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A B S T R A C T

Leptospirosis is a zoonotic disease which global burden is increasing often related to climatic change. Hundreds
of whole genome sequences from worldwide isolates of Leptospira spp. are available nowadays, together with
online tools that permit to assign MLST sequence types (STs) directly from raw sequence data. In this work we
have applied R7L-MLST to near 500 genomes and strains collection globally distributed. All 10 pathogenic
species as well as intermediate were typed using this MLST scheme. The correlation observed between STs and
serogroups in our previous work, is still satisfied with this higher dataset sustaining the implementation of MLST
to assist serological classification as a complementary approach. Bayesian phylogenetic analysis of concatenated
sequences from R7-MLST loci allowed us to resolve taxonomic inconsistencies but also showed that events such
as recombination, gene conversion or lateral gene transfer played an important role in the evolution of Leptospira
genus. Whole genome sequencing allows us to contribute with suitable epidemiologic information useful to
apply in the design of control strategies and also in diagnostic methods for this illness.

1. Introduction

Leptospirosis is a zoonotic disease caused by pathogenic species of
the genus Leptospira. Transmission to humans occurs via direct contact
with infected animals or via contaminated water with animal urine
(Bharti et al., 2003). Annual worldwide case number was estimated at
around 1 million with the majority of cases and death occurring in
tropical regions (Costa et al., 2015). The highest disease burden was
reported in tropical low and middle income countries, driven by cli-
matic conditions, close human-animal contact, inadequate sewage dis-
posal and water treatment (Levett, 2001). Epidemics in humans and
animals are increasing and are often related to natural events like floods
(Bandara et al., 2014).

The gold standards for laboratory diagnosis of leptospirosis are
culture or a four-fold rise in antibody titre between admission and
convalescent samples by the microscopic agglutination test (MAT)
(Levett, 2001). Culture of Leptospira spp. is time consuming and MAT
allows serogroup but no species identificaction. Even though MAT is the
method of reference for Leptospira typing, the large number of ser-
ological variants characterized by 300 different antigenic types, pro-
duces a high diversity of strains making extremely difficult to track
isolates through this serological approach.

Methods based on genomic DNA homology has been available and
earlier phylogenetic analyses permits to classify the genus into 3 dis-
tinct lineages that include ten pathogenic species: Leptospira interrogans,
L. borgpetersenii, L. santarosai, L. noguchii, L. weilii, L. kirschneri, L.
alexanderi, L. alstonii, L. kmetyi and L. mayottensis; five intermediate
species: L. inadai, L. broomii, L. fainei, L. wolffii, L. licerasiae and six non-
infectious saprophytic species: L. biflexa, L. wolbachii, L. vanthielii, L.
terpstrae, L. meyeri, L. idonii, and L. yanagawae (Lehmann et al., 2014).
Whole genome sequencing (WGS) of some Leptospira species were pri-
mary released, including L. interrogans, L. borgpetersenii, L. santarosai, L.
licerasiae and L. biflexa (Nascimento et al., 2004; Ren et al., 2003;
Bulach et al., 2006; Chou et al., 2012; Ricaldi et al., 2012; Picardeau
et al., 2008). Genomic comparisons indicate that while L. biflexa
genome is relatively stable, the genomes of pathogenic species have
undergone considerable insertion sequences mediated rearrangements
revealing a high-level of plasticity of Leptospira genomes (Ricaldi et al.,
2012). Recently, two different WGS Leptospira projects have been car-
ried out, where the main goal was to obtain and compare genome in-
formation for all known Leptospira species and main serovars, providing
together data of very fine-scale resolution of near 500 different Lep-
tospira genomes (Fouts et al., 2016; Xu et al., 2016).

The availability of genome sequences allows the development of
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different molecular typing techniques, being Multilocus Sequence
Typing (MLST) the first sequence-based approach for strain resolution
in many bacterial species (Maiden et al., 1998). MLST has already es-
tablished promise in unraveling Leptospira strains typing and phylo-
geny, although in studies of limited species or strain panels or even in
strains with restricted geographic prevalence (Ahmed et al., 2006;
Thaipadungpanit et al., 2007; Romero et al., 2011; Boonsilp et al.,
2013; Varni et al., 2014).

