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Leptospirosis is a neglected zoonosis of global importance. Several multilocus sequence typing (MLST)
methods have been developed for Leptospira spp., the causative agent of leptospirosis.

In this study we reassessed the most commonly used MLST schemes in a set of worldwide isolates, in
order to select the loci that achieve the maximum power of discrimination for typing Leptospira spp. Glo-
bal eBURST algorithm was used to detect clonal complexes among STs and phylogenetic relationships
among concatenated and individual sequences were inferred through maximum likelihood (ML) analysis.
The evaluation of 12 loci combined to type a subset of strains rendered 57 different STs. Seven of these
loci were selected into a final scheme upon studying the number of alleles and polymorphisms, the typ-
ing efficiency, the discriminatory power and the ratio dN/dS per nucleotide site for each locus. This new
7-locus scheme was applied to a wider collection of worldwide strains. The ML tree constructed from
concatenated sequences of the 7 loci identified 6 major clusters corresponding to 6 Leptospira species.
Global eBURST established 8 CCs, which showed that genotypes were clearly related by geographic origin
and host. ST52 and ST47, represented mostly by Argentinian isolates, grouped the higher number of iso-
lates. These isolates were serotyped as serogroups Pomona and Icterohaemorrhagiae, showing a unidirec-
tional correlation in which the isolates with the same ST belong to the same serogroup.

In summary, this scheme combines the best loci from the most widely used MLST schemes for Lepto-
spira spp. and supports worldwide strains classification. The Argentinian isolates exhibited congruence
between allelic profile and serogroup, providing an alternative to serological methods.

Published by Elsevier B.V.
1. Introduction

Leptospirosis is probably the most widely distributed zoonosis
in the world (World Health Organisation, 1999). This disease is
transmitted through direct or indirect contact with the urine of in-
fected animals (Bharti et al., 2003).The spectrum of human disease
associated with leptospirosis is extremely wide, ranging from sub-
clinic infections to severe pulmonary hemorrhagic syndrome
(Segura et al., 2005). Fatality rates of 20% have been reported in dif-
ferent outbreaks and occurred particularly in humid and warm cli-
mates (Vanasco et al., 2008; Levett 2001; Bharti et al., 2003; Adler
and de la Peña Moctezuma, 2010). The difficulty in the diagnosis of
leptospirosis at the clinical laboratory level makes it a severely ne-
glected disease, particularly in developing countries.
In Argentina, leptospirosis was first recognized in humans in
1915. However, there are limited data concerning the current dis-
ease burden. In a recent study, Icterohaemorrhagiae and Pomona
have been identified as the major serogroups involved in human
leptospirosis; moreover, the main risk factor in humans was the
extended contact with floods that occurred in recent years in
Argentina (Vanasco et al., 2008).

Leptospirosis is caused by infection with pathogenic spirochetes
of the genus Leptospira spp. Traditionally, the serovar has been the
basic serologic identifier characterized by 300 different antigenic
types that produce a high diversity of strains. Usually, it is difficult
to track isolates through the serological approach because molecu-
lar identity within a serological taxon varies according to the host
and environmental niches they inhabit and encounter (Nalam
et al., 2010). However, DNA composition analyses have identified
20 Leptospira species with nine major pathogenic species, L. inter-
rogans, L. borgpetersenii, L. santarosai, L. noguchii, L. weilii, L. kirsch-
neri, L. alexanderi, L. alstonii andL. kmetyi and six non-pathogenic
species. Recently, an ‘‘intermediate’’ group of Leptospira species
isolated from animals and humans has been identified, which
http://
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produces mild clinical symptoms or no symptoms at all. The path-
ogenic implication of this group is yet unknown (Kmety and Dik-
ken 1993; Boonsilp et al., 2013; Smythe et al. 2012).

Identification and typing play an important role in understand-
ing disease epidemiology (Ahmed et al., 2011). In the last decade,
the first molecular typing approaches based on genomic sequence
applied to Leptospira spp. were the fluorescent amplified fragment
length polymorphism (FAFLP) (Vijayachari et al., 2004), multilocus
variable number of tandem repeats analysis (MLVA) (Majed et al.,
2005; Slack et al., 2006) and multilocus sequence typing (MLST)
(Ahmed et al., 2006; Thaipadungpanit et al., 2007; Leon et al.,
2010). Among these, the disadvantage of FAFLP is that it requires
high quality reagents and highly purified, concentrated genomic
DNA. The MLVA methods described until now generally do not ex-
pand beyond L. interrogans. Therefore, MLST has become the meth-
od of choice according to its multiple benefits based on the
generation of sequences from different genes on a high-throughput
scale which is unambiguous and suitable for epidemiological and
population studies (Maiden, 2006).

