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INTRODUCTION
Leptospirosis is a neglected zoonotic disease of global importance, commonly associated with rat-borne transmission, poverty, 
urbanization and climate change [1]. Leptospirosis causes over one million cases and nearly 60,000 deaths annually [2]. These 
numbers are likely underestimated because of undiagnosis, misdiagnosis and under-reporting, particularly in regions where 
other diseases with similar non-specific presentations, such as dengue and malaria, are prevalent [3].

Leptospirosis is caused by several species of pathogenic Leptospira and is transmitted to humans through exposure to soil or water 
contaminated with the urine of an infected animal, such as rats or other mammals. Leptospira can also be found in the environment 
as free-living saprophytes [4]. Within the Leptospira genus, which belongs to the phylum of spirochetes, bacteria share similar 
morphology, with only subtle biochemical differences distinguishing saprophytic from pathogenic species [5]. Historically, 
the limited availability of distinct phenotypic characteristics for classifying Leptospira isolates with significant epidemiological 
relevance made serology a cornerstone of leptospiral classification [4]. In the 1990s, the DNA–DNA hybridization methods 
emerged and the first Leptospira species were described [6–8]. The recent advent of next-generation sequencing and the subse-
quent boom of DNA sequencing technologies have redefined bacterial diversity with unprecedented resolution. Whole-genome 
sequencing (WGS) has become the new gold standard for bacterial species delineation [9]. Criteria for the identification of new 
Leptospira species have recently been revised and are available to the research community (https://leptosociety.org/resources/). 
The criteria include mandatory metadata, a defined threshold for DNA–DNA relatedness to the genomes of existing species, 
publication of the species description in a peer-reviewed journal and deposition of the strain in reference laboratory collections.

The genus Leptospira currently consists of 74 validated Leptospira species that are subdivided into 2 subclades of free-living non-
pathogenic species (S1 and S2) and 2 subclades of species with variable pathogenic potential (P1 and P2) [10]. The P1 subclade 
can be further subdivided into two groups: the P1+group comprises eight species (Leptospira interrogans, Leptospira kirschneri, 
Leptospira noguchii, Leptospira santarosai, Leptospira mayottensis, Leptospira borgpetersenii, Leptospira alexanderi and Leptospira 
weilii), which possess the ability to evade the host immune system and cause severe disease in both humans and animals [11]. 
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Leptospirosis is a re-emerging zoonosis caused by a diverse range of pathogenic Leptospira, which are divided into species, sero-
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on the antigenic variability of lipopolysaccharides O-antigens, still relies heavily on traditional and labour-intensive methods. In 
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diagnostics, understanding host–pathogen interactions and vaccine development. In this review, we assess current techniques 
for Leptospira serovar and serogroup identification and explore emerging DNA-based methodologies for serovar and serogroup 
prediction.
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The P1 group includes species that, similar to those belonging to the P2 subclade, are mostly environmental isolates with low 
virulence [11]. Some P1+species are presumed to have different geographical distributions. For example, L. interrogans can be 
found all over the world, while others like L. noguchi, L. santarosai and L. mayottensis are restricted to specific regions [12].

Currently, molecular typing is widely used to identify Leptospira strains at the species and subspecies levels. Genotyping approaches 
vary, ranging from single-gene analyses [13, 14] to multilocus sequence typing (MLST) using six to seven housekeeping genes 
[15–17], or broader genome-wide comparisons [18]. However, these methods often lack the resolution needed to discrimi-
nate between epidemiologically related strains, and no consensus exists on a standardized genotyping approach for global data 
comparability. Moreover, commonly used genotyping markers are not linked to the genes encoding the lipopolysaccharides 
(LPS), which play a key role in host adaptation and virulence as described above. The rfb cluster of genes, which encodes most 
LPS biosynthesis enzymes, can be horizontally transferred between species, further complicating any direct correlation between 
genotype and serovar or serogroup classification. As a result, current genotyping strategies fall short of providing a comprehensive 
epidemiological perspective. Identification of the serogroup and serovar thus remains a critical tool for epidemiological strain 
characterization. Following the recent revision of the nomenclature for the genus Leptospira to the species level [10], which 
was followed by the formal identification of numerous new species [5, 19–21], it is now imperative to reevaluate the serological 
classification of Leptospira spp.

The LPS-based serological classification of Leptospira isolates remains widely used in the field, both due to historical precedent 
and its relevance to epidemiology and protective immunity [4]. Regardless of species, Leptospira strains have been classified into 
serovars based on the serological reactivity of their LPS, using the reference method known as the cross-agglutinin absorption 
test (CAAT). Serovars are further grouped into serogroups based on shared antigenic characteristics [4]. The Leptospira genus 
is thus divided into over 250 serovars belonging to 26 serogroups [22, 23]. However, information on animal hosts is lacking for 
the majority of serovars [22]. It should be further noted that the majority of the new environmental species described in recent 
years have no assigned serovars [5, 19–21].

As mentioned above, there is not always a consistent correlation between species and serovars. The same species can include 
multiple serovars, and the same serovar can be found across different species (Fig. 1) [4]. The resulting classification system, 
often not properly used in the scientific literature, requires a more precise and standardized approach to align with the 
updated taxonomic framework and enhance its utility in research, epidemiology and clinical diagnostics. This challenge 
was already highlighted over 40 years ago when Terpstra noted, ‘In the last few years, it has become increasingly clear that 
the serovar concept is no longer fully satisfactory as it may fail to adequately define epidemiologically important entities. 
In addition, CAAT is too cumbersome and time-consuming for routine typing’ [24]. The discontinuation of the CAAT 
reference technique, combined with the increased accessibility of WGS, should encourage the development and adoption of 
novel DNA-based methods for serovar prediction. Furthermore, it is essential to critically assess the epidemiological value 
of serovar identification and to question whether the term ‘serovar’ remains relevant in contemporary scientific discourse. 
This article aims to review the current state of the field and provide a foundation for informed discussion on these issues.

