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1  | INTRODUC TION

Borrelia burgdorferi s.l. is a species complex group of spirochaetes 
which encompass the aetiological agents of Lyme borreliosis, the most 
common vector-borne disease in the Northern hemisphere (Clark, 

Leydet, & Hartman, 2013; Kurtenbach et al., 2006; Saito et al., 2007). 
This species complex includes 22 validated genospecies, from which 
Borrelia burgdorferi sensu stricto (from now only B. burgdorferi) is the 
main causative agent of the Lyme Disease in North America, Europe 
and Asia (Margos et al., 2017, 2019; Steere et al., 2016).
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Abstract
Borrelia burgdorferi s.s. is a Gram-negative spirochaete, the aetiological agent of 
Lyme disease, the most common vector-borne disease in the Northern hemisphere. 
Reports on the presence of B. burgdorferi in central Mexico have been strongly criti-
cized, since these were based only on unspecific serological methods. Furthermore, 
the worldwide genetic diversity of B. burgdorferi s.s. has not been evaluated. For this 
reason, the aim of the present study was to confirm the presence of B. burgdorferi in 
the central area of Mexico and to evaluate its relationship with regard to the global 
genetic diversity of B. burgdorferi s.s. To achieve this, fragments of the flagellin and 
the outer surface protein A genes were amplified from ear biopsies of the arboreal wild 
endemic mice Habromys schmidlyi. With these sequences, a concatenated Bayesian 
analysis was performed to confirm the identity of B. burgdorferi s.s. Afterwards, the 
global genetic diversity of this bacterial species was evaluated using our sequences 
and those available in GenBank. A prevalence of 10.4% (5/48) of H. schmidlyi infected 
with Borrelia sp. was detected, and the phylogenetic analyses confirmed the identity 
of B. burgdorferi s.s. Using both genes, the genetic diversity was low. However, ge-
netic structuring analyses revealed that populations of western United States and 
those from Mexico formed slightly different genetic groups, separated from the 
populations of the rest of the world. Our study not only confirms the presence of 
this bacterium in central Mexico, but also shows the most southern record of this 
bacterium so far. It also highlights the importance of H. schmidlyi as a new potential 
host of this bacterial species. Our study also provides first genetic data on an incipi-
ent process of divergence in B. burgdorferi s.s. populations of eastern United States 
and central Mexico.
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The enzootic life cycle of this bacterial species is a complex net-
work that encompass several tick species of the genus Ixodes, specifi-
cally, from the Ixodes ricinus complex (Güner et al., 2004; Kurtenbach 
et al., 2006). Ixodid ticks from this species complex feed on a broad 
spectrum of wild vertebrate hosts. Wild rodents of the genus 
Peromyscus have been reported as the main reservoirs of B.  burg-
dorferi in North America (Kurtenbach et al., 2006; Schotthoefer & 
Frost, 2015; Steere et al., 2016).

The distribution and prevalence of B.  burgdorferi have been 
widely studied in the Nearctic biogeographical region, especially 
in wild mammals (Coipan, Van Duijvendijk, Hofmeester, Takumi, 
& Sprong,  2018; Hovius, van Dam, & Fikrig,  2007; Huegli, Hu, 
Humair, Wilske, & Gern, 2002; Roome et al., 2017; Schotthoefer 
& Frost,  2015), including arboreal rodents such as the western 
gray squirrel Sciurus griseus (Lane, Mun, Eisen, & Eisen, 2005) and 
the eastern chipmunk Tamias striatus (Slajchert, Kitron, Jones, 
& Mannelli, 1997). In the tropical region, there are few records 
of Borrelia-like spirochaetes from arboreal marsupials (Didelphis 
albiventris, Didelphis marsupialis and Phylander opossum) and ar-
boreal rodents (Akodon montensis) (Abel, Marzagão, Yoshinari, 
& Schumaker,  2000; da Costa, Bonoldi, & Yoshinari,  2002). This 
opens the possibility of considering arboreal mammals as potential 
reservoirs of other members of the B. burgdorferi s.l. complex in 
the Nearctic.