Currently, WGS has become widely feasible together with auto-
mated tools that permit to assign MLST sequence types (STs) directly
from raw sequence data. Therefore, in this study we applied our re-
assessed 7 loci MLST (R7L-MLST) scheme (Varni et al., 2014) to an
extended group of strains of worldwide distribution which whole
genome sequences are now accessible, in the attempt to generate ready
available typing profiles and a deeper phylogenetic and epidemiological
scenario of Leptospira genus.

2. Materials and methods

2.1. Bacterial strains and genome sequences

A total of 436 Leptospira genomic sequences were downloaded from
the NCBI database (https://www.ncbi.nlm.nih.gov). The sequences
were generated by the “Leptospira Genomics and Human Health”
genomic project from the John Craig Venter Institute (JCVI). These
genomes corresponded to all known species of the genus including
pathogenic, intermediate, saprophytic and undetermined pathogenicity
Leptospira isolates and reference strains isolated worldwide. The col-
lection of 116 strains characterized in our previous study was also in-
cluded in this work (Varni et al., 2014) together with new sequences
(11 isolates) added recently to the public MLST database (http://
pubmlst.org/leptospira/) hosted at the Department of Zoology from the
University of Oxford (Jolley and Maiden, 2010). Data associated with
each strain used in this study are summarized in Supplementary
Table 1.

2.2. Selection of genome sequences

The whole genome sequences used in this study were analyzed by
the MLST 1.8 web application (http://cge.cbs.dtu.dk/services/MLST/)
(Larsen et al., 2012), selecting Leptospira spp. #2 configuration which
correspond to our Leptospira seven loci MLST (R7L-MLST) scheme da-
tabase (http://pubmlst.or/leptospira/). Genomic sequences from in-
termediate species that failed to align the complete set of alleles were
analyzed using a Protein Basic Local Alignment Search Tool (https://
blast.ncbi.nlm.nih.gov/, blastp) in order to complete the scheme. Each
allele sequence derived from MLST 1.8 hit in the genome, were in-
cluded in our published sequences data (116 isolates) (Varni et al.,
2014).

2.3. MLST scheme and sequence analysis

Our previous work proposed a seven loci MLST scheme (R7L-MLST)
that includes locus: adk, glmU, icdA, lipL32, lipL41, mreA and pntA
(Varni et al., 2014). Sequence types (STs) designation, typing efficiency
and discriminatory power estimation were performed by MLSTest
software (http://mlstest.codeplex.com/) (Tomasini et al., 2013). All
sequences are available in pubmlst database (http://pubmlst.or/
leptospira/).

The ratio of non-synonymous (dN) to synonymous (dS) substitutions
per nucleotide site (Nei and Gojobori method) was determined by
DNAsp v.5 software (Librado and Rozas, 2009). Sequence alignment
was performed using MEGA version 6 (Tamura et al., 2013). GoeBURST
algorithm (http://www.phyloviz.net/goeburst/) was applied to de-
termine the relationships between STs (Francisco et al., 2009; Feil et al.,
2004). Clonal complexes (CCs) were defined as STs linked by triple

locus variants (TLVs) criteria.
Phylogenetic relationships among concatenated sequences of loci

were inferred by maximum likelihood (ML) tested with 500 bootstrap
replications in MEGA 6 (Tamura et al., 2013). The selection of the
nucleotide substitution model was performed through JModelTest 2
software (Darriba et al., 2012; Guindon and Gascuel, 2003). The tree
figures were edited by FigTree v. 1.4.3 (http://tree.bio.ed.ac.uk/
software/figtree/).