LEPTOSPIRA LPS AND SEROVARS
LPS is a major component of the outer membrane of Gram-negative bacteria and acts as a potent activator of the innate immune 
system, as well as a target of adaptive immune responses. However, among spirochetes, which are also diderms, only Brachyspira 

Fig. 1. The Leptospira LPS. (a) L. interrogans coated with gold-labelled anti-LPS monoclonal antibodies [79]. (b) Schematic representation of Leptospira 
LPS. GlcN

3
N, di-aminoglucose; P, phosphate; CH3, methyl group. (c) Proposed model of Leptospira LPS diversity between species and serovars. Different 

species can belong to the same serovar. Vice versa, the same serovar can be found across multiple species.
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and Leptospira spp. possess LPS. Despite its importance in the pathogenesis of leptospirosis and innate immune evasion [25–27], 
the structural and functional properties of Leptospira LPS remain poorly characterized.

LPS structure and diversity
LPS is composed of three components: the lipid A, which is anchored to the bacterial outer membrane, the core oligosac-
charide and the O-antigen (Fig. 1). Leptospira spp. possess all genes required for lipid A biosynthesis. The structure of lipid 
A has been characterized in approximately one-third of the reference Leptospira species, corresponding to only a few known 
serovars [28–30]. Across all Leptospira characterized to date, the lipid A has only one methylated phosphate; all primary 
fatty acyl chains are linked to the disaccharide backbone by amide bonds and several unsaturated fatty acyl chains [31]. 
These unique structural characteristics likely contribute to the lipid A’s high stability and the ability of Leptospira to evade 
the host’s innate immune response. However, structural diversity also exists across Leptospira species, driven by the length, 
degree of unsaturation and the number of fatty acyl chains in the lipid A molecules. To date, ten different lipid A profiles were 
identified across the genus, with the strongest association observed between these profiles and classification of individual 
Leptospira species into P1+, P1-, P2, S1 and S2 groups [30]. Moreover, the lipid A portion of LPS appears mostly conserved 
within the individual species, regardless of their assigned serovar.

The O-antigen is the most surface-exposed component of the LPS (Fig. 1). The general chemical composition of the O-antigen 
has been characterized in some leptospiral isolates, but the precise structure remains unknown [25, 32]. The O-antigen is 
composed of different monosaccharides, synthesized and oligomerized together by the action of several enzymes (Fig. 1). 
In Leptospira, most, if not all, of these enzymes are encoded within a genomic locus called the ‘rfb cluster of genes’ [33]. The 
size of the rfb cluster is variable and can reach more than 100 kb, with the P1+species harbouring larger and more complex 
compositions than their saprophytic counterparts [34]. Several studies suggest that the rfb cluster of genes encodes for the 
serovar [12, 35–40].

Role of LPS
Leptospira LPS is a critical component of the outer membrane of Leptospira and plays several essential roles as described below.

Host recognition of LPS
LPS is expected to play a key role in host-pathogen interactions as the outermost and most variable structure of the LPS; the 
O-antigen serves as the primary contact between Leptospira and the host immune system. In addition, L. interrogans mutants 
with defective LPS are attenuated in virulence [26, 29]. In comparison to the canonical LPS from Escherichia coli, LPS from 
L. interrogans is less endotoxic [31]. Lipid A of L. interrogans does not act as a human TLR4 agonist [41], likely because 
of its peculiar structure [28]. However, L. interrogans LPS is recognized by mouse TLR4 [31], indicating species-specific 
differences in innate immune detection. Interestingly, L. interrogans LPS activates human and mouse TLR2, a response 
attributed to tightly bound lipoproteins that co-purify with the LPS during extraction [42]. Mice that are typically resistant to 
leptospirosis become susceptible when they have a defective TLR4, highlighting the importance of LPS recognition in disease 
pathophysiology. Susceptibility is further increased in mice lacking both TLR4 and TLR2 [43]. As stated above, Leptospira 
lipid A shows structural differences between P1+ (highly virulent pathogens), P1-, P2 and S (low-virulent pathogens or 
saprophytes) species [30]. These findings suggest that Leptospira lipid A may play a role in the distinct recognition of these 
species by host immune cells.

Host adaptation and disease severity
A wide range of mammalian species can be infected [22], resulting in asymptomatic carriage in natural reservoirs or main-
tenance hosts and acute infections in accidental hosts. Some serovars are thus adapted to specific animal host species. For 
example, rats infected with the L. interrogans serovar Icterohaemorrhagiae exhibit chronic, asymptomatic colonization of the 
kidneys, whereas this serovar causes severe infections in accidental hosts such as humans and dogs [44, 45]. However, the 
distinction between maintenance and accidental hosts is not always clearly defined, as the interaction between pathogenic 
leptospires and animal hosts may be influenced by a variety of factors, including the host immune response, the infecting 
serovar, the inoculum dose and individual susceptibility. Despite the fact that large-scale studies will be needed to unravel 
these complex interactions, determining the infecting serovar is clinically significant, as some serovars, such as serovar 
Icterohaemorrhagiae, are known to be responsible for more severe infections in humans [46–49].

Protective immunity and vaccines
Naturally acquired protective immunity against leptospirosis is predominantly antibody-based and targets the immuno-
dominant LPS structure, which varies across serovars [50, 51]. The antibody response against LPS is mainly T-cell independent 
and does not induce immune memory. Current vaccines, consisting of inactivated whole-cell bacterins from the main 
circulating serovars, only provide short-term protection against a narrow spectrum of serovars, typically within a single 
serogroup [52]. Therefore, comprehensive serotyping and surveillance are essential to assess the efficacy of the vaccines used 
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and to inform decisions on vaccine composition. Additionally, more work is needed on the characterization of LPS molecules 
as they exist in the host environment. The O-antigen from host-derived bacteria differs from that found in bacteria grown in 
the traditional EMJH medium [53]. The resulting difference in structure and its impact on immune recognition is unknown.

Diagnosis, epidemiology and surveillance
The gold standard for sero-diagnosis of leptospirosis, microscopic agglutination testing (MAT), relies on a panel of live 
Leptospira strains that should reflect the diversity of strains circulating in a given region. The test detects serogroup-specific 
antibodies present in the host serum (see below). In some cases, the characterization of the infecting strain at the serogroup 
level can provide information on potential animal hosts acting as sources of infection. Such information on the origin of the 
infecting strain can subsequently be used for control and intervention measures, including the development of new animal 
vaccines and reservoir control programmes.

HOW TO DETERMINE THE LEPTOSPIRA SEROTYPE
Currently, several options are available for serotyping Leptospira, including both traditional and molecular methods. Each of the 
techniques presents distinct advantages and limitations that are discussed below (Fig. 2).