In Mexico, the Borrelia burgdorferi s.l. complex has been widely 
studied throughout the country. Yet, most of the studies have been 
widely criticized since they were carried out using only serological 
methods with unconfirmed results (Faccini-Martínez,  2019; Feria-
Arroyo et  al.,  2014; Gordillo-Pérez et  al.,  2018; Norris, Barbour, 
Fish, & Diuk-Wasser, 2015; Norris, Barbour, Fish, & M Diuk-Wasser, 
2014). Based on these serological studies, Borrelia burgdorferi has 
been suspected only in the northern part of the country (Gordillo-
Pérez et al., 2009; Vargas et al., 2007). There is only one study made 
by molecular methods and with available sequences that has demon-
strated this complex in Ixodes kingi recovered from Vulpes macrotis 
near the Mexican-US border (López-Pérez et al., 2019), but this has 
not been confirmed in wild mammals.

The central region of Mexico is characterized by a large and intri-
cated mountainous system, the Transmexican Volcanic Belt, whose 
mountains have an average elevation of 2000 m, where Quercus oak 
forests and patches of primary cloud forest occur alternately in the 
higher parts throughout the entire region (Marines-Macías, Colunga-
Salas, Verde-Arregoitia, Naranjo, & León-Paniagua, 2018). In this 
mountainous system, various species of ticks of the genus Ixodes are 
distributed (Guzmán-Cornejo, Robbins, & Pérez,  2007). Moreover, 
in one of the highest areas of this mountainous system, Habromys 
schmidlyi, an arboreal rodent, endemic and phylogenetically closely 
related to the genus Peromyscus, is the most abundant rodent species 
(León-Paniagua, Navarro-Sigüenza, Hernández-Baños, & Morales, 
2007; Marines-Macías et al., 2018). Since the presence of B. burg-
dorferi in this mountainous area of Mexico was doubtful, one of the 
aims of this study was to analyse by molecular techniques whether 
this bacterium was present in Habromys schmidlyi.

Additionally, since previous attempts to evaluate the genetic 
diversity of B. burgdorferi have focused on several genes including 
outer surface protein and flagellin genes, but only at regional levels 
(Baranton, Seinost, Theodore, Postic, & Dykhuizen, 2001; Brisson, 
Vandermause, Meece, Reed, & Dykhuizen,  2010; Foretz, Postic, 
& Baranton,  1997; Mechai, Margos, Feil, Lindsay, & Ogden, 2015; 
Travinsky, Bunikis, & Barbour, 2010; Wallich et al., 1992), we now 
calculated the genetic diversity of B. burgdorferi at global scale to un-
derstand how the genetic diversity is distributed within this species.

2  | MATERIAL AND METHODS

2.1 | Animal sampling

During 2012–2013, an extensive fieldwork was done in the only 
two known regions harbouring populations of H.  schmidlyi, in the 
State Park ‘Cerro del Huixteco’, within the Sierra de Taxco, Guerrero, 
Mexico, (18°36′N, 99°36′W), and the State Park ‘Picacho de Oro y 
Plata’, Zacualpan, Estado de México, Mexico, and surrounding areas 
(18°43′N, 99°46′W) (Figure 1). A total of 120 Sherman live-traps were 
used for rodent trapping in each locality: 60 traps were placed at the 
ground level, and the remaining 60 traps were placed on the tree trunks 
and branches, following the transect set on the ground. The arboreal 
trapping was done using climbing equipment to reach the highest 
possible point (20 m) [for further sampling information, see Marines-
Macías et al., (2018)]. All captured individuals were identified in situ by 
their external morphology following Romo-Vázquez, León-Paniagua, 
and Sánchez (2005), and then tagged with an ear notch using a medical 
punch. Tissues were fixed individually in 96% ethanol. In order to avoid 
cross-contamination between tissues, the punch was disinfected with 
10% chlorine and 96% ethanol between each use. All individuals were 
screened for the presence of ticks, yet none of the rodents had ticks. 
After these, all individuals were released in the same place where they 
had been collected (special permit SGPA/DGVS/12142/12 from the 
Secretaría del Medio Ambiente y Recursos Naturales).

