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Abstract

Background: Babesia spp. are protozoan parasites of great medical and veterinary importance, especially in the
northern Hemisphere. Ticks are known vectors of Babesia spp., although some Babesia-tick interactions have not been
fully elucidated.

Methods: The present review was performed to investigate the specificity of Babesia-tick species interactions that
have been identified using molecular techniques in studies conducted in the last 20 years under field conditions. We
aimed to indicate the main vectors of important Babesia species based on published research papers (n=129) and
molecular data derived from the GenBank database.

Results: Repeated observations of certain Babesia species in specific species and genera of ticks in numerous inde-
pendent studies, carried out in different areas and years, have been considered epidemiological evidence of estab-
lished Babesia-tick interactions. The best studied species of ticks are Ixodes ricinus, Dermacentor reticulatus and Ixodes
scapularis (103 reports, i.e. 80% of total reports). Eco-epidemiological studies have confirmed a specific relationship
between Babesia microti and Ixodes ricinus, Ixodes persulcatus, and Ixodes scapularis and also between Babesia canis
and D. reticulatus. Additionally, four Babesia species (and one genotype), which have different deer species as reservoir
hosts, displayed specificity to the /. ricinus complex. Eco-epidemiological studies do not support interactions between
a high number of Babesia spp. and /. ricinus or D. reticulatus. Interestingly, pioneering studies on other species and
genera of ticks have revealed the existence of likely new Babesia species, which need more scientific attention. Finally,
we discuss the detection of Babesia spp. in feeding ticks and critically evaluate the data on the role of the latter as
vectors.

Conclusions: Epidemiological data have confirmed the specificity of certain Babesia-tick vector interactions. The
massive amount of data that has been thus far collected for the most common tick species needs to be comple-
mented by more intensive studies on Babesia infections in underrepresented tick species.
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Background

Babesia spp. are protozoan parasites of great medical

and veterinary importance, especially in the north-

ern Hemisphere [1, 2]. Amongst the many Babesia

species that infect animals, Babesia bovis and Babe-
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rossi, Babesia vogeli, Babesia gibsoni, Babesia con-
radae and Babesia vulpes) may cause serious health
problem in dogs [4-6]. There is increasing interest in
babesiosis in humans due to the rising number of cases
in the USA [2, 7], Canada [8] and China [7, 9]. In the
USA alone, the cumulative number of cases of babe-
siosis in humans from 2006 to 2018 was estimated to
be between 20,000 and 24,000 [7]. In Canada, over
1100 human cases, mostly due to Babesia duncani,
have been recently reported [7, 8]. In China, over 125
cases have been reported, including 58 due to a Babesia
crassa-like novel pathogen [7, 9-12].

Hard ticks are the vectors of Babesia parasites, which
are emerging tick-borne pathogens [1, 13]. In a recent
review/meta-analysis on Babesia spp. prevalence in
questing ticks, the estimated global prevalence was 2.1%
[14]. However, this prevalence was calculated jointly for
19 different Babesia species and 23 tick species.

In the life cycle of piroplasms, obligate intracellular
parasites that belong to the phylum Apicomplexa [15,
16], ticks play a pivotal role as definitive hosts, in which
sexual reproduction of the parasite (gametogony) occurs,
followed by asexual amplification (sporogony), resulting
in life stages invasive for vertebrate hosts (sporozoites).
As highly specialized intracellular parasites, Babesia are
believed to display a high specificity for both tick vec-
tors and vertebrate hosts [1]. However, humans may be
an example of broadened/disrupted host specificity for
Babesia, as there is no human-specific Babesia species
and babesiosis in humans is caused by several zoonotic
species, including Babesia microti, Babesia divergens,
Babesia venatorum, Babesia duncani and Babesia crassa-
like [2, 7, 9].

Interestingly, a single tick species may act as a specific
vector for several species of Babesia, e.g. Ixodes ricinus
has already been indicated as a presumptive vector for at
least nine species of Babesia, Ixodes persulcatus for five,
and Dermacentor reticulatus for six [14]. However, this
phenomenon is not contradictory to the specificity of
certain Babesia sp.-tick vector interactions. In addition,
the main vectors for many important Babesia species,
including B. conradae, B. duncani and B. crassa-like, have
yet to be identified.