Fig. 2. Leptospira serotyping methods. MAT performed on serum samples are not a reliable predictor of the infecting serogroup. Serotyping based on 
isolates requires expertise in traditional techniques and can be labour-intensive. Molecular typing, while promising, may require specialized equipment 
and access to genome sequencing. Moreover, these molecular approaches are still undergoing validation on a larger number of serovars.
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Kinetics of infection and sample types
After an incubation period of 1 to 2 weeks, leptospirosis typically presents as a biphasic illness. The acute/bacteraemic phase 
occurs during the first week after the symptom onset, and the bacterium or its DNA can be detected in blood and urine.  
This phase is followed by antibody production in the late/immune phase, ~1 week after the symptom onset, during which the 
organism is no longer circulating in the blood but may persist intermittently in the urine [4]. Therefore, culture and DNA-
based methods are most effective in the acute phase of the disease. In the convalescent phase, serological testing combined 
with culture and DNA-based methods using patients’ urine is the only means of attempting to identify the infecting serovar 
and serogroup.

Prediction of infecting serogroup from MAT
The MAT developed by Martin and Pettit over a century ago [54] remains the serological reference test for the diagnosis of 
leptospirosis. Detectable agglutinating antibodies appear in the blood 1 week after the onset of symptoms and can persist 
for several months. The test consists of exposing serial dilutions of patient (or animal) serum to live Leptospira strains 
representing locally circulating serovars, followed by dark-field microscopy to measure the extent of agglutination caused 
by serum antibodies binding to each representative serovar. As an example, the French National Reference Center for 
Leptospirosis is using a panel of 24 isolates belonging to 22 and 24 different serovars and serogroups, respectively (Table S1, 
available in the online Supplementary Material). The highest serum dilution that agglutinates 50% or more of the leptospires 
is considered the antibody titre. In principle, MAT can identify the infecting strain at the serovar level, but its resolution 
is insufficient to discriminate between serovars belonging to the same serogroup. In addition, several studies have shown 
that the highest antibody titre is not a reliable indicator of the infecting serogroup and overinterpretation of titre values can 
lead to misidentification [55–59] (Table 1). There are many reasons for inconclusive serogroup prediction using the MAT:

(1)	 Cross-reactivity. Anti-Leptospira antibodies generated by infection with one serovar can react with antigens of multiple 
serovars across serogroups. This is especially true in the early stages of infection.

(2)	 Paradoxical reactions. In acute and early-convalescent phases of infection, the highest MAT litres can be detected against a 
serovar unrelated to the infecting one, due to heterologous reactions being stronger than homologous reactions.

(3)	 Inter-laboratory variability in MAT data. Variability in titre magnitudes has been documented across reference laboratories 
[60]. This may be due to the panel of strains used, testing conditions and subjectivity of evaluation of the degree of agglutina-
tion by the personnel.

(4)	 Antibiotic therapy. The antibody response may be delayed or reduced if antibiotic therapy was given before MAT.
(5)	 MAT reactivity in different host species. MAT cross-reactivity profiles and titre levels can vary in different animal host 

species, as shown in a recent study in foxes, sea lions and skunks infected with the same serovar [59].

In conclusion, MAT titre results can be influenced by multiple factors. In the absence of supporting evidence, MAT results alone 
must be interpreted cautiously for the identification of the presumptive serogroup. Definitive conclusions about infecting serovar 
cannot be drawn based on MAT without bacterial isolation.

Serotyping of cultured isolates
Culture isolation is challenging but remains the gold standard for complete strain identification at the levels of species, 
serogroup and serovar. New culture media have been developed to prevent contamination and support the primary isolation 

Table 1. Summary of studies demonstrating discrepancies between MAT results and the serogroup of the infecting strain

These findings show that the serogroup corresponding to the highest MAT antibody titre does not reliably reflect the actual infecting serogroup.

No. of isolate Distribution of serogroup Country and year period Sensitivity of MAT on patient 
sera for the prediction of 
infecting serogroup (%)*

Reference

151 Autumnalis (65%), Icterohaemorrhagiae 
(23%), Ballum (11%), Australis (1%)

Barbados, 1980–1998 44 [57]

106 Autumnalis (86%), Pyrogenes (7%), Javanica 
(3%), Bataviae (1%), Grippotyphosa (1%), 

Pomona (1%), Sejroe (2%)

Thailand, 2000–2006 33 [55]

52 Icterohaemorrhagiae (89%), Canicola 
(4%), Autummnalis (2%), Sejroe (2%) and 

Grippotyphosa (2%)

Brazil, 1995–2010 94 [58]

*Based on the highest MAT titre.
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of fastidious pathogenic leptospires, making it easier to isolate and cultivate strains [61, 62]. Once isolation has been achieved, 
the strain can be fully characterized at the serovar and/or serogroup level using various approaches listed below:

i) Serogrouping using rabbit antisera (inverted MAT)
The serogroups are usually determined using a panel of polyclonal rabbit antisera representing all individual serogroups. 
Similar to MAT, the degree of agglutination of a strain suspension of unknown serogroup is estimated for each immunoserum. 
If the reaction is positive (less than 50% free bacteria), the titre is then determined by serial dilutions of the rabbit antiserum. 
The serogroup is assigned according to the antiserum that gave the highest agglutination titre [63]. An unknown serovar or 
serogroup should not agglutinate, or agglutinate to a lower extent, with any of the antisera.

ii) Serovar identification using CAAT
CAAT is the gold standard method to determine the serovar [23, 64]. This procedure is complicated, involving several steps, 
time-consuming and is currently performed exclusively by the reference centre in Amsterdam (https://leptospira.amsterdamumc.​
org/leptospirosis-reference-centre/).