2.2 | Borrelia molecular detection

For DNA extractions, the entire tissue (~2  cm of diameter) was 
manually cut in small pieces and placed in 1.5-μl tubes; in this step, 
also to avoid cross-contamination, the surgical equipment was dis-
infected (see above). We then used the QIAamp® DNA Mini Kit 
(QIAGEN, Hilden, Germany) following manufacturer's instructions 
with a single modification: we added 30 μl of proteinase K in each 
tube and incubated them at 56°C until the tissues were completely 
lysed.

For the molecular identification of Borrelia, a fragment (~300 bp) 
of the 16S rDNA region was amplified using the primers and condi-
tions previously reported by Skotarczak et al., (2005). From all pos-
itive samples, two additional fragments of ~280 bp of the flagellin 
gene and ~794 bp of the ospA gene were amplified, using the primers 
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and conditions of Zore et al., (1999), and Bunikis et al., (2004), respec-
tively. The reaction mixtures consisted of 12.5 μl of GoTaq® Green 
Master Mix, 2 × of Promega Corporation (Madison, WI, USA), the 
pair of primers (100 ng each), 6.5 μl nuclease-free water and 150–
250 ng DNA (~2 μl from the total elution of 200 μl) in a final volume 
of 25 μl. We followed the PCR conditions specified previously for 
the flagellin (Zore et al., 1999) and ospA genes (Bunikis et al., 2004). 
In all reactions, we included a negative (the same reaction mixture 
with water) and a positive control (DNA from a Borrelia sp. previously 
isolated from Amblyomma dissimile ticks attached to Rhinella horribi-
lis in Veracruz, Mexico, accession number: KY389373 (as previously 
reported by Morales-Diaz et al. (2020)).

PCR products were visualized in 2% agarose gels on the ODYSSEY 
CLx Imaging System (LI-COR Biosciences). All positive PCR products 
were prepared and sequenced at Laboratorio de Secuenciación 
Genómica de la Biodiversidad y de la Salud, Instituto de Biología, 
Universidad Nacional Autónoma de México (UNAM). The DNA se-
quences were edited and aligned using 4 Peaks V1.8 (Nucleobytes 
B.V.) and MEGA X (Kumar, Stecher, Li, Knyaz, & Tamura, 2018), con-
ducting visual inspections of all sequences.

2.3 | Molecular characterization of Borrelia

To identify the species of Borrelia recovered from H. schmidlyi, se-
quences of the 16S rDNA region, the flagellin and ospA genes from 

all species of the B.  burgdorferi s.l. complex available in GenBank 
were included into a concatenated alignment in MEGA X (Kumar 
et  al.,  2018) and aligned with the Muscle algorithm (Edgar,  2004). 
The best scheme of partition and substitution model of the concate-
nated data was calculated in Partition Finder 2 (Guindon et al., 2010; 
Lanfear, Calcott, Ho, & Guindon, 2012; Lanfear, Frandsen, Wright, 
Senfeld, & Calcott, 2017).

A phylogenetic analysis was performed by the Bayesian infer-
ence approach in MrBayes 3.2.7 (Ronquist et  al.,  2012), using the 
MCMC algorithm and the substitution model calculated previously. 
Three hot and one cold chains in two independent runs of 10 mil-
lion generations, sampling every 1,000 generations, were used. The 
final topology was obtained using a majority consensus, consider-
ing a burn-in of 20%. The convergence of results and good sampling 
(ESS> 200) was checked in Tracer 1.7.1 (Rambaut, Drummond, Xie, 
Baele, & Suchard, 2018).

Additionally, all available sequences of Borrelia burgdorferi were 
obtained from GenBank, by manual searching and by a BLAST tool 
searching only for flagellin and ospA genes. In order to corroborate 
the correct identification, a global alignment and a phylogenetic 
analysis were performed, as previous described, for each gene. 
Only those sequences clustered in a monophyletic clade were in-
cluded for further genetic analyses (Figures S1, S2). The 16S rDNA 
region was not included in the genetic analyses, since this region 
did not vary within the B. burgdorferi s.s. phylogenetic analysis (data 
not shown).

