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Abstract

Background: The Babesia microti-like parasite is an emerging tick-borne piroplasm that has been detected in a range
of hosts worldwide. Babesia vulpes, which is found in dogs and foxes, has been reclassified from B. microti-like para-
sites. The relationships among these B. microti-like parasites and B. vulpes with respect to host range and geographical
origin have not been elucidated.

Methods: Blood samples were collected from 27 raccoon dogs in South Korea and used to screen for B. microti-like
parasites based on a PCR assay targeting the 18S rRNA gene of Babesia. For comparative purposes, in addition to 185
rRNA sequences from nine raccoon dogs, we also analyzed 18S rRNA sequences from B. microti-like parasites infect-
ing hosts in different geographical regions worldwide obtained from the GenBank database, giving 123 sequences in
total. The genetic variation and evolutionary relationships among these sequences were examined based on analyses
using DnaSP, MEGA, Arlequine, and BEAST software.

Results: Babesia microti-like parasites were identified in nine raccoon dogs and found to be related to B. vulpes
obtained from Spanish dogs. Among the 123 sequences from 14 countries and various hosts, we identified 43 haplo-
types with high genetic variance. Based on the genetic variance and phylogenetic analyses, we established that the B.
microti-like parasites isolated in different geographical regions and from hosts belonging to five orders showed higher
among-population variation than within-population variation. Babesia vulpes parasites infecting carnivore hosts,
including raccoon dogs, foxes, skunks and dogs, appear to be genetically distinct from B. microti-like parasites infect-
ing hosts belonging to the other orders.

Conclusions: Our study demonstrated the genetic variation and evolutionary relationships among 18S rRNA
sequences obtained from blood samples collected from various hosts and different geographical regions. Babesia
vulpes was identified from raccoon dogs in South Korea. In addition, higher genetic variations were observed among
populations of different hosts and geographical origins and, in particular, low connectivity was observed among host
populations in the order Carnivora and those in other orders. These results suggest the B. vulpes, a piroplasmid species
pathogenic in domestic dogs and wild canines, is genetically and evolutionarily different from B. microti-like parasites.
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Background

Babesiosis, a disease transmitted by tick-borne piro-
plasms of the genus Babesia, is found in both wild and
domestic animals and is receiving increasing attention
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mammals, including carnivores, non-human primates
and humans worldwide [3-7]. In humans, B. microti
infection is characterized by fever and hemolysis, which
are believed to be the primary signs of pathogenesis.
Infections range from being asymptomatic to fulminant
and can be complicated by respiratory failure, dissemi-
nated intravascular coagulation and/or organ failure [8].
To date, human cases of B. microti-like infection have
been reported in China and Japan [9-11].

The Babesia genus was first discovered at the end of
the nineteenth century, and subsequently many differ-
ent species associated with domestic and wild animals
have been described. Among the hosts belonging to the
order Carnivora, Babesia canis and Babesia gibsoni were
initially considered to be the two causal species associ-
ated with canine babesiosis, particularly in dogs [12].
However, B. microti-like parasites have been identified
in a Spanish dog in Germany, and genetically similar B.
microti-like parasites have been also identified in a range
of hosts worldwide [13-16]. Baneth et al. reclassified
this parasite as Babesia vulpes, which also has numer-
ous synonyms, including Babesia sp. ‘Spanish dog, B.
microti-like parasite and Theileria annae [17, 18]; to date,
however, there is no consensus on the species name. In
addition, parasites genetically similar to B. microti that
have been identified in other hosts, including humans,
are invariably referred to as B. microti-like parasites [19,
20]. In South Korea, B. microti-like parasites have been
detected in asymptomatic raccoon dogs, water deer and
Eurasian badgers [14, 21]. Consequently, given the gen-
eral ambiguous nomenclature of these parasites, studies
on the genetic variation and phylogenetics of B. microti-
like parasites among populations from different geo-
graphical regions and hosts are warranted to clarify their
taxonomy.