Three different MLST schemes have already been described for
Leptospira spp. due to the significant genetic divergence of this
genus, which hinders the development of a single scheme (Ahmed
et al., 2006; Thaipadungpanit et al., 2007; Leon et al., 2010). These
schemes are composed of 6 or 7 different loci, but initially only Ah-
med’s scheme allowed the typing of the major pathogenic Lepto-
spira species, beyond L. interrogans and L. kirschneri. Ahmed and
colleagues performed a comparison between the two major
schemes (Ahmed’s and Thaipadungpanit’s schemes) concluding
that the 7-locus scheme should be applied for Leptospira spp. typ-
ing (Ahmed et al., 2011). Recently the 7-locus scheme was modi-
fied by Boonsilp et al., (2013) that excluded fadD locus, included
a new locus (caiB) and modified primers sequences in order to am-
plify all Leptospira species. This modification enabled the scheme to
be applied to the seven pathogenic species of leptospires, similarly
to what had been previously achieved by Ahmed’s scheme. This
new scheme was tested with a higher number of isolates, but most
of them were primarily obtained from a single human outbreak oc-
curred in Thailand, which could have biased the genetic back-
ground of the strain collection.

In this context, the aim of our study was to reassess the existing
MLST schemes by finding a combination of loci that would reach
the maximum power of discrimination between non-epidemiolog-
ically related strains from the pathogenic species of Leptospira spp.
2. Materials and methods

2.1. Bacterial isolates, DNA extraction, and species identification

The 91 isolates of Leptospira spp. used in this study were se-
lected based on the available sequences of the 13 loci after combin-
ing the MLST schemes described by Ahmed and colleagues and by
Thaipadungpanit and colleagues. Twenty-five Argentinian non-
epidemiologically related isolates from different hosts and date
of isolation were included and previously characterized using par-
tial 16S rRNA sequencing and Microagglutination test (MAT)
(Merien et al., 1992; Levett 2001; Caimi et al., 2012). Bacteria were
cultured in Ellinghausen-McCullough-Johnson-Harris (EMJH) li-
quid medium until saturation, and DNA extraction was performed
as previously described (Caimi et al., 2012). Leptospira spp. isolates
and data from providers is shown in Supplementary Table 1.
2.2. MLST schemes, PCR conditions and sequencing

Twelve loci were tested in this study. They comprise NAD(P)
transhydrogenase subunit alpha (pntA), 2-oxoglutarate dehydroge-
Please cite this article in press as: Varni, V., et al. Reassessment of MLST schem
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nase decarboxylase component (sucA), ribokinase (pfkB), triose-
phosphateisomerase (tpiA), rod shape determining protein rodA
(mreA), UDPN-acetyl glucosamine pyrophosphorylase (glmU), a
putative long chain fatty acid-CoA ligase (fadD), adenylate kinase
(adk), isocitrate dehydrogenase (icdA), outer membrane lipoprotein
LipL32 (lipL32), 16S rRNA (rrs2), and the outer membrane lipopro-
tein LipL41 (lipL41). As many strains lacked preprotein translocase
SecY (secY) sequence, this gene was excluded from the analysis.
Moreover, Cerqueira et al., (2010) observed that secY presented
only 16 alleles out of 38 described by the combination ofligB, se-
cY,rpoB and lipL41 loci, in contrast to lipL41 which presented 28 al-
leles out of 38. On this basis it was decided to retain lipL41 and not
to include secY in this analysis.

The amplification reactions were performed in a final volume of
50 lL containing 0.5 pmol/ll of each primer, 0.8 mM of dNTPs,
2.5 mM of MgCl2 and 1.25 U of Taq DNA polymerase (GoTaq, Pro-
mega, USA). The PCR cycling conditions consisted of an initial
denaturation step at 95 �C for 5 min, followed by 35 amplification
cycles (denaturation at 95 �C for 30 s, annealing at 52 �C for pntA,
sucA, pfkB, tpiA, mreA and fadD, 50 �C for glmU and 58 �C for adk,
icdA, lipL32, lipL41 and rrs2 for 30 s and extension at 72 �C for 50
s) and a final extension step at 72 �C for 7 min. The PCR products
were analyzed on 1% agarose gels and purified using ethylene dia-
mine tetra acetic acid disodium salt (EDTA)-ethanol precipitation.