First, the serogroup is identified by subjecting a strain with an unknown serovar to inverted MAT (see above). Secondly, 
cross-agglutination is performed to identify the serovar by comparing the reactivity of the unknown strain with that of 
reference serovars within the identified serogroup. The ratio of heterologous to homologous MAT litres is then calculated: 
the homologous titre is obtained using a reference serovar and its antiserum, while the heterologous titre is measured by 
testing the reference antiserum against the unknown strain. A ratio above 10% indicates sufficient antigenic similarity to 
warrant the inclusion of that reference serovar in absorption testing [65]. In the third step, absorption tests are performed by 
incubating the reference antisera with the unknown strain. After absorption, the supernatant (absorbed antiserum) is tested 
again by MAT to determine whether antibodies specific to the homologous strain remain. A residual titre of ≥10% of the 
original indicates that the two strains are antigenically distinct (i.e. different serovars), while a reduction to <10 % suggests 
identity. If none of the tested reference serovars match the unknown strain (due to an absence of sufficient reactivity in the 
initial MAT or a lack of suitable absorption targets), the strain is considered a novel serovar. Rabbit antiserum must then be 
generated against the unknown strain, and the CAAT procedure is repeated to formally assign the new serovar.

iii) Serovar identification using monoclonal antibodies
Alternative methods using monoclonal antibodies have been described. After the identification of the serogroup using 
inverted MAT, isolates can be further typed at the serovar level by performing MAT with panels of monoclonal antibodies 
(mAbs) that characteristically agglutinate serovars from the serogroup of interest. The reference centre in Amsterdam is 
providing monoclonal antibodies produced after immunization of mice with the main reference serovars (https://leptospira.​
amsterdamumc.org/leptospirosis-reference-centre/typing-with-monoclonal-antibodies/). Most serovars, but not all, can 
be identified by their characteristic antigenic patterns recognized by a set of monoclonal antibodies, typically represented 
as histograms. However, results obtained using mAbs may be inconsistent with those produced by CAAT, as the epitopes 
recognized by mAbs can be shared among multiple serovars [66].

iv) Deducing the serotype from genes, loci and genomes
Serovar identification using PFGE
In the 2000s, some laboratories used PFGE for serovar prediction as genomic DNA macrorestriction analysis using NotI enzyme 
correlated well with serovar identity [67–69]. However, this method requires specific equipment not affordable to all. In addition, 
only the most common serovars have been typed, and the interpretation and comparison of PFGE profiles is not straightforward.

Serovar prediction using the rfb cluster
The rfb cluster, which encodes genes involved in the biosynthesis of the O-antigen, displays variability in chromosomal position, 
in gene composition and in length. In recent years, several studies have shown that the gene composition of the rfb cluster strongly 
correlates with Leptospira serovar designation [12, 38–40] and can, therefore, be used to design tools to predict serovars. In the future, 
a serovar-specific genetic fingerprint based on rfb genes could be instrumental in shifting from traditional serological techniques to 
molecular typing (Fig. 3). Literature [34] and bioinformatics analyses consistently show that the rfb cluster of P1+Leptospira, averaging 
100 kb in length, is characterized by the presence of three hallmark genes: marR which encodes a transcriptional regulator (one 
copy) at the beginning of the locus, the GDP-l-fucose-synthase gene (two to four copies) within the locus and sdcS which encodes 
a sodium/sulphate symporter (one copy) at the end of the locus. By obtaining the positions of these genes within the same contig of 
a genome from second- or third-generation sequencing data, it is possible to extract the rfb cluster and create a reference database 
of unique group of rfb cluster encoded proteins sequences from multiple representative Leptospira strains [12, 38–40] (Fig. 3). This 
representative set of strains comprises genomes with non-fragmented rfb clusters and will require further refinement to add diversity 
and include multiple isolates from the maximum amount of formally assigned serogroups and serovars. A possible limitation is that 
some highly related serovars could be difficult to discriminate using this method. This is the case of the serovars Icterohaemorrhagiae 

https://leptospira.amsterdamumc.org/leptospirosis-reference-centre/
https://leptospira.amsterdamumc.org/leptospirosis-reference-centre/
https://leptospira.amsterdamumc.org/leptospirosis-reference-centre/typing-with-monoclonal-antibodies/
https://leptospira.amsterdamumc.org/leptospirosis-reference-centre/typing-with-monoclonal-antibodies/
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and Copenhageni, as no difference in the rfb could be strictly linked with the serovar. Santos et al. have identified a frameshift 
mutation within a homopolymeric tract of the lic12008 gene in all the L. interrogans serovar Icterohaemorrhagiae strains but not in 
the Copenhageni strains [70]. To enhance the level of discrimination, one could incorporate this protein sequence into the set of a 
unique group of homologous proteins present in the reference database of rfbs. Of note, as of today, most Leptospira genomes are 
highly fragmented, preventing the assembly of the complete rfb cluster. In addition, the determination of rfb cluster boundaries in 
the P2, S1 and S2 sub-clades is not defined. Therefore, although this method is promising, it will necessitate validation across a wide 
range of serovar genomes to accurately define the cutoff for assigning genomes to specific serovars. Ideally, we will soon have an easily 
accessible programme that allows accurate serovar prediction by submitting a genome and comparing it with a curated database.

Fig. 3. Phylogenetic distribution and barcodes of selected multi-species serogroups and serovars. This figure presents a subset of the Leptospira 
genomic database for which serovar and serogroup classifications have been determined. (a)  Core-genome phylogeny of this genomic subset, 
illustrating the distribution of genomes by species. The associated serogroups (sg) and serovars (sv) are indicated, showing that some serogroups 
and serovars occur in multiple species. For simplicity, except serovars of serogroup Icterohaemorrhagiae that are represented to emphasize their 
important occurrence, serovars found exclusively in a single species are not shown. (b) Barcode profiles, representing the presence or absence of 
specific proteins encoded in all reference rfb clusters (pan-rfbs), as previously described [40], are organized using a dendrogram based on these 
presence–absence patterns. Again, for simplicity, only barcodes for multi-species serogroups and serovars and Icterohaemorrhagiae are presented. 
Here, barcodes cluster according to serogroup and serovar rather than by species, emphasizing the distinction between species classification and 
serogroup/serovar prediction.
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Serogroup-specific PCR
Primers targeting the rfb cluster could provide a rapid and specific molecular approach for identifying Leptospira serogroups and 
serovars. This approach has the advantage of allowing DNA amplification from biological samples without the need for culture 
isolation. Recent studies have demonstrated that specific primers can effectively distinguish between major pathogenic Leptospira 
serogroups [71–73]. However, there are notable limitations to rfb-based PCR. First, not all serogroups nor all serovars within 
a given serogroup have been tested by rfb-based PCR. Second, while the primers effectively distinguish some serogroups, they 
often fail to differentiate between serovars due to recombination events and structural rearrangements within the rfb region. This 
limitation is particularly important in cases where novel or less-characterized serovars or even serogroups are involved, leading 
to false-negative results. Finally, the effectiveness of rfb-targeting PCR is highly dependent on the availability of well-annotated 
genome sequences for reference. Without continuous updates to genomic databases associated with bacterial isolation, the 
accuracy of serogroup classification may be compromised, particularly for newly emerging or rare Leptospira strains.

