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Leptospirosis is a widely distributed zoonosis caused by pathogenic strains of bacteria of the genus Leptospira
(Phylum Spirochaetes). Its agents are commonly classified based on their antigenic characteristics into
serogroups and serovars, which are relevant for epidemiologic studies and vaccine development. Serological tests

gpo;;olysaccharldes are considered laborious and require a specialized infrastructure. Some molecular methods have been proposed
antigens i K . o
1fb locis to accelerate these procedures, but they still can not replace the immunological tests, thus requiring a further

understanding of the genetic basis underlying the serological classification. In this work, we focused on eluci-
dating the genetic factors determinant for the serogroup Sejroe, which is one of the most prevalent serogroups in
livestock. For this, we conducted a comparative analysis using >700 leptospiral genomic samples available in the
public database. The analysis showed that the genes comprising the rfb locus are the main genetic factors
associated with the serological classification. Samples from the serogroup Sejroe have an rfb locus with a
conserved gene composition that differs from most other serogroups. Hebdomadis and Mini were the only
serogroups whose samples have an rfb locus with similar gene composition to those from serogroup Sejroe,
corroborating with the serological affinity shared by them. Finally, we could determine a small region in the rfb
locus in which each of those three serogroups can be distinguished by its gene composition. This is the first work
that uses an extensive repertoire of genomic data of leptospiral samples to elucidate the molecular basis of the
serological classification and open the road to more reliable strategies based on molecular methods for
serodiagnosis.

1. Introduction

Leptospirosis is an important zoonosis with a worldwide distribution
caused by pathogenic species of bacteria of the Leptospira genus (Faine
et al., 1999). This genus is composed of gram-negative bacteria char-
acterized by its long spiral-shaped cell body. It also presents high
motility conferred by the two periplasmic flagella. Among pathogenic
species, Leptospira interrogans (Li) is the most prevalent species associ-
ated with human and animal diseases (Ko et al., 2009; Levett, 2001).

The first taxonomic studies of this genus classified its members into
two large groups according to their virulence into pathogens
(L. interrogans) or saprophytes (L. biflexa) (Levett, 2001). Later,

Abbreviations: SHM, Sejroe/Hebdomadis/Mini; SVR, SHM rfb variable region.

phylogenetic analysis verified that members of this genus form three
well-defined clades that cluster together species with similar pathogenic
levels (Perolat et al., 1998; Fouts et al., 2016). These three clades are
commonly referred to as saprophytic, intermediate, and pathogenic.
More recently, with the description of more species of this genus,
especially of the saprophytic lineage, a new tree comprising 64 species
of the genus Leptospira revealed a fourth clade that groups new sapro-
phytic species in addition to the three clades characterized previously
(Vincent et al., 2019).

Besides the taxonomic classification, leptospiral samples are also
classified based on their antigenic characteristics in serovars (srv). There
are >300 serovars described so far (Picardeau, 2017) that can be
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grouped into >30 serogroups (srg, Brenner et al., 1999) based in the
agglutination affinities for related serovars. The major antigen involved
in the serological classification is the lipopolysaccharide (LPS) exposed
on the cell surface. Differences in the sugar composition and orientation
of LPS are the key features that distinguish the different serovars (Adler,
2015). It is noteworthy that the serological classification has no corre-
spondence with taxonomic classification (Faine et al., 1999; Kalamba-
heti et al., 1999; Mitchison et al., 1997). We could find different
Leptospira species classified in the same serovar, e.g. the strains of srv
Hardjo (srg Sejroe) has representatives of species Li and L. borgpetersenii
(Lb) (Faine et al., 1999), and also a Leptospira species classified in
different serovars. LPS is synthesized by genes that are clustered in a
genomic region called the rfb locus (Mitchison et al., 1997) and differ-
ences in its gene composition suggest being the source of the serovar
diversity in Leptospira spp. (de la Pena-Moctezuma et al., 1999, 2001).