Sequencing was performed in the Genotyping and Sequencing
facility of the Biotechnology Institute (INTA). Both strands were se-
quenced on a Big Dye Terminator v3.1 kit from Applied Biosystems
and analyzed on an ABI 3130XL genetic analyzer from the same
supplier. Subsequently, the contigs were assembled using STADEN
Package software (MRC-LMB, UK) (Staden, 1996). All the sequences
for each locus of Argentinian isolates were deposited in GenBank
database (see Table S2 for Accession numbers).
2.3. Sequence analysis

Sequence alignment was performed using MEGA version 5.1
(Tamura et al., 2011). Allelic profiles and sequence types (STs) were
assigned by MLSTest software (http://mlstest.codeplex.com/). The
number of alleles and polymorphisms, typing efficiency, and dis-
criminatory power (Simpson’s index) of each locus were also calcu-
lated through MLSTest software. START2 software was used to
evaluate the ratio of non-synonymous (dN) to synonymous (dS)
substitutions per nucleotide site (Nei and Gojobori method) (Jolley
et al., 2001). Finally, we applied the goeBURST algorithm (goe-
burst.phyloviz.net/) to determine the relationships between STs
(Francisco et al., 2009; Feil et al., 2004). Clonal complexes (CCs)
were defined as STs linked by single locus variants (SLVs) criteria
and named on the basis of the predicted founder ST. In addition,
we analyzed the clonal complexes formed by linking STs through
triple locus variants (TLVs) to expose further relations among STs.

Phylogenetic relationships among concatenated sequences of
selected genes were inferred by maximum likelihood (ML) tested
with 1000 bootstrap replications in MEGA5.1. The selection of
the model of nucleotide substitution was performed through
JModelTest software (Darriba et al., 2012; Guindon and Gascuel
2003) and the parameters were adjusted according to substitution
model selected.
3. Results and discussion

3.1. Twelve loci MLST scheme

The application of the 12-locus scheme to a subset of 48 world-
wide strains and 17 Argentinean isolates of L. interrogans and
L. kirschneri rendered 57 different sequence types (STs). The
es for Leptospira spp. typing worldwide. Infect. Genet. Evol. (2013), http://
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discriminatory power was of 0.85 and 1 for L. interrogans and
L. kirschneri respectively. The number of alleles per locus ranged
from 9 (fadD) to 28 (adk). Although the number of isolates
tested was lower, these results agreed with those previously ob-
tained by other authors (Ahmed et al., 2011; Boonsilp et al., 2013).

A maximum likelihood tree was constructed from the concate-
nated sequences of the 12 loci for the 65 isolates and was com-
pared with ML trees obtained from concatenated sequences for
each of the original schemes separately (Fig. S1). Although only
L. interrogans and L. kirschneri were included, the phylogenetic
analysis of the 12 loci supported the species assignments. Notably,
the tree obtained from the 12 loci strongly sustained serogroup
subdivision; it resolved some inconsistencies in the classification
of strains observed in Ahmed’s scheme, and showed phylogenetic
relationships similar to those obtained with the Thaipadungpanit’s
scheme. The predominant serogroup within the L. interrogans clus-
ter was Pomona followed by Icterohaemorrhagiae, corresponding
to isolates primarily from Argentina.

Global eBURST analysis established 35 singletons and six clonal
complexes (CC) by linking STs permissively through TLVs. Two pre-
ponderant CCs among the collection exhibited ST52 and ST47 as
founder genotypes according to SLV criteria. Relations among STs
described by CCs were consistent with ML analysis and showed
that Argentinian isolates from different hosts were closely related
(data not shown). Previous data support Icterohaemorrhagiae as
the serogroup most frequently associated with human infections
in Argentina, and Pomona mostly associated with pigs and cattle.
These facts reinforce the role of animals as source of transmission
of the disease to humans (Vanasco et al., 2008; Caimi et al., 2012).