Congruence analysis between concatenated tree branches was per-
formed by MLSTest software. Overall incongruence was evaluated by
Incongruence Length Difference test implemented by BIO-Neighbor
Joining method (ILD-BIONJ) with 100 permutations (Tomasini et al.,
2013). Localized incongruence was evaluated by the number of topo-
logically discordant gene trees respect to each branch in the con-
catenated tree. For this purpose, topological incongruence (TI) analysis
was considered as high when> 40% of branches with n-1 loci were
incompatible with the cluster in the concatenated tree (Tomasini et al.,
2014).

The phi test for recombination was performed with SplitsTree
v.4.12.6 (Bruen et al., 2006), and P values< 0.05 was considered as
positive recombination. Standardized index of association (IAS) was
calculated with Linkage Analysis v3.6 (Haubold and Hudson, 2000)
with 100,000 iterations by Monte Carlo based on allelic profiles. Hor-
izontal gene transfer (HGT) events were investigated by applying
multiple recombination algorithms: Bootscan/Recscan (Martin et al.,
2005), Chimaera (Posada and Crandall, 2001), GENECONV (Padidam
et al., 1999), MaxChi (Maynard Smith, 1992), RDP (Martin and Rybicki,
2000), and SiScan (Gibbs et al., 2000), as implemented in the RDP4
package (Martin et al., 2015). The occurrence of a potential HGT event
was accepted only if: both major and minor sequences parents identi-
fied, no possible misinterpretation of recombination was informed, at
least three distinct validation methods were reported and were sus-
tained by strong statistical support.

Bayesian phylogenetic trees were reconstructed with BEAST v1.8.1
software (Drummond et al., 2012). The model of evolution for each
gene was determined using the jModelTest 2 program. The Bayesian
analyses were performed using a Yule process of speciation, and a strict-
clock model with the clock rate set to 1 as the tree priors, as well as
other default parameters. We performed a Markov Chain Monte Carlo
(MCMC) run of 200 (species tree) million generations, sampling every
20,000 generations. Posterior distributions for parameter estimates and
likelihood scores to approximate convergence were visualized with the
Tracer v1.6.0 program (Rambaut et al., 2014). Effective sample sizes
(EES) values ≥200 confirmed that the analyses were adequately sam-
pled. A maximum clade credibility (MCC) tree was chosen by TreeAn-
notator v1.8.1 (Drummond et al., 2012) and visualized with the pro-
gram FigTree. Distribution of species trees was evaluated by DensiTree
2.0 (Bouckaert, 2010).

All bioinformatic analysis was performed in a local server at
Instituto de Investigaciones en Microbiología y Parasitología Médicas
(IMPaM) which is part of National System of High Performance
Computing (SNCAD) of Ministry of Science, Technology and Productive
Innovation (MINCyT).

2.4. Statistical analysis

Both descriptive and inferential statistical analyses were performed
using SPSS software package for Windows (version 21). Statistical as-
sociations among categorical variables were analyzed using the Fisher's
test and presented as observed frequencies and proportions. The prob-
ability of finding the outcome of interest was calculated as odds ratio
(OR). A P value lower than 0.05 was considered statistically significant
for the inferential tests.
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3. Results and discussion

The availability of new Leptospira whole genome sequences from
different worldwide isolates makes possible the in silico analysis of
MLST. After the analysis of 436 genome sequences for alleles de-
termination, 411 were finally included in this work. Twenty-five gen-
omes were excluded based on the lack of alignment in at least one of the
alleles according to MLST 1.8 algorithm or blastp analysis. The re-
maining strains correspond to our previous collection of 116. Therefore,
in this work we have applied the R7L-MLST scheme to a total of 527
strains.