Classifying samples into serovar/serogroup has a key role in epide-
miological studies for contributing to a successful control measure of the
disease through vaccination programs (Adler and de la Pena Mocte-
zuma, 2010). The Microscopic Agglutination Test (MAT) is the gold
standard for serodiagnosis (Terpstra et al., 2003). However, it is
considered laborious and requires a specialized laboratory infrastruc-
ture. In this sense, molecular methods are attractive, as some of them,
such as PCR, can be applied for an early diagnosis and do not require the
isolation and cultivation of these bacteria (Di Azevedo and Lilenbaum,
2021; Schreier et al., 2013). In the context of leptospirosis, molecular
methods are widely applied for taxonomic identification by sequencing
the MLST genes (Ahmed et al., 2015; Boonsilp et al., 2013; Thaipa-
dungpanit et al., 2007) or 16S rRNA (Morey et al., 2006); and for
detection of pathogenic strains by amplifying the ompL1 (Reitstetter,
2006) or lipL32 gene (Cheemaa et al., 2007). Several molecular methods
were also proposed for serological classification, such as those based on
pulsed-field gel electrophoresis (Herrmann et al., 1992), detection of the
variable number of tandem repeat (VNTR, Salaiin et al., 2006; Majed
et al., 2005), restriction fragment length polymorphism (RFLP, Jung
et al., 2015), and quantification of IS (Cosate et al., 2017; Zuerner and
Bolin, 1997), but they are still inefficient to replace serological tests
(Marquez et al., 2017).

Comparative analyses showed a similarity in the genetic composition
of this locus in Li and Lb strains of srv Hardjo and some of their genes
have no orthologs in strains of other serogroups (Bulach et al., 2000; de
la Pena-Moctezuma et al., 1999, 2001). However, since these first ana-
lyses were restricted to a portion of the rfb locus and a few samples, some
uncertainties arise as (1) if there are other genomic regions important
for serological classification, (2) if the gene composition among samples
of the same serovar/serogroup is conserved, and (3) if leptospiral strains
of other known serogroups may have similar genetic composition. To
suggest a more reliable strategy based on molecular methods and to
further understand the complex nature of the genetic basis underlying
the serological diversity, we aimed to extend the previous analyses by
using an extensive repertoire of genomic data with over 700 leptospiral
strains available in public databases. We focused our study on finding
the genetic bases which confer agglutination affinity among serovars of
srg Sejroe, which is the prevalent leptospiral serogroup in several farm
animals and manifests symptoms of difficult detection (Cosate et al.,
2017; da Silva Pinto et al., 2016; de Oliveira et al., 2018; Polo et al.,
2019; Tagliabue et al., 2016).

2. Material and methods
2.1. Genomic and serological data source

Genomic data of the Leptospira samples used in this work were ob-
tained from NCBI RefSeq Genome Database. Genomic data from a total
of 722 samples of Leptospires were downloaded (in January 2021) and
analyzed. The quality of a genome assembly was assessed by BUSCO (v5,
Simao et al., 2015), using the Spirochaetes ortholog dataset, and by
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manually inspecting the fragmentation level in the region of interest.
Data on the serological classification of each sample was obtained from
the Bacterial Isolate Genome Sequence Database (http://bigsdb.pasteur.
fr/). Samples analyzed in this work cover 19 leptospiral species and 26
leptospiral serogroups (Supplementary Table 1).

2.2. Comparative and functional analysis

Comparative genomics analysis was performed to identify genomic
regions of Leptospira that could be associated with the srg Sejroe. This
was conducted by using the Proteome Comparison Tool from PATRIC
(Davis et al., 2020), which performs a sequence similarity analysis of a
reference proteome with up to six other proteomes. We selected Li str.
Norma (srg Sejroe, Cosate et al., 2015) as the reference, and six other
leptospiral strains of Sejroe (Li. str. Hardjoprajitno, Lb str. Sponselee,
and Lb str. L550) and non-Sejroe (Lb str. 56604, Li. str. 56601, Li str.
Fiocruz L1-130) serogroups. Genomic regions containing genes with
higher similarity value among samples of srg Sejroe than of non-Sejroe
serogroup were depicted for further analysis. Proteins encoded in
depicted regions were functionally annotated using the ARGOT web-
server (Lavezzo et al., 2016).