This review was carried out to investigate the specific-
ity of Babesia-tick interactions that have been identified
using molecular techniques in studies performed over
the past 20 years under field conditions. Based on pub-
lished research papers and molecular data derived from
the GenBank database (Additional file 1: Text S1), we
indicate the main vectors for important Babesia species.
Finally, we discuss the detection of Babesia spp. in feed-
ing ticks and critically evaluate the data on the role of the
latter as vectors.
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Proving the specificity of a Babesia-tick vector
interaction

The first records of babesiosis in cattle (also termed Texas
fever or redwater disease) and dogs (also termed malig-
nant jaundice and bilious fever) are from the end of the
nineteenth century (reviewed in [3, 4, 6]). At that time,
a classical approach to identifying the etiological agent
and vector of a disease was based on experimental infec-
tion under controlled conditions by injecting blood from
an infected dog into a naive one, or through the infesta-
tion of naive animals with a suspected tick vector [6]. For
canine babesiosis, early research carried out from the
1890s to the 1930s showed that there were three distinct
vector-specific parasites in different regions of the world.
Interestingly, this knowledge was overlooked for the next
50 years, and only at the end of twentieth century was
the ‘Babesia canis’ complex of species divided into three
distinct vector-specific species: Babesia canis, with the
ornate dog tick D. reticulatus as its vector; Babesia rossi,
with Haemaphysalis elliptica as its vector; and Babesia
vogeli, with the brown dog tick Rhipicephalus sanguineus
sensu lato (s.l.) as its vector [6, 17, 18].

In recent years, the use of novel laboratory/molecu-
lar biology techniques allowing for the identification of
genetic material of pathogens/endosymbionts in ticks
collected from humans, domestic animals, wildlife, or
the environment, has resulted in an enormous increase
in new data on tick-microorganism interactions. This
rapidly growing amount of new information for vari-
ous tick-borne pathogens, including Babesia, presents
challenges, including how the detection of the genetic
material of pathogens in ticks should best be interpreted
[19]. A review focused on the vector competence of hard
ticks and Borrelia burgdorferi sensu lato spirochetes [20]
underlined the pitfalls of concluding vector competence
based only on the detection of pathogen DNA in ticks,
i.e. without complementary experimental studies.

A well-established, experimental approach to con-
clusively prove vector competence should encompass
three distinct processes: the acquisition of a piroplasm
by uninfected ticks feeding on an infected experimental
host (or on infected blood in in vitro experiments); the
maintenance of the piroplasm through the moult to the
next life stadium (transstadial transmission); and, finally,
transmission of the piroplasm to naive hosts during a
subsequent blood meal (based on [20]). A tick species
should not be considered a competent vector of Babesia
spp. unless all three of these processes have been experi-
mentally demonstrated. These kinds of experiments are
laborious and expensive due to difficulties in obtaining
infective piroplasm isolates, the raising of laboratory col-
onies of ticks of appropriate species (including artificial
feeding and infection of ticks), and/or access to specific
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vertebrate hosts of babesiae. Therefore, it is not surpris-
ing that the great majority of studies on species of Babe-
sia in ticks are presently based on field-derived data, with
the application of molecular techniques for the detection
of DNA of the piroplasm in questing and/or engorged
ticks [14, 21-30].

In the case of field-derived data, the detection of
Babesia DNA in engorged ticks (of any life stage) col-
lected from human or animal hosts is only indicative
of the acquisition of piroplasms from an infected host.
It is worth remembering that, although the majority
of humans are free of tick-borne pathogens, piroplasm
infections may be very common among free-living ani-
mals (i.e. > 80% in roe deer and > 60% in red foxes; [21])
or circulating among pets and livestock [26, 31]. Whereas
detection of Babesia DNA in questing (host-seeking)
larvae suggests successful transovarial transmission,
detection in questing nymphs or adult ticks indicate
that babesiae were both acquired during the blood meal
in the preceding life stadium and passed through the
moult (transstadial transmission) [20, 32], confirming the
occurrence of at least two of the key processes mentioned
above.