F I G U R E  1   Sampling sites for Habromys schmidlyi. The gradient of altitude in Mexican mountains is shown in blue scales and distribution 
of the cloud forest in Mexico according to CONABIO (http://www.conab​io.gob.mx/infor​macio​n/gis/) in grey shading
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http://www.conabio.gob.mx/informacion/gis/
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2.4 | Genetic analyses

In order to provide a more detailed account of the genetic diversity 
and to be able to detect possible populations and subpopulations, 
a principal coordinates analysis (PCoA) in PAST3 (Hammer, David, 
& Paul,  2001) was performed for each gene, based on Euclidean 
distances.

Hierarchical genetic differentiation analysis was tested for both 
genes by the molecular variance (AMOVA) method in Arlequin 
3.5.2.2 (Excoffier & Lischer, 2010). The hierarchical analyses were 
conducted at three levels: (a) among isolates, equivalent to each se-
quence; (b) among populations, which were defined by their geo-
graphic distribution; and (c) among groups, which were defined by 
previous analyses. For this, a matrix of pairwise differences, using 
10,000 permutations to test the significance of our results, was per-
formed in Arlequin.

Haplotype networks with mutational step estimations were con-
structed for each gene using the median-joining network in POPART 
1.7 (Leigh & Bryant, 2015).

Finally, to detect the geographic and genetic structures for 
each gene, Geneland analyses were done (Guillot, Renaud, Ledevin, 
Michaux, & Claude, 2012). From one to six populations were tested, 
following the prior distribution of samples, according to the sampling 
site referred by each author. In order to do this, one million generations 
with a thinning of 100, with no coordinate uncertainty, were used.

3  | RESULTS

A total of 48 H. schmidlyi individuals were sampled, 29 from Taxco 
and 19 from Zacualpan. The presence of Borrelia DNA was found 
in biopsies of five individuals (5/48 = 10.4%), three individuals from 
Taxco and two from Zacualpan. From the five positive individuals, a 
total of 292 bp were obtained for the 16S rDNA region, 225 bp for 
the flagellin gene, and 792 bp for the ospA. According to the phylo-
genetic analyses, sequences obtained from H. schmidlyi grouped to-
gether in a monophyletic clade with other sequences of B. burgdorferi 
s.s. from North America and Europe (Figure 2, Figures S1, S2).

F I G U R E  2   Phylogenetic tree inferred from the concatenated alignment (16S rDNA + flagellin + ospA genes) for the genus Borrelia. The 
phylogenetic relationships were inferred based on the HKY + I substitution model (Hasegawa, Kishino, & Yano, 1985) for a total of 1,309 bp. 
Posterior probabilities are indicated at each node. Scale bar indicates number of nucleotide substitutions. Sequences generated in this study 
were submitted to GenBank under accession numbers: MT378393-MT378397 for 16S rDNA region, MG934557-MG934561 for flagellin and 
MN461274-MN461278 for ospA



     |  5COLUNGA-SALAS et al.

F I G U R E  3   Haplotype network analyses for Borrelia burgdorferi s.s. (a) Haplotype network inferred with the flagellin gene including all 
available and validated sequences (see Figure S1). (b) Haplotype network inferred with the ospA gene including all available and validated 
sequences (see Figure S2). The colours correspond to the country of origin of each haplotype. Black lines represent the mutational steps 
between each haplotype
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3.1 | Genetic analyses

From the flagellin gene, three haplotypes were obtained, with a hap-
lotype diversity of 0.4095 and nucleotide diversity of 0.00224. The 
haplotype network shows the ‘H3’ haplotype, both as the most fre-
quent haplotype and the differentiation centre, which includes all 
samples with the exception of isolates from Mexico, H1 from Taxco 
and H2 from Zacualpan, both populations were the sites where 
H. schmidlyi was sampled (Figure 3a).