Accordingly, to gain further insights into the popu-
lation structure of B. microti-like parasites in differ-
ent hosts and geographical regions, we analyzed the
genetic diversity and evolutionary characteristics of these
parasites using 18S ribosomal RNA (18S rRNA) gene
sequences collected from the GenBank database, along
with those of isolates newly obtained from raccoon dogs
(Nyctereutes procyonoides) in South Korea.

Methods

Sample collection and 18S rRNA gene amplification

Blood samples were collected from 27 raccoon dogs
provided by the Jeonbuk National University in 2010
and 2011 (5 and 22 samples in 2010 and 2011, respec-
tively). All samples were stored in ethylenediaminetet-
raacetic acid-containing tubes at — 70 °C until used for
DNA extraction. Parasite genomic DNA was prepared
from frozen blood stocks using QIAmp DNA Blood
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Kits (Qiagen, Hilden, Germany) following the manufac-
turer’s instructions. The extracted DNA was stored at
— 70 °C until required.

Nested PCR was used to detect Babesia parasites in
the extracted DNA samples obtained from raccoon
dogs as previously described [19, 22]. The primary
PCR amplification was conducted using the primer
pair BablA (5-GTCTTAGTATAAGCTTTTATACAG
CG-3') and Bab4A (5-GATAGGTCAGAAACTTGA
ATGATACATCG-3’), followed by a second round of
PCR amplification using 1 pl of the first-round PCR
product as a template and the primer pair Bab2A (5'-
CAGTTATAGTTTATTTGATGTTCGTTTTAC-3')
and Bab3A (5-CGGCAAAGCCATGCGATTCGC
TAAT-3'), in reaction mixtures containing 2.5 pl of
10x buffer, 2 pl of dNTPs, 1 pl each of forward and
reverse primers, 0.25 ul of Ex Taq DNA Polymerase
(Takara, Shiga, Japan) and distilled water to make up
the volume to 25 pl. Electrophoresis was performed
in 1.5% agarose gels containing 50 mg/ml ethidium
bromide. In addition, the full-sized sequence (approx.
1.8 kb) encoding the 18S rRNA gene of the Babesia par-
asites was amplified in the DNA samples which tested
positive for Babesia parasites, as previously described
by Medlin et al. [23]. The 1.8-kb PCR products were
then cloned and sequenced for use in genetic diversity
and phylogenetic analyses. All 185 rRNA sequences
obtained have been deposited in the GenBank database
(Accession numbers: OM510434—0OM510442).

Analysis of the genetic diversity of B. microti-like parasites
from South Korea

Initially, gene sequences were aligned using the default
settings of the CLC Main Workbench 6 program (CLC
Bio, Aarhus, Denmark), and the nucleotide composi-
tion, conserved sites, variable sites, parsimony informa-
tive sites and singleton sites were estimated using MEGA
v.11 [24]. The program DnaSP v6 was employed to ana-
lyze the number of haplotypes [25]. Sequences showing
even a single nucleotide difference were considered to
be different haplotypes. Analysis of molecular variance
(AMOVA) was performed using Arlequin v.3.5 [26] with
1000 non-parametric permutations (P=0.05) to deter-
mine the proportions of genetic diversity within and
among populations. To determine the levels of genetic
differentiation among populations, for all datasets, we
assessed pairwise fixation index (Fgr) values between
populations using Arlequin, with the significance of the
evaluated F¢p values being based on 1000 random per-
mutations. In addition, for assessing possible population
expansion, we performed neutrality tests using Arlequin-
implemented Tajima’s D [27] and Fu'’s Fq [28].
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Comparative analysis of the genetic variability

of worldwide isolates of Babesia microti-like parasites

To assess the worldwide genetic variability of B. microti-
like parasites, we performed a comparative analysis of
all B. microti 18S rRNA sequences available in the Gen-
Bank database (Additional file 1: Table S1). In addition, to
estimate changes in population size over time, as well as
the time to the most recent common ancestor (tMRCA)
for each clade of B. microti-like parasites, we performed
a Bayesian skyline plot analysis implemented in BEAST
v2.5.0 [29], using a piecewise-constant skyline model. To
reconstruct the demographic history over time, we used
Tracer v1.5 [30], for which the best fitting nucleotide
substitution model was selected using ModelFinder (ver.
2.0) based on the minimum Bayesian information crite-
rion value. The appropriate tree was targeted using the
TreeAnnotator included in the BEAST package by select-
ing the tree with the maximum sum of posterior prob-
abilities (maximum clade credibility) after a 10% burn-in.
Finally, the tree was visualized using FigTree (ver. 1.4).