To verify the presence and the conservedness of those proteins in the
722 leptospiral samples from the NCBI RefSeq Genome Database, we
submitted them to a sequence similarity search using the BLAST algo-
rithm (blastp, Altschul et al., 1990) against the proteome of each
leptospiral sample available at the NCBI database. The identity score
between the query and subject proteins was calculated as the product of
the percentage of identity and the query coverage of the first high-
scoring segment pair (HSP). Graphical maps of circular genome and
gene organization schemes were generated on the PATRIC web resource
(Davis et al., 2020).

2.3. Primer designing

Primers to amplify genes of interest were designed using Primer-
BLAST web server (Ye et al., 2012). For this, we firstly retrieved the
DNA sequences of a target gene from genomes of all Leptospira strains
deposited at RefSeq representative genomes. Then, we submitted them
as a group of sequences to the Primer-BLAST with default parameters.
Parameters for primer pair specificity checking were set to perform the
database search for unintended primer templates in genome sequences
of genus Leptospira which are part of Refseq representative genomes
database.

3. Results
3.1. rfb locus has genes associated with serovars of srg Sejroe

The first screening for genomic regions that could be associated with
serovars of srg Sejroe was performed by analyzing the sequence simi-
larity of the proteome of Li str. Norma (srv Hardjo) with six other
leptospiral strains (Li and Lb) of srg Sejroe (three strains) and of other
serogroups (three strains). In this comparison, we could depict a single
genomic region in which several genes of Li str. Norma has a higher
similarity with other strains of srg Sejroe than with those from other
serogroups (Fig. 1A, Supplementary Table 2). This region is part of the
rfb locus, which is known to comprise genes involved in the biosynthesis
of the O-antigen unit of the LPS structure (Fig. 1B). The genes of locus rfb
were also depicted after repeating this analysis using other strains of srg
Sejroe and non-Sejroe serogroups (Supplementary Fig. 1).

The rfb locus of Li str. Norma has 84 kb and is composed of 75 genes
(Supplementary Table 3). To improve readability, the genes were
sequentially numbered from 1 to 75 and referred to by their number and
the “ORF” prefix (ORF1 to ORF75). This locus is flanked by genes
encoding for a copper-binding protein and a ribosomal protein S6 and
has the genes MarR family EPS-associated transcriptional regulator
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(ORF1) and DASS family sodium-coupled anion symporter (ORF75)
determining its start and end, respectively. Among the genes in the
locus, we could find the gene cluster of dTDP-rhamnose biosynthesis
(rfbABCD, ORF68 to ORF71) and genes related to the Wzx/Wzy-
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dependent pathway (ORF58 and ORF59). Most of the other genes in
the locus encode for enzymes involved in sugar biosynthetic activities.
Among them, the most frequent functional group was transferase, which
methyl-,
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Fig. 1. A) Whole-genome sequence similarity analysis of Li str. Norma (srg Sejroe) with Sejroe and non-Sejroe leptospiral strains. The cluster of genes in which Li str.

Norma shares a higher similarity with strains of srg Sejroe is highlighted in red. B)

Gene organization of rfb locus in Li str. Norma. Genes in gray boxes are those

specific to or share a higher similarity among samples of the srg Sejroe. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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functional groups found were oxidoreductases, transaminases, lyases,
and isomerases (Fig. 1B, Supplementary Table 4). In this analysis, 50 out
of 75 genes were exclusive to or shared a higher similarity with genes
from srg Sejroe samples, suggesting a unique gene content and organi-
zation of rfb locus for serovars of this serogroup.

3.2. rfb locus gene content in serovars of serogroups Mini and
Hebdomadis is similar to those of srg Sejroe

To verify the specificity of the gene content of the rfb locus observed
in the samples from srg Sejroe in the previous analysis, we performed a
similarity analysis with BLAST using the protein sequence of genes
comprising the rfb locus of Li str. Norma as query against proteomes of
other leptospiral samples available in the NCBI database (Fig. 2, Sup-
plementary Table 5). In this analysis, a total of 382 leptospiral samples
with serogroup identified were analyzed. The samples covered 17 spe-
cies and 26 serogroups. BUSCO completeness score among those lepto-
spiral samples ranged from 75.3% to 100% with a mean score of
99.10%. 369 leptospiral samples (96.6%) showed a completeness score
above 95%.