On the other hand, from the haplotype network recovered from 
the ospA gene, 37 haplotypes were recovered, with a haplotype di-
versity of 0.9530 and nucleotide diversity of 0.00522. This network 

F I G U R E  4   PCoA plot of the first and second axes based on Euclidean distances for all available sequences of B. burgdorferi s.s. (a) 
PCoA plot for the partial nucleotide sequence of the flagellin gene. The proportion of total variance along the two axes was 93.97% and 
6.02%, respectively. (b) PCoA plot for the complete ospA gen. The proportion of total variance along the two axes was 37.96 and 10.48%, 
respectively. CHN, China; DEU, Germany; ITA, Italy; LUX, Luxembourg; Mex, Mexico. Colour squares show the genetic groups obtained from 
each analysis

TA B L E  1   Analysis of molecular variance results for the flagellin 
partial gene

Source of variation
Percentage of 
variation

Fixation 
index

p-
value

Among groups 
(Mexican 
populations vs the 
rest of the world)

92.64 ϕCT = 0.92 >.001

Among populations 
within groups

−2.22 ϕSC = −0.3 >.001

Within populations 9.58 ϕST = 0.9 <.001

Values in bold were statistically significant.

F I G U R E  5   Genetic structure of Borrelia burgdorferi s.s. samples representing the maximum number of clusters (K). The y-axis represents 
the identity percentage of each sequence, and black lines separate each population. (a) Geneland analysis results for the partial flagellin gen 
with two populations (K = 2). (b) Geneland analyses for the complete ospA gen showing four genetic populations (K = 4). CHN, China; DEU, 
Germany; ITA, Italy; LUX, Luxemburg; Mex, Mexico

MEX-CHN-DEU EAST and CENTER USA WEST USA ITA-LUX-DEU

USA and DEU MEX

(a)

(b)
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shows intricate relationships among all isolates and two main centres 
of diversification, H1 and H5, which include isolates from America, 
Europe and Asia. Meanwhile, haplotypes from North American and 
Luxemburg isolates are widely distributed along the network and 
most of them as tip haplotypes (Figure 3b).

The ordination analysis showed three genetic groups for the 
flagellin gene, two of them represent each Mexican population and 
the last one conformed by the North American-European samples 
(Figure 4a). The ospA sequences formed at least five main genetic 
groups, where it seems that western United States is the most dif-
ferent group (Figure 4a).

The analysis of molecular variance with the partial flagellin gene 
revealed that 92.64% of variation was among groups (i.e. among 
the Mexican populations and North American-European popula-
tion), 9.58% was within populations, and − 2.22% was among pop-
ulations but within groups (Table 1). However, ϕ-statistics obtained 
with AMOVA, revealed significant variation only within populations 
[ϕST = 0.9; p < .0001], but variation among groups was not statistically 
significant (ϕCT = 0.92; p> .001; Table 1). Additionally, the Geneland 
analysis confirms the presence of two genetic populations with high 
probability values: Mexican populations in one group, and the rest of 
the sequences were included in the second group (Figure 5a).

On the other hand, the AMOVA analysis, using the complete ospA 
gene, revealed that 54.31% of variation among groups (i.e. western 
United States and the rest of the world [samples from eastern United 
States, as well as Mexican, European and Asian samples]), 34.19% 
was within populations, and 11.44% was among populations but 
within groups (Table 2). ϕ-statistics revealed a subtle genetic struc-
ture among groups, which was not significant (ϕCT = 0.54; p> .0001; 
Table  2). With Geneland analysis, four genetic populations were 
obtained: (a) Mexican-Chinese-eastern German populations, (b) 
eastern and central USA, (c) western USA, and (d) Italian-Luxemburg-
western German populations; however, the individual probability of 
identity to each group was low (Figure 5b).

4  | DISCUSSION

This is the first confirmatory record of B. burgdorferi s.s. in the central 
region of Mexico and, also, the first record of this bacterium in wild 

Mexican mammals. Furthermore, this is the most southern record 
of B. burgdorferi s.s. so far, in the transition zone of the Nearctic and 
Neotropical biogeographical regions. Our report now represents the 
first association of B. burgdorferi with a species of arboreal mouse in 
Mexico and highlights the importance of arboreal mammals as po-
tential hosts of this bacterium in the wild.