Despite R7L-MLST scheme was arranged from two MLST schemes
that were originally developed upon the premise of detection and
typing just Leptospira pathogenic species, not all the pathogenic species
were typed in those studies due to a very low rate of isolation at that
moment. We have now included some strains belonging to those spe-
cies, L. alstoni and L. kmetyi, taking advantage of their genomes avail-
ability. At the same time, some locus could be present also in inter-
mediate species genomes enabling their inclusion in the analysis. Eight
strains belonging to the five intermediate species (L. licerasiae, L. wolffii,
L. broomii, L. inadai and L. fanei), showed a complete hit in the genome
sequences for all loci. These results reinforce the recent similarities
observed in the gene content between pathogenic and intermediate
species (Fouts et al., 2016; Xu et al., 2016) and hence the pathogenic
features of these species (Arzouni et al., 2002; Lehmann et al., 2014).
Saprophytic strains were excluded from the analysis due to the low
identity percentage obtained.

The final species distribution was as follows: 330 (62%) L. inter-
rogans, 49 (9%) L. borgpetersenii, 46 (8%) L. santarosai, 40 (7%) L.
kirschneri, 22 (4%) L. weilii, 19 (3%) L. noguchi, 5 (0.9%) L. alstoni, 3
(0.5%) L. licerasiae, 2 (0.3%) L. inadai, 2 (0.3%) L. mayotensis, 1 (0.1%)
L. alexanderi, 1 (0.1%) L. kmetyi, 1 (0.1%) L. fanei, 1 (0.1%) L. broomii, 1
(0.1%) L. wolffii and 4 (0.7%) strains of undetermined species.

Our analysis identified a total of 271 sequence types (STs) among
the 527 Leptospira spp. isolates. The number of alleles for each locus
ranged from 67 at lipL32 to 111 at adk (Table 1). Absolute frequency
analysis showed that of the 271 unique STs, 220 STs were represented
by single isolates (81,18%), 50 STs were represented by two to 17
isolates (18,45%) and the ST-47 (0,37%) was the most frequent variant
represented by 112 Leptospira interrogans isolates.

The most frequent variant among the collection (ST-47) was widely
distributed throughout all continents and is present in four hosts (do-
mestic dog, fox, rodent and human) and water but not in livestock. The
second most frequent ST (ST-3, 17 isolates) was also widely distributed
but absent in Africa and Oceania and was isolated from domestic dog,
rodent, human, weasel and from livestock (bovine and porcine). The
ST-52 (15 isolates) was absent in Asia and Europe and isolated from
domestic dog, human, rodent, fox, livestock (bovine, porcine) and from
marine mammals. All these STs were assigned to L. interrogans isolates
which corresponds to the most representative species among the stu-
died collection. Also, these three STs shared the Americas as continent
of isolation and humans, rodents and domestic dogs as hosts
(Supplementary Table 1), reinforcing with these results our previous
observation with a minor set of strains (Varni et al., 2014).

As mentioned above eight isolates corresponding to five pathogenic

intermediate species were included in this study. Each of these species
displayed a different and unique ST.

As shown in Table 1, the addition of 411 isolates to R7L-MLST
scheme analysis showed a significant increase in the number of alleles
and polymorphisms per locus which were under negative selective
pressure (dN/dS < 1). The correlation between the increase in the
number of isolates and alleles led to similar values of typing efficiency
(TE, 0.367) and the discriminatory power (DP, 0.951) parameters when
compared to those obtained in our previous work (Varni et al., 2014).
This reinforces the high intra-species DP of R7L-MLST scheme since the
62.69% of the isolates belonged to L. interrogans. In other words, high
values of DP were obtained for the six most represented species in the
population: L. weilii (DP:1); L. santarosai (DP:0.994); L. kirschneri
(DP:0.976); L. borgpetersenii (DP:0.932); L. interrogans (DP:0.878) and L.
noguchii (DP:0.877).

Global eBURST analysis of the 271 unique STs defined 20 clonal
complexes (CCs) when linked by up to triple locus variant level (TLV)
and 74 singletons (Fig. 1, Supplementary Table 1). There was no co-
existence of different species within each CC except for the CC-16
composed by strains L. santarosai CBC613 (ST-166) and L. interrogans
ZV013 (ST-248). These two strains were highly related variants (Single
Locus Variants, SLVs) and based on their 16S ribosomal DNA sequences
analysis with Ribosomal Database Project (RDB, http://rdp.cme.msu.
edu/), both strains showed high similarity just with the species L.
kirschneri. Therefore, CC-16 also displayed STs groups from unique
species.