The samples of srg Sejroe analyzed in this work (42 samples) were
taxonomically classified into one of three species: Li (8 samples in total;
4 of srv Hardjo, three of srv Medanensis, and one of srv Geyaweera), Lb
(33 samples in total; 28 of srv Hardjo-bovis, and 5 of srv Balcanica), or
L. santarosai (Ls; 1 sample of srv Guaricura). The similarity analysis of
the genes comprising the rfb locus showed that all samples have a similar
gene composition to that of Li str. Norma, despite the taxonomic di-
versity found in this serogroup. Of the 50 genes that were observed to be
distinctive in this serogroup in the previous analysis, 36 were present in
all samples. Among the srg Sejroe, 16 samples contained the rfb locus in
a single contig. In these samples, the locus contained an average of ~73
genes, which is a number close to that found in the str. Norma. However,
it was found that two of these samples, GCF_001618585.1 and
GCF_001618525.1, contained a low number of genes compared to the
average (57 and 58 genes). Analyzing their rfb locus, we found that a
region composed of 20 genes was replaced by transposable elements.
Additionally, we found that these genes were present in a genomic re-
gion outside the rfb locus, suggesting that genes involved in the LPS
biosynthesis may be in more than one genomic region.

In addition to the samples from the srg Sejroe, the analysis also
showed nine samples from other serogroups that presented a gene
content of the rfb locus similar to that found among the srg Sejroe
samples (Fig. 2, Supplementary Table 5). Among them were all samples
from srg Mini (6 samples in total, one of srv Mini, two of srv Szwajizak,
and three with srv undetermined) and Hebdomadis (2 samples in total,
one of srv Hebdomadis, and one with srv undetermined), and a single
sample from srg Bataviae (srv Bataviae). Since all samples from srg Mini
and srg Hebdomadis analyzed share a similar gene content to srg Sejroe,
this suggests that this rfb locus gene composition is also characteristic of
samples of those two serogroups. This is also endorsed by the fact that
different taxonomic groups can be found among samples from srg Mini
and srg Hebdomadis, which cover, respectively, 5 (Li, Lb, Ls, Lk:
L. kirschneri, and Lm: L. mayottensis) and 2 (Li and Lw: L. weilii) distinct
species. We could not suggest the same for the srg Bataviae, since only
one (Li str. UT234) of the 12 samples from this serogroup showed sim-
ilarity in the gene composition of the rfb locus. As this single sample
behaves as an exception among the others, it was not included in the
following analyzes.

Among the 36 genes of the rfb locus found in all samples of the srg
Sejroe, 30 were also found with high identity (> 80%) in the samples
from srg Hebdomadis and srg Mini with high BUSCO scores (> 95%). In
this analysis, only two samples, one from srg Mini and one from srg
Hebdomadis, were not included because of their low BUSCO scores
(75.3% and 80.8%, respectively), and their assemblies were highly
fragmented in the rfb locus. Since those 30 genes are found only in
serovars of serogroups Sejroe/Hebdomadis/Mini (SHM), we could
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consider them as interesting targets for molecular identification to
distinguish SHM samples from other serogroups. We will refer from now
on to the genetic composition of the rfb locus shared by serovars of these
three serogroups as SHM rfb.

3.3. SHM rfb has a variable region that can discern samples between
serogroups Sejroe, Hebdomadis, and Mini

Differences in the gene composition among the SHM rfb were veri-
fied to determine the genes associated with their serological classifica-
tion in serogroups. In this analysis, we identified that the region between
the ORF13 (GNAT family N-acetyltransferase) and ORF18 (DUF4910
domain-containing protein) show different patterns of gene composi-
tion, varying according to their serogroup classification (Fig. 3A). We
refer to this region as the SHM rfb variable region (SVR). Sequence
similarity analysis of proteins encoded in the SVR of a sample from srg
Sejroe showed that the ORF14 (zinc-binding alcohol dehydrogenase)
and ORF16 (class I SAM-dependent methyltransferase) are present in all
samples of srg Sejroe (42 samples) and absent in samples from srg
Hebdomadis and Mini (Fig. 3B). The ORF15 (Gfo/Idh/MocA family
oxidoreductase genes) and ORF17 (a second class I SAM-dependent
methyltransferase) were also specific for srg Sejroe, but the absence of
these genes in one sample (Li srv Geyaweera str. 1L-Int) indicates that
they could not be essential for the characterization of this serogroup
(Fig. 3B).