Serovar identification using non-rfb molecular markers
Sanger sequencing of PCR products has been used for typing of isolates at the subspecies level using various genes, including secY 
and lfb1 [13, 14]. Again, PCR-based methods are rapid, technically simple and suitable for direct genotyping of strains present in 
biological samples without the need for culture isolation. However, the target genes are not associated with the locus involved in 
the determination of the serovar (i.e. the rfb cluster, see above). The discovery of short DNA sequence repeats in the genomes of 
Leptospira has led to the development of multiple loci variable number of tandem repeat analysis, but this method is restricted to 
a few species and has not been validated for all serovars [74]. Similarly, genus-specific core genome MLST and pathogen-specific 
MLST schemes, based on non-serovar-determining genes, can subdivide species into clonal groups (CGs). However, there is no 
strict correlation between CGs and serogroups and serovars, as isolates from the same serogroup or serovars can be distributed in 
different CGs [15, 16, 18, 75]. Furthermore, these methodologies have not yet been applied across the full diversity of Leptospira 
isolates. Therefore, they may not detect the given serovar in all the species that harbour this serovar. To conclude, evidence suggests 
that PCR-based molecular typing for serovar prediction should be based on analysis of the rfb cluster.

Current and possible future nomenclatures
The genus Leptospira is divided into 74 validated species, each of which is further divided into numerous serovars and serogroups 
based on serological testing. The accepted nomenclature is genus name, followed by species name, followed by serovar or sero-
group, followed by strain (if appropriate), for example, Leptospira (genus name, italics, capital letter) interrogans (species name, 
italics, lower case) serovar Icterohaemorrhagiae (non-italics, capital letter) strain Verdun (non-italics, capital letter). However, 
with the advent of molecular typing, the nomenclature will likely evolve to contain sequence types, clonal groups, species groups 
and genovars, which could refer to groups of strains with similar rfb clusters of genes until their correspondence to a known 
specific serovar is formally demonstrated.

CONCLUDING REMARKS
Serotyping has been the reference method for Leptospira typing for over 50 years. However, most serotyping methods are complex 
and now obsolete. They also have a number of drawbacks, including high costs and the need for highly trained staff. In addition, 
the current serotyping methods may not distinguish strains with different properties within a single serovar and closely related 
serovars; this may be of importance in epidemiological studies, surveillance, diagnostics, vaccine development and host–pathogen 
interactions. There is, therefore, an urgent need for alternative methods, including molecular typing methods that accurately 
reflect the diversity of Leptospira isolates.

The main advantages of DNA-based approaches are their accessibility, low cost, robustness and the availability of publicly acces-
sible databases that allow comparison of data from laboratories worldwide. Previous phylogenetic analysis revealed that most 
serogroups had a polyphyletic distribution and did not descend from a single ancestor [18]. However, we and others found that 
the rfb cluster polymorphism was strongly correlated with serovar [12, 35–40]. Recently developed methods such as targeted 
DNA capture and AmpSeq [76–78] offer promising tools for genotyping directly from biological and environmental samples, 
bypassing the need for culture isolation. Using this locus for molecular typing is a promising alternative that will be critical to 
detecting outbreaks early and identifying their sources.

Funding information
This research was supported by the Institut Pasteur, the National Institutes of Health grant P01 AI 168148 and Santé Publique France. F.V. received a 
Junior 1, Junior 2 and Senior Research Scholar salary award from the Fonds de Recherche du Québec – Santé. K.D. received a studentship from the 
Fondation Arbour. H.P. would like to acknowledge support from Genome British Columbia (GBC) and Genome Canada (365MET, 375MET and 374PRO) 
for The Metabolomics Innovation Centre (TMIC) and the BC Proteomics Centre, awarded to the Director of the University of Victoria Genome BC Prot-
eomics Centre, David R. Goodlett.



9

Giraud-Gatineau et al., Journal of Medical Microbiology 2025;74:002059

Acknowledgements
We thank Paula Ristow (Expertise Centre for Leptospirosis | WOAH Reference Laboratory for Leptospirosis, Amsterdam, the Netherlands) for her help 
in explaining the CAAT method.

Author contributions
M.P. drafted and coordinated the editing of the review. All authors contributed to its drafting and approved the final manuscript.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References
	1.	 Goarant C, Picardeau M, Morand S, McIntyre KM. Leptospirosis 

under the bibliometrics radar: evidence for a vicious circle of 
neglect. J Glob Health 2019;9:010302. 

	2.	 Costa F, Hagan JE, Calcagno J, Kane M, Torgerson P, et al. Global 
morbidity and mortality of leptospirosis: a systematic review. PLoS 
Negl Trop Dis 2015;9:e0003898. 

	3.	 Goarant C, Dellagi K, Picardeau M. Ending the neglect of treatable 
bacterial zoonoses responsible for non-malaria fevers. Yale J Biol 
Med 2021;94:351–360.

	4.	 Levett PN. Leptospirosis. Clin Microbiol Rev 2001;14:296–326. 

	5.	 Korba AA, Lounici H, Kainiu M, Vincent AT, Mariet J-F, et al. Lepto-
spira ainlahdjerensis sp. nov., Leptospira ainazelensis sp. nov., Lepto-
spira abararensis sp. nov. and Leptospira chreensis sp. nov., four 
new species isolated from water sources in Algeria. Int J Syst Evol 
Microbiol 2021;71:005148. 

	6.	 Ramadass P, Jarvis BD, Corner RJ, Penny D, Marshall RB. Genetic 
characterization of pathogenic Leptospira species by DNA hybridi-
zation. Int J Syst Bacteriol 1992;42:215–219. 

	7.	 Yasuda PH, Steigerwalt AG, Sulzer KR, Kaufmann AF, Rogers F, 
et al. Deoxyribonucleic acid relatedness between serogroups and 
serovars in the family Leptospiraceae with proposals for seven 
new Leptospira species. Int J Syst Bacteriol 1987;37:407–415. 

	8.	 Wayne LG. Report of the ad hoc committee on reconcilia-
tion of approaches to bacterial systematics. Int J Syst Bacteriol 
1987;37:463–464.

	9.	 Tindall BJ, Rosselló-Móra R, Busse H-J, Ludwig W, Kämpfer P. 
Notes on the characterization of prokaryote strains for taxonomic 
purposes. Int J Syst Evol Microbiol 2010;60:249–266. 