Results

Identification of B. vulpes isolates from raccoon dogs

in South Korea

Among the blood samples obtained from 27 raccoon
dogs, nine samples (33.3%) showed evidence of Babesia
infection. Sequencing of the nine amplicons revealed
the presence of two different haplotypes (H37 and H38;
Fig. 2; Additional file 1: Table S1), which showed 99.88%
similarity. In addition, the isolates were found to have
99.58% similarity with the B. microti sequence deposited
in GenBank by the Centers for Disease Control and Pre-
vention (GenBank accession number: AY534602). The
18S rRNA gene sequences obtained in the present study
have been deposited in GenBank under the accession
numbers OM510434—-OM510442. In the phylogenetic
tree constructed for Babesia species and Babesia-related
parasites, the identified sequences clustered with B.
microti (Fig. 1). Specifically, we found that the parasites
isolated from raccoon dogs clustered with B. microti par-
asites and with Babesia sp. isolated in Spanish dogs (pre-
viously referred as B. vulpes). Indeed, among carnivore
hosts, only parasites that cause fulminating disease in
Spanish dogs (B. vulpes) were included in same cluster as
the parasites isolated from South Korean raccoon dogs.
Based on these observations, we classified the isolates in
this study as B. vulpes.

Comparison of genetic variability among B. vulpes and B.
microti-like parasites of different geographical origins
Analysis of the 123 sequences of the 18S rRNA
gene from 14 countries indicated the presence of 43
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haplotypes, whose alignment revealed nucleotide vari-
ations at 159 aligned positions (107 singleton variable
sites and 52 parsimony informative sites) (Additional
file 2: Figure S1). Pairwise comparisons among the 43
haplotypes revealed percentage identities ranging from
85.01% to 99.91% and nucleotide differences ranging
from one to 162 (Additional file 3: Figure S2). Among
the identified haplotypes, H11 was the most prominent,
being detected in 29 sequences from four continents
[Asia (China, Japan, Mongolia), Europe (Russia), North
America (USA), Africa (Congo)]. Furthermore, 27 hap-
lotypes (H4, H6, H12-H32, H39, H40, H42, H43) were
identified as being unique to single samples, among
which the H43 haplotype, detected in an isolate from a
fox in China, was notably different from the other iden-
tified haplotypes.

In terms of geographical distribution, in Asia, hap-
lotypes H2, H8, H35 were found in China, while H37,
H38, H39 and H40 were specific to South Korea. Inter-
estingly, sequences from Mongolia showed a high diver-
sity, with 19 distinct haplotypes (H11-H20, H22-H30 and
H32) being detected among the 20 sequences assessed.
In North America, nine sequences were identified as the
H11 haplotype, and H6, H31, H32, H34 and H42 were
identified as unique haplotypes. In addition, haplotypes
H10, H11, H33 and H36 were detected in Europe, and
H11 and H9 were found in Africa. We also identified a
number of haplotypes that were detected in more than
one country. For example, in addition to the predomi-
nant H11 haplotype, haplotypes H9 and H33 detected in
isolates from Japan were also identified among isolates
from Russia and South Africa, respectively. Moreover, the
three haplotypes H5, H36 and H41 identified among iso-
lates from the USA were respectively detected in isolates
from China, Spain and South Korea.