To determine the genes in the SVR region that could be characteristic
of srg Mini and srg Hebdomadis, we also performed a similarity analysis
with BLAST but using the protein sequences of rfb locus from repre-
sentative samples of those serogroups: Lb srv Mini str. 201000851 for srg
Mini (Fig. 3C) and Li srv Hebdomadis str. R499 for srg Hebdomadis
(Fig. 3D). The SVR of srg Mini and srg Hebdomadis samples have a
carbamoyltransferase (ORFM1 and ORFH1) starting this region in five of
six samples from srg Mini samples and one of two samples from srg
Hebdomadis. Samples that did not show this gene, Lk str. 200801925
(srv undetermined; srg Mini) and Lw str. Ecochallenge (srv undeter-
mined; srg Hebdomadis), have a fragmented assembly in this region and,
therefore, it was not possible to confirm its absence. The presence of this
gene in samples from both serogroups makes them more similar to each
other than to the srg Sejroe. Following this gene, four samples from srg
Mini presented a hypothetical protein (ORFM2), a class I SAM-
dependent methyltransferase (ORFM3), which differs from that found
in srg Sejroe, and a transferase hexapeptide repeat protein (ORFM4).
These genes were shown to be specific for this serogroup. In the samples
from srg Hebdomadis, another class I SAM-dependent methyltransferase
(ORFH2), which differs from those found in samples from srg Mini and
srg Sejroe, was specific for this serogroup. The domain-containing pro-
tein methyltransferase protein (ORFH3) also appeared to be a determi-
nant for the classification of srg Hebdomadis. However, by checking this
protein in the Lk str. Ecochallenge, there is a 381 bp deletion that
removed its methyltransferase domain. We also noticed that among the
samples from srg Mini, one of them (Lk srv undetermined str.
200803703) has a gene highly similar to that found specifically in srg
Hebdomadis (ORFM2).

3.4. Classification of leptospiral strain with undetermined serogroup

An expressive amount of leptospiral samples (340 samples) have the
genome sequenced, but do not have the serogroup determined. Even
without their serological classification, we took advantage of this data to
verify the coverage of the SHM rfb within the Leptospira genus and to
verify the conservedness of the genes in the SVR that are determinants
for the serological classification. For this, we performed a similarity
analysis using the genes that comprise the rfb locus of a representative
sample of each SHM serogroup (Li str. Norma for srg Sejroe, Li str. R499
for srg Hebdomadis, and Lb str. 201000851 srg Mini) as queries and the
proteome of each sample of an unknown serogroup as the subject.
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Fig. 2. Sequence similarity analysis of the 75 proteins composing the rfb locus of Li str. Norma (srg Sejroe) with the other leptospiral strains. Strains that share similar
genetic composition with Li str. Norma are delimited in the green rectangle. The complete table is available in Supplementary Table 5. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Sequence similarity analysis of proteins composing the SVR against
strains with undetermined srg. The proteins from A) Li str. Norma (sgr. Sejroe),
B) Lb str. 201000851 (sgr. Mini), and C) Li str. R499 (sgr. Hebdomadis) were
used as references.

Among the 340 samples, we verified that 51 of them, which cover 7
distinct species, had the SHM rfb (Supplementary Table 5).