	10.	 Vincent AT, Schiettekatte O, Goarant C, Neela VK, Bernet E, et al. 
Revisiting the taxonomy and evolution of pathogenicity of the 
genus Leptospira through the prism of genomics. PLoS Negl Trop 
Dis 2019;13:e0007270. 

	11.	 Giraud-Gatineau A, Nieves C, Harrison LB, Benaroudj N, Veyrier FJ, 
et al. Evolutionary insights into the emergence of virulent Lepto-
spira spirochetes. PLoS Pathog 2024;20:e1012161. 

	12.	 Chinchilla D, Nieves C, Gutiérrez R, Sordoillet V, Veyrier FJ, et al. 
Phylogenomics of Leptospira santarosai, a prevalent pathogenic 
species in the Americas. PLOS Negl Trop Dis 2023;17:e0011733. 

	13.	 Garcia-Lopez M, Lorioux C, Soares A, Trombert-Paolantoni S, 
Harran E, et al. Genetic diversity of Leptospira strains circulating in 
humans and dogs in France in 2019-2021. Front Cell Infect Micro-
biol 2023;13:1236866. 

	14.	 Victoria B, Ahmed A, Zuerner RL, Ahmed N, Bulach DM, et  al. 
Conservation of the S10-spc-alpha locus within otherwise highly 
plastic genomes provides phylogenetic insight into the genus 
Leptospira. PLoS One 2008;3:e2752. 

	15.	 Boonsilp S, Thaipadungpanit J, Amornchai P, Wuthiekanun V, 
Bailey MS, et al. A Single Multilocus Sequence Typing (MLST) scheme 
for seven pathogenic Leptospira species. PLoS Negl Trop Dis 
2013;7:e1954. 

	16.	 Varni V, Ruybal P, Lauthier JJ, Tomasini N, Brihuega B, et al. Reas-
sessment of MLST schemes for Leptospira spp. typing worldwide. 
Infect Genet Evol 2014;22:216–222. 

	17.	 Ahmed A, Thaipadungpanit J, Boonsilp S, Wuthiekanun V, Nalam K, 
et  al. Comparison of two multilocus sequence based genotyping 
schemes for Leptospira species. PLoS Negl Trop Dis 2011;5:e1374. 

	18.	 Guglielmini J, Bourhy P, Schiettekatte O, Zinini F, Brisse S, et al. 
Genus-wide Leptospira core genome multilocus sequence typing 
for strain taxonomy and global surveillance. PLoS Negl Trop Dis 
2019;13:e0007374. 

	19.	 Fernandes LGV, Stone NE, Roe CC, Goris MGA, van der Linden H, 
et al. Leptospira sanjuanensis sp. nov., a pathogenic species of the 
genus Leptospira isolated from soil in Puerto Rico. Int J Syst Evol 
Microbiol 2022;72:72. 

	20.	 Casanovas-Massana A, Hamond C, Santos LA, de Oliveira D,  
Hacker KP, et  al. Leptospira yasudae sp. nov. and Leptospira 
stimsonii sp. nov., two new species of the pathogenic group 
isolated from environmental sources. Int J Syst Evol Microbiol 
2020;70:1450–1456. 

	21.	 Hamond C. Nov: five new species isolated from water sources 
in the midwestern united states. Int J Syst Evol Microbiol 
2025;75:006595. 

	22.	 Hagedoorn NN, Maze MJ, Carugati M, Cash-Goldwasser S, 
Allan KJ, et al. Global distribution of Leptospira serovar isolations 
and detections from animal host species: a systematic review and 
online database. Trop Med Int Health 2024;29:161–172. 

	23.	 Kmety E, Dikken H. Classification of the Species Leptospira Interro-
gans and History of Its Serovars. Groningen Netherlands: University 
Press; 1993.

	24.	 Terpstra WJ. Typing leptospira from the perspective of a reference 
laboratory. Acta Leiden 1992;60:79–87.

	25.	 Eshghi A, Cullen PA, Cowen L, Zuerner RL, Cameron CE. Global 
proteome analysis of Leptospira interrogans. J Proteome Res 
2009;8:4564–4578. 

	26.	 Murray GL, Srikram A, Henry R, Hartskeerl RA, Sermswan RW, 
et al. Mutations affecting Leptospira interrogans lipopolysaccharide 
attenuate virulence. Mol Microbiol 2010;78:701–709. 

	27.	 Bonhomme D, Werts C. Host and species-specificities of pattern 
recognition receptors upon infection with Leptospira interrogans. 
Front Cell Infect Microbiol 2022;12:932137. 

	28.	 Que-Gewirth NLS, Ribeiro AA, Kalb SR, Cotter RJ, Bulach DM, 
et al. A methylated phosphate group and four amide-linked acyl 
chains in leptospira interrogans lipid A. The membrane anchor of 
an unusual lipopolysaccharide that activates TLR2. J Biol Chem 
2004;279:25420–25429. 

	29.	 Eshghi A, Henderson J, Trent MS, Picardeau M. Leptospira interro-
gans lpxD homologue is required for thermal acclimatization and 
virulence. Infect Immun 2015;83:4314–4321. 

	30.	 Pětrošová H, Mikhael A, Culos S, Giraud-Gatineau A, Gomez AM, 
et  al. Lipid A structural diversity among members of the genus 
Leptospira Front Microbiol 2023;14:1181034. 

	31.	 Nahori M-A, Fournié-Amazouz E, Que-Gewirth NS, Balloy V, 
Chignard M, et al. Differential TLR recognition of leptospiral lipid 
A and lipopolysaccharide in murine and human cells. J Immunol 
2005;175:6022–6031. 

	32.	 Patra KP, Choudhury B, Matthias MM, Baga S, Bandyopadhya K, 
et  al. Comparative analysis of lipopolysaccharides of pathogenic 
and intermediately pathogenic Leptospira species. BMC Microbiol 
2015;15:244. 

	33.	 Mitchison M, Bulach DM, Vinh T, Rajakumar K, Faine S, et al. Iden-
tification and characterization of the dTDP-rhamnose biosyn-
thesis and transfer genes of the lipopolysaccharide-related rfb 
locus in Leptospira interrogans serovar Copenhageni. J Bacteriol 
1997;179:1262–1267. 