Analyses of genetic variance among and within popula-
tions based on AMOVA revealed that among all datasets,
considerably more variance existed among the different
geographical populations than within individual popu-
lations (60.12% vs 30.88%, respectively) (Table 1). As a
measure of population differentiation, we determined
the F¢r values between haplotypes from the four conti-
nents based on 18S rRNA sequences (Additional file 1:
Table S2). Most of the F¢ values were close to 0, and
apart from those between Europe and the remaining
populations, none of the estimated pairwise Fgr values
were statistically significant. In addition, we obtained sig-
nificant negative neutrality test values for Tajima’s D and
Fu’s Fg for the total population and Asian populations,
with the exception of the significant positive value of Fu’s
Fg (14.157, P<0.02). Values obtained for the European
and North American populations were positive but non-
significant (Table 2).
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Fig. 1 A neighbor-joining phylogenetic tree constructed based on the comparison of 18S ribosomal RNA gene sequences of Babesia-related
parasites. Toxoplasma gondii was included as the outgroup. The numbers on each branch denote the percentage occurrence in 1000 bootstrap
replicates. Asterisks indicate novel sequences identified in this study

Comparison of the genetic variability among different namely Primate, Rodentia, Carnivora, Eulipotyphla and
hosts Ixodida (Additional file 1: Table S1). Among the detected
In total, 123 sequences were obtained from samples from  haplotypes, the predominant haplotype, H11, was identi-
different host species belonging to five different orders, fied in hosts belonging to four orders, the exception being
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Table 1 Analysis of molecular variance in populations of Babesia vulpes and Babesia microti-like parasites
Population definition Source of variation

Among populations Within populations

df Sum of squares Variance Percentage df Sum of squares Variance Percentage

components variation components variation

Host species 4 917.659 7.77678 62.1% 118 508.649 5.3973 21.0%
Geographical origin 3 136.159 1.14419 60.1% 119 64.718 0.86129 30.9%

df Degrees of freedom

Table 2 Results of neutrality tests for B. vulpes and B. microti-like
populations in different geographical regions and host species

Population Neutrality tests

Fu's Fg Tajima’s D
Geographical region
Asia — 6.458° — 2.14896*
Europe 14.157° 043602
North America 3.889 0.91540

Africa NA NA

Host species

Primates 0.584 0.26485
Rodentia 7438 0.14327
Carnivora 4.712% 2.23240%
Eulipotyphla NA NA

Ixodida — 4.465* — 1.46790*
All samples —8451* — 2.21984*

NA Not available
*Significant difference (P <0.05)

Carnivora. In addition to H11, five haplotypes, namely
H1, H3, H9, H10 and H33, were commonly identified
among different hosts, whereas the remaining haplotypes
were found in specific hosts. In the order Primate, nine
different haplotypes, H1-H6, H11, H31 and H32, were
detected in monkeys and humans, among which H2, H4,
H5, H31 and H32 were unique to primates, whereas H1
and H3 were detected in hosts belonging to the order
Rodentia. The 35 sequences obtained from rodents were
characterized by the presence of the haplotypes H1, H3,
H9-H11, H33 and H34 which, apart from H34, were also
detected among the hosts belonging to other orders.
Among the 21 sequences obtained from hosts belonging
to the order Carnivora, we detected nine haplotypes (H9,
H11, H37-H43) which, with the exception of the predom-
inant H11 haplotype and H9 from a cat, were observed
exclusively among carnivores. We also detected 25 differ-
ent haplotypes among the 47 sequences obtained from
hosts belonging to the order Ixodida, of which only three
haplotypes, H10, H11 and H33, were also identified in
the hosts belonging to other orders.

Similar to the results obtained for different geographi-
cal populations, for all datasets, we also detected con-
siderably greater genetic variance among different host
populations than within populations (62.05% vs 20.95%,
respectively) (Table 1). Among the pairwise Fgr values
obtained for comparisons between hosts belonging to the
five assessed orders, higher values (>0.5) were obtained
for comparisons between carnivore hosts and those in
other orders, which, with the exception of Eulipotyphla,
were statistically significant (Additional file 1: Table S3).
Fgr values obtained for other comparisons tended to be
close to 0 with statistical significance, but they were non-
significant for comparisons between hosts belonging
to the order Eulipotyphla and those belonging to other
orders. In addition, we obtained significant negative
neutrality test Tajima’s D and Fu’s Fg values for the total
population and Ixodida populations, whereas significant
positive values were obtained for Carnivora populations
(Table 2). Non-significant positive values were obtained
for Primate and Rodentia populations, whereas isolates
from Eulipotyphla were not analyzed owing to the very
small sample size (n=2).