A singleton represents an allelic profile that varied from N-1 STs in
four to seven loci of the R7L-MLST scheme. Hence, given a specific
population, the genetic diversity could be assessed by the number of
singletons in the set of STs by the SiSt ratio (No. singletons/No. STs).
Distribution of different species consistent with genetic relatedness
between STs and the subsequent organization in CCs and singletons
highlighted the high diversity within species L. noguchii and L. santar-
osai (Fig. 1). The SiSt ratio in both cases was 0.67 and 0.68, respec-
tively. In contrast, singletons were less frequent in L. interrogans and L.
kirschneri species (SiSt: 0.08 and 0.03, respectively) and a moderate SiSt
ratio was described for L. weilii and L. borgpetersenii (0.36 and 0.35,
respectively) (Table 2). Most variable species, L. noguchii and L. san-
tarosai, included strains isolated from eight different host groups. L.
noguchii was associated with North America (OR = 9,85; CI 95%
= 3,82–25,36; P < 0,01) and L. santarosai with South America
(OR = 2,75; CI 95% = 1,49–5,06; P < 0,01) and North America
(OR = 6,47; CI 95% = 3,31–12,65; P < 0,01). Less variable species,
L. interrogans and L. kirschneri, were isolated from 15 and 8 host groups,
respectively. Furthermore, L. interrogans was associated with Asia
(OR = 1,58; CI 95% = 1,08–2,31; P < 0,01) and South America
(OR = 2,05; CI 95% = 1,37–3,07; P < 0,01) and L. kirschneri with
Europe (OR = 4,28; CI 95% = 1,93–9,48; P < 0,01) and Africa
(OR = 4,19; CI 95% = 1,76–9,97; P < 0,01). Finally, species with
moderate SiSt ratio, L. borgpetersenii and L. weilii, included strains iso-
lated from eight and three host groups, respectively. L. borgpetersenii
was associated with Europe (OR = 3,11; CI 95% = 1,44–6,75;
P < 0,01) and Africa (OR = 5,19; CI 95% = 2,37–11,35; P < 0,01)
and L. weilii with Asia (OR = 8,43; CI 95% = 2,81–25,30; P < 0,01).
These data suggest that species organization in CCs and singletons with

Table 1
Parameters analyzed in 527 isolates for the R7L-MLST scheme. ND: Not determined.

Parameters/loci ST adk glmU icdA lipL32 lipL41 mreA pntA

No. of alleles 271 111 78 98 67 92 80 86
No. of polymorphisms 1668 227 243 233 294 236 202 233
Typing efficiency (TE) 0,366 0,485 0,321 0,421 0,228 0,390 0,396 0,369
Discriminatory power (DP) 0,951 0,876 0,827 0,861 0,768 0,874 0,912 0,832
dN/dS ND 0,0530 0,0945 0,0245 0,1756 0,0657 0,0407 0,0245
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subsequent variations in genetic variability (SiSt values) was not asso-
ciated neither to the geographic distribution or the host group dis-
semination of the isolates.

A taxonomic criterion considered to classify the genus Leptospira is
the serovar categorization by cross agglutination absorption test
(CAAT) or pulsed field gel electrophoresis (Kmety and Dikken, 1993;
Herrmann et al., 1992). In addition, serogroup determination using