3.2. Scheme standarization

The scheme optimization was performed estimating the genetic
diversity (GD) for every possible combination of 2 to n�1 loci.
When an increase in GD became unlikely after adding additional
locus to the scheme, the minimum number of loci was reached.
Starting from 12 loci and after analyzing 924 possible combina-
tions, MLSTest software found four optimized 6-loci schemes
which rendered a maximum of 57 STs. The combinations thrown
by the software were: (a) adk, icdA, lipL32, lipL41, mreA, glmU; (b)
adk, icdA, lipL32, lipL41, rrs2, mreA, glmU; (c) adk, icdA, lipL32,
lipL41, mreA, pntA and (d) adk, icdA, lipL32, rrs2, mreA, pntA. Taken
together, all these combinations comprise 5 loci from Ahmed’s
scheme and 3 from Thaipadungpanit’s scheme. Based on this selec-
tion further analyses were performed. The different parameters
analyzed (Table 1) included the number of alleles and the number
of polymorphisms per locus, ranging from 10 (lipL32) to 28 (adk)
and 18 (rrs2) to 106 (adk), respectively. Except for rrs2, the typing
efficiency, defined as the number of different genotypes per poly-
morphic site, was similar between loci. The discriminatory power
(DP) of the loci was also homogeneous, being lipL41 the locus with
the highest and rrs2 the locus with the lowest DP. The ratio dN/dS
value for rrs2 showed that this gene region is subjected to positive
selection which could interfere in the subsequent phylogenetic
Table 1
Parameters analyzed in a subset of 65 isolates for the selection of the optimal number of l
locus. CC: clonal complex.

Parameters/loci adk glmU icdA

N� of alleles 28 14 21
N� of polymorphisms 106 38 81
Typing efficiency (TE) 0.264 0.368 0.259

Discriminatory power (DP) 0.833 0.765 0.744

dN/dS 0.0469 0.0531 0.012

goeBURST (N� CC) 5 1 3
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signal studies. We therefore establish as the reassessed 7-loci
scheme the combination of adk, glmU, icdA, lipL32,lipL41, mreA
and pntA genes. Although the software had thrown a 6-locus
scheme, we decided to keep 7 loci in order to ensure the highest
level of discrimination in larger isolate collections (Maiden, 2006).

3.3. Analysis of the reassessed 7 loci scheme

An extended collection of 116 isolates that belong to the major
pathogenic species of Leptospira spp. was used to evaluate 7 se-
lected loci (Table S1). This new scheme rendered a total of 96 dif-
ferent STs in the collection. These findings are similar to those
obtained for the 12 loci scheme.

When the parameters studied for the loci selection were applied
to the 7 loci, we obtained higher number of alleles and polymor-
phisms per locus. The typing efficiency was similar and the dis-
criminatory power was higher than 0.837 for all loci. As
expected, the dN/dS were in all cases less than 1 (Table 2). Even
when the number of isolates analyzed in this study was smaller,
the results were comparable to those obtained by Ahmed et al.,
(2011) and Boonsilp et al., (2013), which evidence the usefulness
of the combination of loci selected above.

Phylogenetic analyses were performed through trees con-
structed from concatenated sequences of the reassessed scheme.
Tree showed six clusters that matched species assignments. The
L. alexanderi isolate grouped together with the L. borgpetersenii iso-
lates. Clustering of L. alexanderi with other species had been ob-
served by other authors. Ahmed et al., (2006) found that the only
L. alexanderi isolate included in the analysis was genomically sim-
ilar to L. santarosai isolates and clustered accordingly. In turn,
Boonsilp and colleagues (2013) reported that L. borgpetersenii iso-
lates were linked to the groups formed by the L. santarosai and L.
weilii (Fig. 1). The major cluster belonged to L. interrogans isolates,
which had a monophyletic origin with L. kirschneri and L. noguchii
strains. Benjamin, 136/2/2 and Vleermius 90C strains did not clus-
ter together with L. interrogans isolates. Coincidentally, they were
distinct in that they belonged to Canicola serogroup. Also, two of
them were related to L. kirschneri. L. interrogans An7705 strain
did not group with any other species. It also had a unique allelic
profile, the singleton ST10, that shared with L. interrogans strains
only 3 (glmU, mreA and pntA) out of 7 alleles. However, these al-
leles are present in two of the main L. interrogans STs: ST52 and
ST3. This could provide some evidence about the similarities of this
isolate with the others belonging to L. interrogans, despite its loca-
tion in the dendrogram. Nevertheless, we cannot discard the possi-
bility of a misclassification of the isolate in the database.