The similarity analysis of proteins comprising the SVR allowed us to
suggest the probable serogroup to which those samples should belong to
(Fig. 4). The number of samples classified as of srg Sejroe, srg Hebdo-
madis, and srg Mini was 23 (covering the species Li, Lb, Ls, and Lk), 15
(Li, Ls, Lw, Lb, Lk, and L. idonii), and 13 (Lb, Lm, Ls, and Lw) samples,
respectively. It is noteworthy to mention that there was neither the
mixture nor the absence of patterns of the gene composition of SVR
previously verified (Fig. 3A) in these samples. Some samples among
those classified as probable Sejroe with continuous assembly did not
present one of the ORFs defined as determinants for their classification
in the srg Sejroe. Two samples (Ls str. HAI1380 and Ls str. 2000030832)
did not show ORF14 and two other samples (Ls str. MOR084 and Ls str.
CBC379) did not show ORF16. A serological test for those samples is
needed to verify if, even in the absence of one of those genes, the sample
will be classified as srg Sejroe. We also performed the sequence
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similarity analysis using protein sequences of SVR from other samples of
SHM serogroups as queries. The classification obtained was the same,
thus providing greater support to the previous results (Supplementary
Table 6). Finally, for those genes in SVR used for the classification
procedure, we designed primers and verified them in silico regarding
their specificity in amplifying only in those samples of SHM serogroups
or in those classified as such. All designed primers are summarized in
Supplementary Table 7.

4. Discussion

LPS is known to be the main antigen that defines the serovar in
Leptospira (Adler and de la Pena Moctezuma, 2010; Fraga et al., 2011).
Its structure is catalyzed by enzymes orthologous to Escherichia coli lpx
genes, which synthesize the saccharolipid anchor (or lipid A, Ren et al.,
2003), and by enzymes encoded in the rfb locus (de la Pena-Moctezuma
et al., 1999), which synthesize the distal polysaccharide portion (or O-
antigen). Comparative analysis performed on the whole genome of the Li
str. Norma with other samples from the srg Sejroe and non-Sejroe
serogroups showed that many genes associated with the serovars of
srg Sejroe are part of the rfb locus (Fig. 1). The first studies on
comparative analysis of rfb locus in this serogroup (Bulach et al., 2000;
de la Pena-Moctezuma et al., 1999, 2001) have already shown the
intriguing association of these genes with its serological classification.
However, these analyses were performed only for the 31 genes of the 3’
terminal region of the rfb locus and for a restricted number of samples. In
this work, we verified that most of the genes in the rfb locus associated
with the serovars of srg Sejroe were not previously reported and are
located at the beginning of the locus (Fig. 1B). The similarity analysis
showed that the rfb locus of samples from the srg Sejroe have a
conserved genetic composition (Fig. 2). Since cross-reactions in the MAT
assay is common among samples from the same serogroup (Faine et al.,
1999), we could suggest that the gene composition of the rfb locus re-
flects on the final structure of the O-antigen and that samples with
similar composition tend to generate similar O-antigen. This finding is
also supported by the observation of a similar gene composition of the
rfb locus between two samples of the srv Hurstbridge, which has rep-
resentatives in two distinct species (L. broomii and L. fainei, Fouts et al.,
2016).

An aspect that may prevent the serological identification by MAT of
samples belonging to srg Sejroe is that the cross-reaction between some
serovars of this serogroup is less common (Balboni et al., 2022; Kha-
massi Khbou et al., 2017); e.g. the srv Saxkoebing and srv Sejroe, both of
srg Sejroe, seem to partially cross-react with srv Hardjo, a strain
commonly used to detect strains of srg Sejroe. For this reason, some
authors recommend the inclusion of additional strains in the MAT panel
to avoid underestimation of the occurrence of this serogroup in epide-
miological studies (Balboni et al., 2022). In this sense, the evidence of
unique genes in rfb locus shared by samples belonging to srg Sejroe
analyzed in this work, which cover 3 different species (Li, Lb, and Ls) and
5 serovars (Hardjo, Medanensis, Geyaweera, Balcanica and Guaricura),
demonstrates that molecular approach detecting those genes could
identify a broad spectrum of samples of srg Sejroe. Unfortunately, there
is no genomic data regarding the srv Saxkoebing and srv Sejroe in the
public database. Thus, accessing the rfb locus profile, either by genomic
or PCR analysis, in both serovars is of great interest to further support
our findings.