Microagglutination Test (MAT) is the most widely employed method for
serological characterization of isolates but lacks taxonomic value
(Levett, 2001). Our previous work proposed a possible correlation be-
tween STs and serogroup organization with the goal of introducing a
debate about the intention of moving forward to the molecular typing
of the genus (Varni et al., 2014; Goarant, 2014). Previously, only four
STs (ST-47, ST-3, ST-16 and ST-52) comprised two or more isolates
associated to analyse this correlation. However, with the wider and
more diverse population included in the present study, 51 allelic pro-
files (18.82%) comprised two or more isolates enabling an improved
follow up of this correlation. Twenty STs (7.38%) were composed of
two to seven isolates with unique serogroups while within 16 variants
(5.9%) coexisted isolates with one serogroup population together with
isolates with unresolved MAT characterization (Supplementary
Table 2). Particularly, while ST-47, ST-3 and ST-52 significantly in-
creased their isolate number, the serogroup distribution remained
stable. Statistical analysis showed a significant association between ST-
47 and serogroup icterohaemorrhagiae (OR = 85,58; CI 95%
= 44,52–164,49; P < 0,01), ST-3 with serogroups canicola
(OR = 31,49; CI 95% = 10,58–93,71; P < 0,01) and pomona
(OR = 10,58; CI 95% = 3,61–30,93; P < 0,01) and ST-52 with ser-
ogroup pomona (OR = 67,65; CI 95% = 19,80–231,12; P < 0,01).
Furthermore, six sub-CCs (CCs linked only up to SLVs) and six CCs
(linked up to TLVs) displayed unique serogroups (Supplementary
Fig. 1).

On the other hand, setting up as starting point of the analysis the
serogroups in the population, there is no correlation between this
variable and STs, continent of isolation and hosts group. This reinforces
our previous observation that given an allelic profile population (or a
set of STs in a CC) same correlation could be describe to assist

Fig. 1. Leptospira STs organization into clonal complexes (CC) and singletons. Each CC displayed groups of STs from unique species. CC-16 was composed by strains previously assigned as
L. santarosai CBC613 (ST-166) and L. interrogans ZV013 (ST-248). Both 16S ribosomal DNA sequences were analyzed with Ribosomal Database Project (RDB, http://rdp.cme.msu.edu/)
and reassigned to L. kirschneri.

Table 2
Leptospira species distribution according to the number of isolates, STs, CCs and single-
tons. SiSt ratio was calculated for each species. Number of isolates was specified ac-
cording to the new taxonomic classification based on the present study results. ND: Not
determined.

Species No. isolates No. STs No. CCs No. singletons SiSt rate

L. alexanderi 1 1 0 1 1
L. alstonii 5 2 1 0 ND
L. borgpetersenii 49 23 3 8 0.35
L. interrogans 327 122 2 10 0.08
L. kirschneri 44 33 3 1 0.03
L. kmetyi 1 1 0 1 1
L. mayotensis 2 2 1 0 ND
L. noguchii 19 18 3 12 0.67
L. santarosai 45 40 4 27 0.68
L. weilii 22 22 3 8 0.36
L. licerasiae 3 1 0 1 1
L. wolffii 1 1 0 1 1
L. fainei 1 1 0 1 1
L. broomii 1 1 0 1 1
L. inadai 2 1 0 1 1
ND 4 2 0 1 1
Total 527 271 20 74 –
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serological classification but the opposite was not satisfied because the
set of isolates from a given serogroup displayed a variety of STs.

Phylogenetic analysis was performed based on concatenated se-
quences constructed from each unique ST generated from the of the
R7L-MLST scheme. As showed in Fig. 2, the six most represented Lep-
tospira species were distributed into two major clusters as follows: L.
interrogans, L. kirschneri, and L. noguchii (Cluster 1) and L. borgpetersenii,
L. santarosai, and L. weilii (Cluster 2). Both clusters further subdivided in
six subclusters that matched species assignments with few exceptions.
Species misclassification of ST-166 and ST-248 that was previously
observed by goeBURST analysis was confirmed in current phylogenetic
analysis since both STs were grouped within L. kirschneri subcluster.

The ST-136 (only present in L. interrogans strain HAI1536) was a
singleton in the goeBURST analysis avoiding any possible mis-
classification. Nonetheless, this L. interrogans strain was grouped within
L. noguchii subcluster, classification that was confirmed by and 16S ri-
bosomal DNA sequences analysis with RDB.