All Argentinian isolates were distributed within L. interrogans
cluster, and were closely related through the STs that grouped
the highest number of isolates (ST47, ST52 and ST3).

The individual contribution of loci to the phylogeny was also
explored by constructing ML trees for each locus separately
(Fig. S2). Most dendrograms supported the phylogenetic related-
ness between species that had been obtained for the concatenated
sequences. Remarkably, only the glmU and pntA dendrograms
oci. Numbers underlined indicate the values of the parameters for the discarded rrs2

lipL32 lipL41 mreA pntA rrs2

10 26 17 16 14
31 84 44 51 18

0.322 0.309 0.386 0.313 0.777
0.654 0.941 0.866 0.756 0.735
0.055 0.052 0.007 0.0082 1.3153
2 5 2 0 5

es for Leptospira spp. typing worldwide. Infect. Genet. Evol. (2013), http://



Table 2
Parameters analyzed in 116 isolates for the 7-locus scheme. CC: Clonal Complex.

Parameters/loci adk glmU icdA lipL32 lipL41 mreA pntA

N� of alleles 54 31 45 33 49 38 35
N� of polymorphisms 135 138 147 51 109 136 157
Typing efficency (TE) 0.4 0.225 0.306 0.647 0.45 0.279 0.223
Discriminatory power (DP) 0.901 0.863 0.865 0.837 0.959 0.916 0.870
dN/dS 0.0415 0.0614 0.0177 0.0644 0.0522 0.0256 0.0141
goeBURST (N� CC) 4 2 7 4 5 4 1
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Fig. 1. Maximum-likelihood tree based on concatenated sequences of 7-locus MLST scheme for the 116 isolates. The dendrogram displays six major clusters corresponding to
6 of 7 Leptospira species analyzed in different colors: Red: L. interrogans; Light blue: L. kirschneri; Light green: L. noguchi; Yellow: L. weilii; Pink: L. santarosai and Green: L.
borgpetersenii. The L. alexanderi isolate (Grey) was grouped together with the L. borgpetersenii cluster. Argentinian isolates are shown in black dots. STs are shown in
parentheses. Phylogenetic relationships were inferred by maximum-likelihood, general time reversible model with gamma-distributed rate variation plus invariant sites,
1000 bootstrap replications. (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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accurately defined seven different clusters as expected in this
MLST analysis. In both dendrograms, the branch of L. alexanderi
that had been included within L. borgpetersenii cluster for the con-
catenated sequences was now placed in a separated branch. adk
and icdA displayed less reliable dendrograms regarding species dis-
tribution, by introducing some discrepancies into the phylogeny.
However, the parameters studied pointed these loci as good candi-
dates for typing because of their high variability and contribution
for clonal complexes definition that strongly support their inclu-
sion in the scheme. The trees for lipL32 and lipL41 showed an
unclustered species distribution, possibly because these are not
housekeeping genes but they encode membrane lipoproteins that
are less conserved and may provide a higher rate of variability. Fur-
thermore, the Argentinian isolates were placed in separated
branches within the L. interrogans cluster in the trees for each of
Please cite this article in press as: Varni, V., et al. Reassessment of MLST schem
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these 2 loci. These results suggested that these loci could be useful
for providing intra-specific discrimination.

Strain classification discrepancies that had been observed in the
dendrogram of concatenated sequences were still unsolved in sep-
arate trees. This was the case of the isolate An7705 which was
grouped in the L. santarosai cluster within the adk, icdA, lipL32
and lipL41 trees. This result was also obtained by Ahmed and col-
leagues after applying their 6-locus MLST scheme (Ahmed et al.,
2006). In that case, the isolate had been classified as L. santarosai,
and also clustered with this species in the phylogenetic tree. By
contrast, the glmU, mreA and pntA trees from this study pooled
the isolate into the species L. interrogans, according to the results
obtained by Thaipadungpanit et al., (2007) and Boonsilp et al.,
(2013). As mentioned above, the discrepancy around An7705 could
have arisen from a misclassification of the isolate. Although it is
es for Leptospira spp. typing worldwide. Infect. Genet. Evol. (2013), http://



