosin et al, 2008),
Proteome Analyst (Amineni et al, 2010),
P-CLASSIFIER and PSORT/PSORTb for
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predicting protein cellular localization
(Oliveira et al, 2011; Xu et al, 2016); SignaP
for predicting presence and location of
signal peptide cleavage sites in export/
membrane proteins (Nascimento et al,
2004; Gamberini et al, 2005); TMHMM for
predicting protein transmembrane helices
(Nascimento et al, 2004; Gamberini et al,
2005); and BLAST for searching putative
proteins homologous to previously char-
acterized surface proteins (Gamberini et
al, 2005) to assist in meeting these needs.
However, these approaches are insuffi-
ciently specific because they are depen-
dent on data from previously identified
proteins in related organisms (Krogh et al,
2001; Bendtsen et al, 2004; Kall et al, 2004;
Emanuelsson et al, 2007).

CONCLUSION

Leptospirosis is one of the most com-
mon and widespread zoonotic disease
worldwide. Discovery of virulent factors
and mechanism of pathogenesis are very
important for efficient diagnosis and
vaccine development. However, the uti-
lization of multiple omics approaches is
encouraged as it can assist in the selection
of appropriate antigens for the develop-
ment of diagnostic tests, therapeutic drugs
and vaccines in combating leptospirosis.
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