Some studies have tried to relate several species of mammals 
and various genera of hard ticks from Mexico (e.g. Amblyomma, 
Dermacentor and Ixodes) as hosts and potential reservoirs of this 
bacterium (Gordillo-Pérez et  al.,  2009; López-Pérez et  al.,  2019; 
Vargas et  al.,  2007). However, studies done by Gordillo-Pérez 
et  al.  (2009) and Vargas et  al.  (2007) were based on serological 
methods to test the infection and, although these were subse-
quently confirmed by identification of the bacterium by PCR, 
doubts have arisen. The published sequences have been ques-
tioned and presumed to be a probable contamination since they 
are identical to the sequence of isolate B31, which was used as a 
positive control (Norris et al., 2015).

Is important to note that transmission of B. burgdorferi has been 
associated with hard ticks of the genus Ixodes, specifically of the 
species from the I. ricinus complex (Güner et al., 2004; Kurtenbach 
et al., 2006). In North America, the main vectors for B. burgdorferi 
are Ixodes scapularis, Ixodes pacificus and Ixodes affinis (Kurtenbach 
et al., 2006) are generalist ectoparasites feeding from many different 
vertebrates species (Kurtenbach et al., 2006). Although those hard 
ticks have not been previously associated with H. schmidlyi, it is pos-
sible to think that there might be a member of the genus Ixodes, not 
yet recovered, that parasitized this rodent species, thus maintaining 
the enzootic transmission in the wild, since this tick genus is found 
mainly inside burrows and nests (Durden, 2006).

The study of the Mexican Ixodes is still in its initial period 
(Guzmán-Cornejo et al., 2007), and many taxonomic and ecological 
studies are still needed to allow us to understand, which species are 
involved in the maintenance of enzootic cycles of pathogens, as is 
the case of the cycle involving B. burgdorferi and H. schmidlyi. This ro-
dent species has been described as arboreal, living mainly between 
1 and 10 m above ground level, and probably makes nests in the un-
derstory stratum (Marines-Macías et al., 2018). Despite its arboreal 
habits, it was shown that this rodent uses holes inside tree trunks 
to reach the floor and feed; thus, tick search should be focused on 
these areas.

In the last stage of the life cycle of species from the Ixodes 
ricinus complex, the adults feed mainly on large mammals, which 
serve as maintenance hosts (Hayes & Piesman, 2003; Kurtenbach 
et  al.,  2006). The most important maintenance host in North 
America for Borrelia vectors is O.  virginianus, since one indi-
vidual can support large numbers of adult I.  scapularis (Piesman 
& Gern,  2004; Spielman, Wilson, Levine, & Piesman, 1985). 
However, other records show that I.  pacificus adults also feed 
on medium-sized mammals, such as foxes of genus Urocyon, 
which can serve as maintenance hosts (Castro & Wright,  2007; 
Crooks et al., 2001). These two mammals (O. virginianus and the 
grey fox, Urocyon cinereoargenteus) are commonly found in cloud 

TA B L E  2   Analysis of molecular variance results for the ospA 
gene

Source of variation
Percentage of 
variation

Fixation 
index

p-
value

Among groups 
(Western United 
States vs the rest of 
the world)

54.37 ϕCT = 0.54 >.001

Among populations 
within groups

11.44 ϕSC = 0.25 <.001

Within populations 34.19 ϕST = 0.66 <.001

Values in bold were statistically significant.
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forest of central Mexico and in the Sierra de Taxco and Zacualpan 
(Ceballos,  2013; León-Paniagua & Romo-Vázquez,  1993), which 
could be infested by some species of the I. ricinus complex, that in 
turn, keep the populations of B. burgdorferi s.s. in circulation.

4.1 | Genetic diversity

To our knowledge, this is the first study using all the available 
online sequences of the genes ospA and flagellin to evaluate the 
worldwide genetic diversity of B.  burgdorferi. When comparing 
both genes, the flagellin gene seems to be less diverse, with only 
three haplotypes, compared with the 37 haplotypes of the ospA 
gene. This finding is supported by previous studies where sev-
eral authors have reported that the outer surface proteins, such 
as ospA, ospB and ospC, exhibit a higher degree of heterogene-
ity compared to other genes such as the flagellin gene (Baranton 
et  al.,  2001; Brisson et  al.,  2010; Foretz et  al.,  1997; Travinsky 
et al., 2010; Wallich et al., 1992).