By comparing the rfb locus among samples from other serogroups,
we found that its gene composition in serovars of srg Sejroe is highly
similar to those found in serovars of srg Mini and srg Hebdomadis,
suggesting that they share an antigenic similarity. This corroborates
with the historical records of cross-reactions involving serovars of these
three serogroups which made them part of the same serogroup (Heb-
domadis) until 1982 (Stallman, 1984). Serovars of other serogroups are
also known to show cross-reactivity on MAT assays, such as the Icter-
ohemorrhagiae/Canicola serogroups (Jorge et al., 2011; Lang and
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Morse, 1959). Similar analyses should confirm whether samples from
these serogroups share a similar gene composition of the rfb locus.
Similarities in the gene composition of the rfb locus between samples
from different serogroups have also been observed in L. alenxaderi srv
Manhao 3 (srg Manhao), Lb srv Javanica (srg Javanica), and L. alstonii
srv Pingchang (srg Ranarum) (Fouts et al., 2016), suggesting that sero-
vars of these serogroups also share a serological affinity.

The findings of this work can contribute to elaborate strategies to
classify samples into the serogroups analyzed. The similarity analysis
showed that at most 30 genes in the rfb locus are conserved and specific
to SHM serogroups, which could be targeted for PCR amplification to
identify samples belonging to one of these serogroups. Despite the high
similarity of the rfb locus between samples from the SHM serogroups, we
could find a small region, called here SVR, whose gene composition
varies according to each serogroup (Fig. 3). Genes in the SVR identified
to be specific to one serogroup could be targeted for a more precise
serological classification. They were the ORF14 and ORF16 for srg Sej-
roe; ORFM2, ORFM3 and ORFM4 for srg Mini; and ORFH2 for srg
Hebdomadis. Some authors have already suggested some genes to be
used as PCR targets to aid in the serological identification of leptospiral
samples. Cai et al. (2010) suggested the gene encoding Gfo/Idh/MocA
family oxidoreductase (ORF15) to identify the serovars of srg Sejroe and
carbamoyltransferase (ORFH1) to identify the serovars of srg Hebdo-
madis. Bezerra da Silva et al. (2011) use the gene encoding glycosyl-
transferase family 4 protein (ORF49) to identify srv Hardjo (srg Sejroe).
Note that the genes suggested by Cai et al., 2010 are genes located in the
SVR, however, some Sejroe samples do not have ORF15, and orthologs
of ORFHI1 are also found in samples of srg Mini (ORFM1). As for the
ORF49 suggested by Bezerra da Silva et al. (2011), since it is conserved
among SHM serogroups, it could not attend its first purpose of identi-
fying specifically the srv Hardjo.

Few samples deviated from the pattern established in this work to
characterize the SHM serogroups. Li str. UT234 is classified as srg
Bataviae, but its rfb locus is more similar to those from srg Sejroe than
from any other samples from the srg Bataviae. Some might suggest that
this sample has experienced a recent genetic event that changed its
serological classification to srg Bataviae. So, we performed a compara-
tive genomic analysis between the sample in question (Li str. UT234)
with other samples from srg Bataviae and srg Sejroe. This analysis,
however, did not evidence genes that could support this event (data not
shown). As we did not find in the literature any register of serological
tests involving this sample for checking, we do not discard the possibility
of a misannotation. The second sample is Lk str. 200801925 which is
classified as srg Mini but does not have the three determinant genes of
this serogroup (ORFM2, ORFM3, and ORFM4). By investigating the
literature about this sample, we found that it cross-reacted with srg Mini
and srg Hebdomadis samples (Bourhy et al., 2010, 2012). Since its gene
composition of SVR is similar to those of the srg Hebdomadis, we suggest
that this sample be reclassified to srg Hebdomadis.

5. Conclusion

The extensive use of leptospiral genomic data available in public
databases allowed us to contemplate the pattern of conservedness and
specificity on the genetic composition of the rfb locus of samples from
SHM serogroups. We could rely on the genetic structure of the rfb locus,
at least for serovars of SHM serogroups, to develop a reliable molecular
strategy for the serological classification in serogroups of leptospiral
samples. Our next step would be to make a similar analysis covering
other leptospiral serogroups and finally to elaborate a molecular test
based on these analyses.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.meegid.2022.105345.
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