Fig. 2. Leptospira spp. STs relationship using goeBURST. Clonal complexes (CCs) were built based on STs linkage by TLV criteria. Singletons were excluded. The size of each
circle is proportional to the number of isolates in each ST. The colored dotted lines correspond to the different Leptospira species in each CC follow: Red: L. interrogans; Light-
blue: L. kirschneri; Green: L. borgpetersenii and Purple: L. weilii. A: Country distribution among CCs. Red: Argentina; Green: Indonesia; Blue: Malaysia; Sky-blue: Brazil;
Orange: Australia; Purple: China; Violet (ST3): USA; Pink: Russia; Yellow: Sri Lanka; Light grey (ST11): Bulgaria, Light grey (ST18 and ST65): Zaire; Light grey (ST47): Belgium;
Light grey (ST92): Czeckoslovakia; Grey (ST3 and ST84): Jamaica; Grey (ST5): Roumanica; Grey (ST8): Denmark; Dark grey (ST20): Kenya; Dark grey (ST25): The Phillipines;
Black (ST47): Japan; Black (ST78): Israel. Host or source distribution among CCs. Blue: Bovine; Purple: humans; Brown: Weasel; Pink: Rat; Dark orange: Porcine; Light orange:
Dog; Grey: Opossum; Yellow: Water. (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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unlikely as this same isolate was classified as belonging to L. inter-
rogans in other studies different from MLST schemes (Salaun et al.,
2006). Probably, the underlying reason may be based on a genetic
mosaicism of this particular isolate.

The usefulness of housekeeping vs. non-housekeeping genes in
a MLST scheme has been already discussed by Pérez Losada et al.,
(2013). The authors stated that the proteins encoded by house-
keeping genes are more reliable markers since they have a lower
evolution rate, providing a robust phylogenetic signal which can
allow assessment of population structure and also keep the rela-
tionship between strains. Although this observation is widely ac-
cepted, they also showed that in studies performed by Cooper
and Feil (2006) on Staphylococcus aureus the inclusion of rapidly
evolving genes did not hamper the evolutionary studies, while
more standard MLST genes provided poorest phylogenetic resolu-
tion. From these results the authors proposed that loci selection,
at least at the intra-species level, should be based on nucleotide
Please cite this article in press as: Varni, V., et al. Reassessment of MLST schem
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diversity rather than gene function. Moreover, Maiden suggested
that if higher resolution is required the inclusion of fast-evolving
genes might be better than adding more MLST loci (Maiden,
2006). For all these reasons we decided to keep lipL32 and lipL41
in the proposed scheme.

Global eBURST analysis showed that the species are confined
within the different CCs and that there is no coexistence of differ-
ent species within the same CC (Fig. 2A and B). These findings rein-
force the phylogenetic results regarding the distribution of the
isolates into the different species. These results strongly support
the robustness of the reassessed 7 loci scheme. Global eBURST
established 35 singletons and 8 CCs linked by TLVs. The major CC
grouped 40 of 96 STs and included 59 isolates. This CC contained
ST47 and ST52, which were the founder genotypes of two different
CCs in the previous 12-locus analysis. This analysis also showed
connections between ST47, ST52 and ST3 involving the largest
number of isolates and describing subgroups within this CC. The
es for Leptospira spp. typing worldwide. Infect. Genet. Evol. (2013), http://
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ST52 grouped 8 isolates only from Argentina (Fig. 2A). These iso-
lates were obtained from bovine (4 isolates), porcine (2 isolates),
rat (1 isolate) and human (1 isolate) cases (Fig. 2B). A TLV from
the ST52, the ST3, grouped 7 isolates from different sources includ-
ing 5 obtained from cattle, pigs and a weasel in Argentina and 2
from USA and Jamaica, this last one being the reference strain
MY 1039. Furthermore, both ST52 and ST3 are closely linked to
others that also represent bovine isolates from Argentina. ST47
grouped 7 isolates, 5 from Argentina which include isolates from
fox, rats, dog and water (Fig. 2A and B). The remaining ones were
from Belgium and Japan and corresponded to the RGA and Ictero
I reference strains from humans respectively. Unlike the previous,
ST47 was linked to other STs that gathered isolates from diverse
countries such as Malaysia, Brazil and Denmark, and come primar-
ily from humans and rats. This finding is consistent with the previ-
ous reports that stated the role of rats as important carrier of
leptospirosis and its source of leptospiral infection in human
(Fig. 2A and B) (Li et al., 2013).
3.4. Application of allelic profile for serogroup inference