10

Giraud-Gatineau et al., Journal of Medical Microbiology 2025;74:002059

	34.	 Fouts DE, Matthias MA, Adhikarla H, Adler B, Amorim-Santos L, 
et  al. What makes a bacterial species pathogenic?:comparative 
genomic analysis of the genus Leptospira. PLoS Negl Trop Dis 
2016;10:e0004403. 

	35.	 Bulach DM, Kalambaheti T, de la Peña-Moctezuma A, Adler  
B. Lipopolysaccharide biosynthesis in Leptospira. J Mol Microbiol 
Biotechnol 2000;2:375–380.

	36.	 de la Peña-Moctezuma A, Bulach DM, Kalambaheti T, Adler B. 
Comparative analysis of the LPS biosynthetic loci of the genetic 
subtypes of serovar Hardjo: Leptospira interrogans subtype Hard-
joprajitno and Leptospira borgpetersenii subtype Hardjobovis. FEMS 
Microbiol Lett 1999;177:319–326. 

	37.	 Llanes A, Restrepo CM, Rajeev S. Whole genome sequencing 
allows better understanding of the evolutionary history of Lepto-
spira interrogans serovar Hardjo. PLoS One 2016;11:e0159387. 

	38.	 Medeiros EJ de S, Ferreira LCA, Ortega JM, Cosate MRV, 
Sakamoto T. Genetic basis underlying the serological affinity of 
leptospiral serovars from serogroups Sejroe, Mini and Hebdo-
madis. Infect Genet Evol 2022;103:105345. 

	39.	 Ca Ferreira L. Genetic structure and diversity of the rfb locus 
of pathogenic species of the genus leptospira. Life Sci Alliance 
2024;7:e202302478.

	40.	 Nieves C. Horizontal transfer of the rfb cluster in leptospira 
is a genetic determinant of serovar identity. Life Sci Alliance 
2022;6:e202201480.

	41.	 Werts C, Tapping RI, Mathison JC, Chuang TH, Kravchenko V, et al. 
Leptospiral lipopolysaccharide activates cells through a TLR2-
dependent mechanism. Nat Immunol 2001;2:346–352. 

	42.	 Bonhomme D, Santecchia I, Vernel-Pauillac F, Caroff M, Germon P, 
et  al. Leptospiral LPS escapes mouse TLR4 internalization and 
TRIF‑associated antimicrobial responses through O antigen and 
associated lipoproteins. PLoS Pathog 2020;16:e1008639. 

	43.	 Chassin C, Picardeau M, Goujon J-M, Bourhy P, Quellard N, et al. 
TLR4- and TLR2-mediated B cell responses control the clear-
ance of the bacterial pathogen, Leptospira interrogans. J Immunol 
2009;183:2669–2677. 

	44.	 Davignon G, Cagliero J, Guentas L, Bierque E, Genthon P, et  al. 
Leptospirosis: toward a better understanding of the environmental 
lifestyle of Leptospira. Front Water 2023;5. 

	45.	 Ellis WA. Animal Leptospirosis, in Leptospira and Leptospirosis, B. 
Adler, Ed. Springer, 2014, pp. 99–137.

	46.	 Tubiana S, Mikulski M, Becam J, Lacassin F, Lefèvre P, et al. Risk 
factors and predictors of severe leptospirosis in New Caledonia. 
PLoS Negl Trop Dis 2013;7:e1991. 

	47.	 Hochedez P, Theodose R, Olive C, Bourhy P, Hurtrel G, et al. Factors 
associated with severe Leptospirosis, Martinique, 2010-2013. 
Emerg Infect Dis 2015;21:2221–2224. 

	48.	 Herrmann-Storck C, Saint-Louis M, Foucand T, Lamaury I, 
Deloumeaux J, et al. Severe leptospirosis in hospitalized patients, 
Guadeloupe. Emerg Infect Dis 2010;16:331–334. 

	49.	 Christova I, Tasseva E, Manev H. Human leptospirosis in Bulgaria, 
1989-2001: epidemiological, clinical, and serological features. 
Scand J Infect Dis 2003;35:869–872. 

	50.	 Jost BH, Adler B, Vinh T, Faine S. A monoclonal antibody reacting 
with a determinant on leptospiral lipopolysaccharide protects 
guinea pigs against leptospirosis. J Med Microbiol 1986;22:269–275. 

	51.	 Adler B, Faine S. The antibodies involved in the human immune 
response to leptospiral infection. J Med Microbiol 1978;11:387–400. 

	52.	 Adler B. Vaccines against leptospirosis. Curr Top Microbiol Immunol 
2015;387:251–272. 

	53.	 Nally JE, Chow E, Fishbein MC, Blanco DR, Lovett MA. Changes 
in lipopolysaccharide O antigen distinguish acute versus chronic 
Leptospira interrogans infections. Infect Immun 2005;73:3251–3260. 

	54.	 Martin L, Pettit A. Sero-diagnostic de la spirochaetose icterohaem-
orrhagique. Bull Mem Soc Med Hop Paris 1918;42:672–675.

	55.	 Smythe LD, Wuthiekanun V, Chierakul W, Suputtamongkol Y, 
Tiengrim S, et al. The Microscopic Agglutination Test (MAT) is an 

unreliable predictor of infecting leptospira serovar in Thailand. Am 
J Trop Med Hyg 2009;81:695–697. 

	56.	 Kusum M, Boonsarthorn N, Biaklang M, Sina U, Sawanpanyalert P, 
et al. Comparison of leptospiral serovars identification by serology 
and cultivation in northeastern region, Thailand. J Med Assoc Thai 
2005;88:1098–1102.

	57.	 Levett PN. Usefulness of serologic analysis as a predictor of the 
infecting serovar in patients with severe leptospirosis. Clin Infect 
Dis 2003;36:447–452. 

	58.	 Blanco RM, dos Santos LF, Galloway RL, Romero EC. Is the micro-
agglutination test (MAT) good for predicting the infecting sero-
group for leptospirosis in Brazil? Comp Immunol Microbiol Infect Dis 
2016;44:34–36. 

	59.	 Mummah RO, Gomez ACR, Guglielmino AH, Borremans B, 
Galloway RL, et  al. Navigating cross-reactivity and host species 
effects in a serological assay: a case study of the microscopic 
agglutination test for Leptospira serology. PLoS Negl Trop Dis 
2024;18:e0012042. 