Phylogenetic diversity of B. vulpes and B. microti-like
parasites

Phylogenetic analysis based on the 123 sequences of the
18S rRNA gene obtained from different hosts revealed
that these isolates clustered into five discrete clades
(Clades A-E) (Fig. 2). tMRCA of B. microti-like parasites
was estimated to be 1126 years [95% bootstrap confidence
interval (BCI): 11241128 year]. The H43 haplotype of an
isolate obtained from a fox in China was evolutionarily
quite different from that in isolates in other clades. Apart
from H43, isolates containing the seven haplotypes H36—
H42 comprised a single clade (Clade E for B. vulpes),
whereas the isolates containing the remaining haplotypes
were clustered among Clades A-D. The time of origin
of Clade E, comprising isolates from hosts in the order
Carnivora (dogs, foxes, raccoon dogs, skunks) in differ-
ent countries is estimated to be approximately 1502 years
(95% BCI: 1496—1509 years). Among the other clades,
the earliest diversifications gave rise to Clade D (Chinese
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haplotype from ticks, H35), whereas Clade A contains B.  of those haplotypes (H9-H32) are very similar with more
microti-like isolates obtained from primates (humans and  than 95.83% identity, as shown in Additional file 3: Fig.
monkeys) and rodents (mice and rats) in Asian countries ~ S2. In addition, the constructed phylogenetic tree tends
and the USA. In Clade C, B. microti-like parasites iso-  to imply that Clade B isolates have evolved from a Congo
lated from mice in Russia, Japan and the USA were genet-  mouse isolate.

ically related to those isolated from squirrels and ticks

in Russia and Poland. Clade B comprises isolates from

different countries and hosts harboring a relatively large

number of haplotypes (H9-H32); however, the sequences
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Discussion
Our examination of haplotypes in this study revealed
that six and five of the 43 detected haplotypes were com-
mon in populations from different geographical regions
and different hosts, respectively, thereby signifying that
most of the identified haplotypes (> 86.0%) are unique to
specific regions or hosts. Correspondingly, our AMOVA
analyses revealed considerably greater genetic variation
among populations than within populations (in terms
of both geographical origins and hosts), thereby indi-
cating that once having established infestation within a
given area or host, B. microti-like parasites tend to evolve
within the respective areas or hosts [31]. Furthermore,
we detected a higher percentage of variation within pop-
ulations of different geographical origin than in different
hosts (Table 1). The higher between-population differ-
entiation indicated by AMOVA analysis was confirmed
by the low estimated pairwise Fq values for populations
inhabiting different geographical regions (Additional
file 1: Table S2). Interestingly, compared with hosts in
other orders, we obtained higher F¢ values for the popu-
lations belonging to the order Carnivora, thereby indicat-
ing that B. vulpes parasites infecting dogs, raccoon dogs,
foxes and skunks have low connectivity with other host
populations. In contrast, compared with other orders, we
obtained lower F¢p values for host populations belonging
to the order Ixodida, thereby implying that ticks function
as vectors between host populations and would accord-
ingly tend to have high population differentiation [32].
Phylogenetic analysis based on 123 sequences of the
18S rRNA gene of B. vulpes and B. microti-like parasites
revealed that evolutionarily, Clade E for B. vulpes, com-
prising those sequences obtained from hosts belonging to
the order Carnivora, branched at an early stage from iso-
lates clustered in the remaining four clades (Clades A-D),
which again tends to confirm that B. vulpes isolates
infecting carnivore hosts are genetically different. On
the other hand, B. microti-like parasites in Clades A-D
comprised isolates obtained from different geographi-
cal regions and hosts, although those in Clades A and
D were generally obtained from primates in the Asian
countries (China and Japan) and Ixodida ticks in China,
respectively. In addition, the B. microti-parasites in Clade
B are likely to be evolutionarily related to each other in
different hosts (Rodentia, Ixodida, Primates, Eulipo-
typhla) and geographic regions (Asia, Europe, Africa,
North America). Although many haplotypes (Hap9-
Hap32) were included in Clade B, the genetic similarity
among the isolates was very high, as shown in Additional
file 3: Figure S2. Collectively, our findings indicate that
the B. vulpes parasites infecting hosts belonging to the
order Carnivora are evolutionarily and genetically dis-
tinct from those infecting other hosts, and are typically
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characterized by low connectivity with other popula-
tions. Comparatively, the B. microti-like parasites infect-
ing other hosts are probably more closely genetically
related, albeit with between-population differentiation.