MAT allows the classification of Leptospira spp. isolates into
serogroups, but these lack a genetic correlation as in the case of
serovar that is determined by cross agglutination absorption test
(CAAT) or pulsed field gel electrophoresis (Kmety and Dikken,
1993; Herrmann et al., 1992). Even when serovar is considered of
taxonomic relevance, it was observed that it is a poor indicator
of genetic relatedness (Boonsilp et al., 2013). Moreover, Argentin-
ian isolates are frequently characterized up to serogroup level by
MAT, but serovar is not determined. Based on this, we examined
a possible correlation between allelic profiles and serogroups. We
found that only 4 of 96 STs (ST3, ST16, ST47 and ST52) were repre-
sented by more than one isolate. These STs were also identified as
founder genotypes of CCs. These isolates were mainly Argentinian
and belonged to L. interrogans, turning them into ideal candidates
for MLST vs. serogroup analysis. ST3 included 7 isolates of sero-
groups Pomona (4/7) and Canicola (3/7). ST47 grouped 7 isolates
that were serotyped as Icterohaemorrhagiae (Fig. S3). Eight isolates
described by ST52 were classified as serogroup Pomona, except for
one that was classified as Sejroe. Finally, 2 isolates belonging to
ST16 were serotyped as Australis. In order to evaluate if the iso-
lates belonging to the serogroups mentioned above consistently re-
ferred to the same allelic profiles, we reviewed the entire
collection. We found that the relationship observed between ST
and serogroup was not met inversely, since the isolates of each
serogroup were mostly described by many different allelic profiles.
Furthermore, the analysis was extended to all the STs that ap-
peared in CCs. We found that the SLVs from ST52 represented iso-
lates classified as serogroup Pomona. In turn, ST47 with its SLVs,
were all from Icterohaemorrhagiae serogroup. ST3 and ST55 are
SLVs, and their respective isolates were serotyped as Pomona or
Canicola.

These results implied that the collection of isolates exhibited
congruence between allelic profile and serogroup, since a given
profile (or set of allelic profiles in a clonal complex) belonged to
at most, two serogroups. However, the opposite was not satisfied
because the set of isolates from a given serogroup displayed a vari-
ety of STs.

Data previously reported by our group, revealed associations
between genotype and serogroup in Argentinian isolates using a
different MLST scheme plus VNTRs typing (Caimi et al., 2012). Fur-
thermore, Resch et al., (2007) proposed the usefulness of genotypes
from phylogenetic trees constructed with Random Amplified poly-
morphic DNA banding patterns in predicting not only serogroup
but also serovar of an unknown Leptospira isolate.
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Although the findings of the current study should be supported
by increasing the number of isolates typed, the possibility of infer-
ring serogroup by a genetic technique may provide an alternative
to serological methods. Depending on the capabilities of each lab-
oratory or the research objective, serological methods are not al-
ways available due to their complexity and the need to maintain
live strains. The application of the allelic profile method would
be useful to resolve discrepancies generated by MAT, but also in
cases where the samples are not determined serologically and a
quick approach to serogroup is required.
4. Conclusions

This study is an attempt to unify the existing MLST schemes,
taking the advantages of each gene set by selecting the minimum
number of loci and maximizing the information for an accurate
molecular typing of this pathogen.

According to the results obtained in the phylogenetic studies,
goeBURST algorithm and the exhaustive comparative analysis of
each locus, we propose a 7 loci MLST scheme that includes the loci:
adk, glmU, icdA, lipL32, lipL41, mreA and pntA. This combined
scheme was both successful in resolving species in a global strain
collection, but also providing a higher level of intra-species dis-
crimination. Furthermore, the correlation observed between STs
and serogroups supports the implementation of MLST as a comple-
mentary approach to contribute to the classification of leptospira
strains in a global scale.

Although sequences are already available in GenBank, the next
step will be the implementation of this combined scheme in a pub-
lic MLST database according to the requirements for MLST
schemes.

Finally, the agreement in the utilization of a single scheme
would allow researchers to increase the number of univocally
typed strains therefore facilitating the global comparison, which
constitutes the main advantage of MLST technique.
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