The genetic diversity analyses of the flagellin gene revealed 
a subtle genetic differentiation between Mexican populations 
and the rest of the world. This finding is consistent with previous 
studies obtained from other conserved genes, such as that of the 
16S rDNA fragment, from which a restricted gene flow and no 
evidence of genetic structure were observed among the USA pop-
ulations of B. burgdorferi (Humphrey, Caporale, & Brisson, 2010), 
as well as with RFLPs analyses from worldwide isolates (Wallich 
et al., 1992). The Mexican sequences obtained in this study cor-
respond to the first record of B. burgdorferi in a cloud forest en-
vironment worldwide. These sequences could be associated with 
unique haplotypes, and additionally, they could also reflect ad-
aptations to the potential vectors and hosts present in the cloud 
forest ecosystem. The latter makes the search for ticks essential 
for linking this genetic structuration with ecological and evolu-
tionary drivers.

In contrast, the genetic diversity analysis of the ospA gene 
shows subtle genetic structuration around the world, especially 
in western USA. An explanation for this subtle genetic structure 
could be that this protein is necessary for the primary establish-
ment and persistence in the vector, avoiding the immunological 
system of the ticks (Hovius et  al.,  2007; Yang, Pal, Alani, Fikrig, 
& Norgard, 2004). Since B.  burgdorferi is transmitted by several 
Ixodes species throughout its distribution range, it is likely that 
this promotes a high variability in the ospA gene throughout the 
different vector species. Additionally, local polymorphism could 
be maintained by ecological barriers limiting gene flow within 
unsuitable host species, as has been demonstrated after compar-
ing the genotypes of B. burgdorferi in ticks and vertebrates from 
eastern versus western United States, which showed that these 
two populations appear to be in a genetic differentiation process 
(Humphrey et al., 2010).

So far, there are two hypotheses on the origin of B. burgdorferi 
s.s.: some authors have proposed that the centre of origin could be 

North America (Foretz et al., 1997; Ras, Postic, Foretz, & Baranton, 
1997), although the most recent hypothesis proposes that its ori-
gin is European (Margos et al., 2008). Our study, using the flagellin 
gene, now supports that the origin of B. burgdorferi is possibly in 
the Holarctic, since Mexican populations represent the youngest 
populations in more recently colonized regions, based on Bayesian 
inference and haplotype network. However, with ospA gene, the 
haplotype and phylogenetic relationships among individuals are 
more complex, likely due to its high variability that could erase his-
torical information. It is important to notice that considering the 
ospA data, the USA and Luxemburg concentrate the largest number 
of unique haplotypes, with 18 and 5 haplotypes, respectively. The 
differences in the number of unique haplotypes at each sampling 
region can be explained by a negative frequency-dependent mech-
anism, where no area has a single or few unique haplotypes, as has 
been shown when comparing genetic genotypes of the ospC, IGS 
and dbpA genes of B.  afzelii with the initial infection in its hosts 
(Barthold,  1999; Coipan et  al.,  2018). Additional sampling mainly 
in non-studied areas, genomic data and ancestral reconstruction 
area analyses could address the interesting question related to the 
origin of these bacteria.

The flagellin gene has been demonstrated to be useful for 
species delimitation and molecular identification (López-Pérez 
et  al.,  2019; Potkonjak et  al.,  2016), whereas the ospA gene has 
proven to be useful for fine-scale genetic diversity studies, es-
pecially to test questions related to local adaptations in different 
environments.

To conclude, the findings of this study suggest the possibility of 
an enzootic focus of B. burgdorferi s.s. in two populations within the 
Transmexican Volcanic Belt. The infection of H.  schmidlyi now re-
veals a new wild host of this spirochaete and represents the most 
southern population of B. burgdorferi in a region located in the tran-
sitional zone between the Nearctic and the Neotropical of high al-
titude and associated with a cloud forest. Additionally, an incipient 
genetic differentiation between western United States and Mexico 
was found, probably due to historical and ecological processes such 
as an unsuitable host, the adaptation to new vector species, as well 
as to environmental conditions.
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