	60.	 Chappel RJ, Goris M, Palmer MF, Hartskeerl RA. Impact of profi-
ciency testing on results of the microscopic agglutination test for 
diagnosis of leptospirosis. J Clin Microbiol 2004;42:5484–5488. 

	61.	 Hornsby RL, Alt DP, Nally JE. Isolation and propagation of lept-
ospires at 37°C directly from the mammalian host. Sci Rep 
2020;10:9620. 

	62.	 Chakraborty A, Miyahara S, Villanueva SYAM, Saito M, Gloriani NG, 
et al. A novel combination of selective agents for isolation of Lepto-
spira species. Microbiol Immunol 2011;55:494–501. 

	63.	 Dikken H, Kmety E. Serological typing methods of leptospires. In: 
Bergan T and Norris JR (eds). Methods in Microbiology. London: 
Academic Press; 1978. pp. 259–307.

	64.	 Babudieri B. Proposed standardization of the agglutination-
adsorption test for Leptospira. Bull World Health Organ 
1971;44:795–810.

	65.	 Stallman N. International committee on systematic bacteriology, 
subcommittee on the taxonomy of leptospira: minutes of the 
meeting, 6 to 10 August 1982, Boston, Massachhusetts. Int J Syst 
Bacteriol 1982;34:285–259.

	66.	 Valverde M de los A, Ramírez JM, Montes de Oca LG, Goris MGA, 
Ahmed N, et  al. Arenal, a new Leptospira serovar of serogroup 
Javanica, isolated from a patient in Costa Rica. Infect Genet Evol 
2008;8:529–533. 

	67.	 Galloway RL, Levett PN. Evaluation of a modified pulsed-field gel 
electrophoresis approach for the identification of Leptospira sero-
vars. Am J Trop Med Hyg 2008;78:628–632.

	68.	 Herrmann JL, Bellenger E, Perolat P, Baranton G, Saint Girons I. 
Pulsed-field gel electrophoresis of NotI digests of leptospiral DNA: 
a new rapid method of serovar identification. J Clin Microbiol 
1992;30:1696–1702. 

	69.	 Galloway RL, Levett PN. Application and validation of PFGE for 
serovar identification of Leptospira clinical isolates. PLoS Negl Trop 
Dis 2010;4:e824. 

	70.	 Santos LA, Adhikarla H, Yan X, Wang Z, Fouts DE, et al. Genomic 
comparison among global isolates of L. interrogans sero-
vars Copenhageni and Icterohaemorrhagiae identified natural 
genetic variation caused by an indel. Front Cell Infect Microbiol 
2018;8:193. 

	71.	 Wenderlein J, Zitzl T, Dufay-Simon N, Cachet N, Pantchev  
N, et  al. Detection and identification of pathogenic Leptospira 
spp. serogroups in Europe between 2017 and 2020 applying a 
novel gene-based molecular approach. Transbound Emerg Dis 
2024;2024:1101841. 

	72.	 Pilau NN, Lubar AA, Daneji AI, Mera UM, Magaji AA, et al. Serological 
and molecular epidemiology of leptospirosis and the role of dogs 
as sentinel for human infection in Nigeria. Heliyon 2022;8:e09484. 

	73.	 Cai C-S, Zhu Y-Z, Zhong Y, Xin X-F, Jiang X-G, et al. Development of 
O-antigen gene cluster-specific PCRs for rapid typing six epidemic 
serogroups of Leptospira in China. BMC Microbiol 2010;10:67. 



11

Giraud-Gatineau et al., Journal of Medical Microbiology 2025;74:002059

	74.	 Salaün L, Mérien F, Gurianova S, Baranton G, Picardeau M. Appli-
cation of multilocus variable-number tandem-repeat analysis 
for molecular typing of the agent of leptospirosis. J Clin Microbiol 
2006;44:3954–3962. 

	75.	 Ahmed N, Devi SM, Valverde M de los A, Vijayachari P, 
Machang’u RS, et al. Multilocus sequence typing method for iden-
tification and genotypic classification of pathogenic Leptospira 
species. Ann Clin Microbiol Antimicrob 2006;5:28. 

	76.	 Stone NE, McDonough RF, Hamond C, LeCount K, Busch JD, et al. 
DNA capture and enrichment: a culture-independent approach 
for characterizing the genomic diversity of pathogenic Leptospira 
species. Microorganisms 2023;11:1282. 

	77.	 Stone NE, Hamond C, Clegg J, McDonough RF, Bourgeois RM, et al. 
Host population structure and rare dispersal events drive leptospi-
rosis transmission patterns among Rattus norvegicus in Boston, 
Massachusetts, US [Preprint]. bioRxiv; 2024.06.12.598639. DOI: 
10.1101/2024.06.12.598639 

	78.	 Grillova L, Cokelaer T, Mariet J-F, da Fonseca JP, Picardeau M. 
Core genome sequencing and genotyping of Leptospira interrogans 
in clinical samples by target capture sequencing. BMC Infect Dis 
2023;23:157. 

	79.	 Haake DA, Zückert WR. The leptospiral outer membrane. Curr Top 
Microbiol Immunol 2015;387:187–221. 

The Microbiology Society is a membership charity and not-for-profit publisher.

Your submissions to our titles support the community – ensuring that 
we continue to provide events, grants and professional development for 

microbiologists at all career stages.

Find out more and submit your article at microbiologyresearch.org


	Pages from covers.pdf
	giraudGatineau_jMedMicrobiol_2025.pdf
	Shaping the future of ﻿Leptospira﻿ serotyping
	Abstract
	Introduction
	﻿Leptospira﻿ LPS and serovars
	LPS structure and diversity
	Role of LPS
	Host recognition of LPS
	Host adaptation and disease severity
	Protective immunity and vaccines
	Diagnosis, epidemiology and surveillance


	How to determine the ﻿Leptospira﻿ serotype
	Kinetics of infection and sample types
	Prediction of infecting serogroup from MAT
	Serotyping of cultured isolates
	i) Serogrouping using rabbit antisera (inverted MAT)
	ii) Serovar identification using CAAT
	iii) Serovar identification using monoclonal antibodies
	iv) Deducing the serotype from genes, loci and genomes
	Serovar identification using PFGE
	Serovar prediction using the ﻿rfb﻿ cluster
	Serogroup-specific PCR
	Serovar identification using non-﻿rfb﻿ molecular markers


	Current and possible future nomenclatures

	Concluding remarks
	References