Abbreviations
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Fixation index; tMRCA: Time to the most recent common ancestor.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-022-05528-9.

Additional file 1: Table S1. Geographical and host origins of Babesia
microti-like specimens studied herein. Table S2. Estimated pairwise Fq;
values of sequences between different geographical populations of B.
microti-like parasites. Table S3. Estimated pairwise Fg; values of sequences
between different host populations of B. microti-like parasites.

Additional file 2: Figure S1. Alignment of the 43 haplotypes (Hap1-
Hap43) representing B. microti-like parasites from North America, Africa,
Asia and Europe. Identical bases are indicated by a dot. The number above
each base indicates the alignment position of 185 rRNA.

Additional file 3: Figure S2. Pairwise comparison of sequence difference
(number of nucleotides) and percenaget identity (%) among 43 18S rRNA
haplotypes (Hap1-Hap43) representing B. microti-like parasites from North
America, Africa, Asia and Europe.

Acknowledgements
Not applicable

Author contributions

SL and YKG wrote the main manuscript text, YH and DIC gave supervision, HKJ
provided resources and XX designed the study. All authors read and approved
the final manuscript.

Funding

This study was supported by a Grant-in-Aid for Scientific Research (18H02336
and 18KK0188) and the Japan Society for the Promotion of Science Core-to-
Core program, both from the Ministry of Education, Culture, Sports, Science,
and Technology of Japan.

Availability of data and materials
The data used to support the finding of this study are included within the
article.

Declarations

Ethics approval and consent to participate

The present research was reviewed and approved by the Animal Administra-
tion and Ethics Committee of Kyungpook National University. Blood samples
were obtained from wild raccoon dogs captured from the mountainous
regions of Jeonbuk, South Korea. All procedures were conducted strictly

in accordance with the requirements of the Animal Ethics Procedures and
Guidelines of South Korea.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
'Division of Bio Bigdata, Department of Precision Medicine, Korea National
Institute of Health, Korea Disease Control and Prevention Agency, Cheongju,


https://doi.org/10.1186/s13071-022-05528-9
https://doi.org/10.1186/s13071-022-05528-9

Lee et al. Parasites & Vectors (2022) 15:404

Chungbuk, South Korea. 2Department of Parasitology and Tropical Medicine,
School of Medicine, Kyungpook National University, Daegu, South Korea.
3College of Veterinary Medicine, Jeonbuk National University, Iksan, Jeonbuk,
South Korea. “National Research Center for Protozoan Diseases, Obihiro Uni-
versity of Agriculture and Veterinary Medicine, Obihiro, Hokkaido, Japan.

Received: 12 July 2022 Accepted: 2 October 2022
Published online: 03 November 2022

References

1. GrayJ, Zintl A, Hildebrandt A, Hunfeld KP, Weiss L. Zoonotic babesiosis:
overview of the disease and novel aspects of pathogen identity. Ticks Tick
Borne Dis. 2010;1:3-10.