Four strains, Sh9 (ST-178), P2653 (ST-206), Fiocruz LV4135 and
Fiocruz LV3954 (both ST-205), were listed as Leptospira spp. (un-
determined species). The strain Sh9 described the same ST as three L.
borgpetersenii strains (TE0159, 56142, 56214). Strain P2653 was
grouped with L. weilii and both Fiocruz LV4135 and LV3954 within L.
santarosai subcluster. All these species designations were confirmed by
16S ribosomal DNA sequences analysis with RDB.

Fig. 2. Dendrogram topology based on concatenated sequences of R7L MLST scheme for the 271 STs. Phylogenetic relationships were inferred by maximum-likelihood method, Tamura-
Nei model with gamma distribution and invariant sites and 500 bootstrap replications. The dendrogram topology displays two major clusters. Cluster 1 included L. interrogans (red), L.
kirschneri (green) and L. noguchii (purple) and Cluster 2 L. borgpetersenii (orange), L. santarosai (pink) and L. weilii (blue). Both L. alexanderi (ST-81) and L. mayotensis (ST-249 and ST-250)
were also present in cluster 2. Intermediate species (grey) were grouped as a root cluster (ST-199, ST-201, ST-202, ST-204, ST-207) while L. kmetyi and L alstoni strains showed to be
ancestor species of clusters 1 and 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

K. Caimi et al. Infection, Genetics and Evolution 54 (2017) 478–485

482



Two other taxonomic inconsistencies were found in the dendrogram
topology. The strains P2/65 (ST-85) and ICFT (ST-192) which are listed
as L. borgpetersenii and L. weilii, respectively, did not match the species/
cluster correlation. Unfortunately, the 16S ribosomal DNA sequences
analysis could not be performed due to the lack of sequences both from
the strain or the RDB. Then, the taxonomy at the species level of these
two strains should be reviewed.

The advent of the genomic era made possible the access to large
amount of data improving dataset size to test new hypotheses.
Concatenated tree analysis is a common procedure in bacterial MLST
studies. In our study, the phylogenetic analysis of concatenated se-
quences from R7-MLST loci allowed us to resolve taxonomic incon-
sistencies but also, led us to uncover common events in evolution of
prokaryotes.

Even when taxonomy conflicts were resolved (Supplementary
Table 3) maximum-likelihood tree showed that only three species form
monophyletic subclusters (L. kirschneri, L. noguchii and L. santarosai)
and low bootstrap support values were obtained in terminal branches
(high level of polytomy or multifurcation) despite high number of
polymorphic sites within each locus (Table 1). This could indicate a low
genetic structure of the population based on high incongruence among
gene trees. Major causes of gene trees incongruence are genetic drift,
gene duplication (GD), or horizontal gene transfer (HGT) (Jeffroy et al.,
2006). Recently, HGT and GD were described as responsible for sig-
nificant gene gain throughout Leptospira genus, particularly for patho-
genic species where both events allowed the acquisition of new viru-
lence and host adaptation genes (Xu et al., 2016). Even though positive
selection genes are not included in MLST schemes, these genetic ar-
rangements comprise any kind of genes such as outer membrane or
leptospiral immunoglobulin-like protein genes (Ralph and McClelland,
1994; Haake et al., 2004; McBride et al., 2009), that as lipoproteins in
our scheme, could account for the observed trees incongruence.

Despite the concordance between branches in individual loci ob-
served in our previous work, high levels of localized incongruence for
each branch in the concatenated tree built from this new dataset was
observed (88% of branches with n-1 gene fragments topologically in-
compatible with the cluster in the concatenated tree). Higher number of
incongruent loci was observed in deeper nodes of the concatenated tree.
By contrast, at the tips of the branches much greater congruence be-
tween individual loci and the concatenated trees was observed (dis-
appearing tree phenomenon) (Thiergart et al., 2014). On the other
hand, bootstrap support values of deeper branches were high (Fig. 2).
As proposed by Tomasini et al. (2013), observed incongruence could be
due to either a random distribution of contradictory phylogenetic sig-
nals among loci (random homoplasy) or concentrated inconsistencies in
certain loci (incongruent loci). Overall incongruence evaluated by In-
congruence Length Difference (ILD) test implemented by BIO-Neighbor
Joining method (ILD-BIONJ) showed that the observed concatenated
inconsistencies were due to incongruent loci but not to a stochastic
distribution of contradictory phylogenetic signals (P < 0,01, 100
permutations).