2. Goethert HK, Telford SR 3rd. What is Babesia microti? Parasitology.
2003;127:301-9.

3. Alvarado-Rybak M, Solano-Gallego L, Milldn J. A review of piroplasmid
infections in wild carnivores worldwide: importance for domestic animal
health and wildlife conservation. Parasit Vectors. 2016;9:538.

4. Tsuji M, Wei Q, Zamoto A, Morita C, Arai S, Shiota T, et al. Human
babesiosis in Japan: epizootiologic survey of rodent reservoir and
isolation of new type of Babesia microti-like parasite. J Clin Microbiol.
2001;39:4316-22.

5. Wei CY,Wang XM, Wang ZS, Wang ZH, Guan ZZ, Zhang LH, et al. High
prevalence of Babesia microti in small mammals in Beijing. Infect Dis
Poverty. 2020;9:155.

6. ChecaR, Lopez-Beceiro AM, Montoya A, Barrera JP, Ortega N, Galvez R,
et al. Babesia microti-like piroplasm (syn. Babesia vulpes) infection in red
foxes (Vulpes vulpes) in NW Spain (Galicia) and its relationship with Ixodes
hexagonus. Vet Parasitol. 2018;252:22-8.

7. ChecaR, Fidalgo LE, Montoya A, Lépez AM, Barrera JP, Gélvez R, et al. The
role of healthy dog carriers of Babesia microti-like piroplasms. Parasit Vec-
tors. 2019;12:127.

8. Hussain S, Hussain A, Aziz MU, Song B, Zeb J, George D, et al. A Review of
zoonotic babesiosis as an emerging public health threat in Asia. Patho-
gens. 2021;11:23.

9. Zhou X, Li SG, Chen SB, Wang JZ, Xu B, Zhou HJ, et al. Co-infections with
Babesia microti and Plasmodium parasites along the China-Myanmar
border. Infect Dis Poverty. 2013;2:24.

10. Saito-Ito A, Tsuji M, Wei Q, He S, Matsui T, Kohsaki M, et al. Transfusion-
acquired, autochthonous human babesiosis in Japan: isolation of
Babesia microti-like parasites with hu-RBC-SCID mice. J Clin Microbiol.
2000;38:4511-6.

11. Sayama Y, Zamoto-Niikura A, Matsumoto C, Saijo M, Ishihara C, Matsub-
ayashi K, et al. Analysis of antigen-antibody cross-reactivity among line-
ages and sublineages of Babesia microti parasites using human babesiosis
specimens. Transfusion. 2018;58:1234-44.

12. Panti-May JA, Rodriguez-Vivas RI. Canine babesiosis: a literature review of
prevalence, distribution, and diagnosis in Latin America and the Carib-
bean. Vet Parasitol Reg Stud Rep. 2020;21:100417.

13. Zahler M, Rinder H, Schein E, Gothe R. Detection of a new pathogenic
Babesia microti-like species in dogs. Vet Parasitol. 2000,89:241-8.

14. Hong SH, Kim HJ, Jeong YI, Cho SH, Lee WJ, Kim JT, et al. Serological and
molecular detection of Toxoplasma gondii and Babesia microti in the
blood of rescued wild animals in Gangwon-do (province), Korea. Korean J
Parasitol. 2017;55:207-12.

15. Gao ZH, Huang TH, Jiang BG, Jia N, Liu ZX, Shao ZT, et al. Wide distribution
and genetic diversity of Babesia microti in small mammals from Yunnan
province, southwestern China. PLoS Negl Trop Dis. 2017;11:e0005898.

16. Kjeer LJ, Jensen LM, Chriél M, Badker R, Petersen HH. The raccoon dog
(Nyctereutes procyonoides) as a reservoir of zoonotic diseases in Denmark.
Int J Parasitol Parasites Wildl. 2021;16:175-82.

17. Baneth G, Florin-Christensen M, Cardoso L, Schnittger L. Reclassification
of Theileria annae as Babesia vulpes sp. nov. Parasit Vectors. 2015;8:207.