Contradictory phylogenetic signals exposed by incongruence ana-
lysis were confirmed by frequent recombination in the whole popula-
tion (271 STs) as well as in the six most representative pathogenic
species included in this study (Table 3). Several approaches were con-
sidered in order to analyse the genetic flow within the collection. First,
ST overlapping between different species was absent but eleven loci
(adk-15, adk-29, glmU-1, icdA-5, lipL32-3, lipL32-35, lipL41-20, lipL41-
30, mreA-1, mreA-37 and pntA-2) coexisted in two species. Second, as
shown in Table 3, P value determined by the phi test for the whole 271
STs and for each of the six species populations were all< 0.001. Third,
12 potential HGT events were detected by at least three distinct
methods of the RDP4 package affecting six out of seven genes of the R7-
MLST scheme (Table 4). In this incongruence/recombination scenario
the STs IAS values showed a significant tendency to a non-random as-
sociation of MLST alleles which could be due to a recent divergence of

the genus and therefore linkage disequilibrium has not yet been
reached. Based on these results a bayesian phylogenetic approach was
carried out to estimate the species tree given the multi-individual
multilocus sequence dataset (Heled and Drummond, 2010). As shown
in Fig. 3, high values of posterior probabilities were obtained in the
maximum clade credibility (MCC) tree (burn in 2 × 107) which showed
the same topology as maximum-likelihood (ML) dendrogram for in-
termediate species. On the other hand, pathogenic species diverge into
two main clusters. Cluster 1 correlates with ML topology including L.
interrogans, L. kirschneri and L. noguchii species. However, differing from
ML tree, L. alstonii and L. kmetyi species showed to be closely related to
ML cluster 2 species (L. weilii, L. santarosai, L. mayotensis, L. alexanderii
and L. borgpetersenii). Consensus trees density plots displayed phylo-
genetic signal conflicts among this cluster (Supplementary Fig. 2).

As genomic big data analysis is exhibiting, concatenation of in-
dividual genes or even complete genomes analysis from prokaryotes
collapse from bootstrap analysis and/or congruence perspectives. The
assumption that different genetic regions share a common phylogeny
neglects processes such as recombination, gene duplication and lateral
gene transfer, which as seen in this study and before, played an im-
portant role in the evolution of Leptospira genus (Xu et al., 2016).

From the epidemiological point of view R7-MLST scheme represents
a great support for the correct taxonomic classification, species iden-
tification and tracking, and follow up of isolated strains or clinical
samples (manuscript in preparation), within a given host or geographic
region population. Furthermore, the correlation observed between STs
and serogroups in our previous work, is still satisfied with this higher
dataset sustaining the implementation of MLST to assist serological
classification as a complementary approach.

In sumary, this work allowed us to deepen the understanding of the
genetic variability of the genus Leptospira, thus contributing with sui-
table epidemiologic information useful to apply in the design of control
strategies and also in diagnostic methods for this illness.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.meegid.2017.08.013.
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Table 3
phi recombination test and linkage disequilibrium analysis. IAS: standardized index of
association.

Population No. STs Recombination Linkage desequilibrium

phi IAS P value

Whole collection 271 P < 0.001 0.2857 < 0.001
L. interrogans 125 P < 0.001 0.1073 < 0.001
L. kirschneri 31 P < 0.001 0.2063 < 0.001
L. borgpetersenii 23 P < 0.001 0.2204 < 0.001
L. santarosai 40 P < 0.001 0.1016 < 0.001
L. noguchii 18 P < 0.001 0.1807 < 0.001
L. weilli 22 P < 0.001 0.2082 < 0.001
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