18. Bartley PM, Hamilton C, Wilson C, Innes EA, Katzer F. Detection of Babesia
annae DNA in lung exudate samples from Red foxes (Vulpes vulpes) in
Great Britain. Parasit Vectors. 2016;9:84.

19. Wei Q Tsuji M, Zamoto A, Kohsaki M, Matsui T, Shiota T, et al. Human
babesiosis in Japan: isolation of Babesia microti-like parasites from an

Page 8 of 8

asymptomatic transfusion donor and from a rodent from an area where
babesiosis is endemic. J Clin Microbiol. 2001;39:2178-83.

20. Liu DX, Gill A, Holman PJ, Didier PJ, Blanchard JL, Veazey RS, et al. Persis-
tent babesiosis in a Rhesus macaque (Macaca mulatta) infected with a
simian-human immunodeficiency virus. J Med Primatol. 2014;43:206-8.

21. Han JI, Lee SJ, Jang HJ, Na KJ. Asymptomatic Babesia microti-like parasite
infection in wild raccoon dogs (Nyctereutes procyonoides) in South Korea.
JWildl Dis. 2010;46:632-5.

22. Persing DH, Mathiesen D, Marshall WF, Telford SR, Spielman A, Thomford
JW, et al. Detection of Babesia microti by polymerase chain reaction. J Clin
Microbiol. 1992;30:2097-103.

23. Medlin L, Elwood HJ, Stickel S, Sogin ML. The characterization of
enzymatically amplified eukaryotic 165-like rRNA-coding regions. Gene.
1988;71:491-9.

24. Tamura K, Stecher G, Kumar S. MEGA11: molecular evolutionary genetics
analysis version 11. Mol Biol Evol. 2021;38:3022-7.

25. Rozas J, Ferrer-Mata A, Sdnchez-DelBarrio JC, Guirao-Rico S, Librado P,
Ramos-Onsins SE, et al. DnaSP 6: DNA sequence polymorphism analysis
of large data Sets. Mol Biol Evol. 2017;34:3299-302.

26. Excoffier L, Lischer HE. Arlequin suite ver 35:a new series of programs to
perform population genetics analyses under Linux and windows. Mol
Ecol Res. 2010;10:564-7.

27. Tajima F. Statistical method for testing the neutral mutation hypothesis
by DNA polymorphism. Genetics. 1989;123:585-95.

28. FuYX. Statistical tests of neutrality of mutations against popula-
tion growth, hitchhiking and background selection. Genetics.
1997,147:915-25.

29. Bouckaert R, Vaughan TG, Barido-Sottani J, Duchéne S, Fourment M,
Gavryushkina A, et al. BEAST 25: an advanced software platform for Bayes-
ian evolutionary analysis. PLoS Comput Biol. 2019;15:1006650.

30. Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior
summarization in Bayesian phylogenetics using tracer 1.7. Syst Biol.
2018;67:901-4.

31. Ajogbasile FV, Kayode AT, Oluniyi PE, Akano KO, Uwanibe JN, Adeg-
boyega BB, et al. Genetic diversity and population structure of Plasmo-
dium falciparum in Nigeria: insights from microsatellite loci analysis. Malar
J.2021;20:236.

32. Al-Hamidhi S, Parveen A, Igbal F, Asif M, Akhtar N, Elshafie El, et al.
Diversity and genetic structure of Theileria annulata in Pakistan and other
endemic sites. Pathogens. 2022;11:334.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Evolutionary analysis of Babesia vulpes and Babesia microti-like parasites
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Sample collection and 18S rRNA gene amplification
	Analysis of the genetic diversity of B. microti-like parasites from South Korea
	Comparative analysis of the genetic variability of worldwide isolates of Babesia microti-like parasites

	Results
	Identification of B. vulpes isolates from raccoon dogs in South Korea
	Comparison of genetic variability among B. vulpes and B. microti-like parasites of different geographical origins
	Comparison of the genetic variability among different hosts
	Phylogenetic diversity of B. vulpes and B. microti-like parasites

	Discussion
	Acknowledgements
	References