However, field-derived data alone can never satisfy
the final criterion of vector competence (the unequivo-
cal demonstration of the transmission of babesiae by a
feeding tick), but may provide important information on
actual health risks constituted by certain tick species in
certain regions, habitats or conditions.

Confirmed and unconfirmed interactions

between Babesia and Ixodes spp.

Confirmed interactions between Babesia capreoli, Babesia
divergens, Babesia microti, Babesia venatorum and I. ricinus
Ixodes ricinus has been the best-examined tick species for
babesiae in recent years [33—104], with the wide applica-
tion of molecular techniques for piroplasm identification
resulting in the confirmation of a specific vector role of
this tick species for at least four species of Babesia: B.
venatorum, B. microti, B. divergens and B. capreoli (Addi-
tional file 2: Table S1). Interestingly, in the papers pub-
lished between 2000 and 2010, mostly B. microti and B.
divergens were reported in L ricinus, and only in the last
5-10 years have the range and ranking of Babesia species
expanded and changed. Babesia venatorum (previously
known as ‘Babesia sp. EU1’) has been more frequently
reported in I ricinus since its identification as a species
separate from B. divergens [105], and seems to be more
common/widespread than B. microti or B. divergens
(Additional file 2: Table S1). Similarly, since the detailed
re-description of B. capreoli by Malandrin et al. [106] in
a study which also provided a simple method to differ-
entiate between B. capreoli and B. divergens based on the
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presence of three single nucleotide polymorphisms in a
complete 18S ribosomal DNA sequence (rDNA), both
the recognition and reported prevalence of B. capreoli in
I ricinus have increased. It is worth underlining here that
B. capreoli, B. venatorum and B. divergens all belong to
the Babesia sensu stricto group (clade X; [107]) and share
a high similarity (up to 99.8% identity; [105, 106]) in the
conserved 18S rRNA gene. Consequently, before wide
recognition of B. capreoli and B. venatorum, these two
species could have been (mis)identified as B. divergens or
B. divergens-like, and this (mis)identification could have
contributed to a higher reported prevalence of B. diver-
gens in papers published in the period between 2000 and
2010 (Additional file 2: Table S1). It has also contributed
to misidentification of B. divergens in human cases of
babesiosis [105]. Better awareness of this is still needed
for differentiation between these three Babesia species.
Moreover, co-infection of ticks with different combina-
tions of B. venatorum, B. capreoli and B. divergens has
also been reported in several recent studies [21], and
may have contributed to the lack of proper identification
of the species involved. Ixodes ricinus ticks can acquire
these three Babesia species when feeding on domestic
and free-living ungulates, including cattle (acquisition of
B. divergens), roe deer (Capreolus capreolus; acquisition
of B. capreoli and B. venatorum) and red deer ((Cervus
elaphus; acquisition of B. divergens) [21, 106, 108—110].
In natural conditions, deer species (roe deer Capreolus
capreolus and red deer Cervus elaphus) are considered
the most important sources of a blood meal for I ricinus
females, and the presence/density of deer is positively
associated with the occurrence/density of I. ricinus [111].
Among the numerous studies on Babesia in I ricinus
ticks, the largest dataset (between 18,000 and 25,000
examined ticks) originated from long-term (2000-2019)
studies in the Netherlands and Belgium (Additional file 2:
Table S1; [21]). Four Babesia species from two clades and
a Babesia sp. deer genotype were identified in this data-
set: B. venatorum (210 positive ticks, prevalence 0.8%); B.
microti-like [45 sequences of B. microti, prevalence of B.
microti-like (clade 1) 2.6%]; B. capreoli (11 positive ticks,
prevalence 0.04%); B. divergens (four positive ticks, prev-
alence 0.01%); and Babesia sp. deer genotype (Babesia
odocoilei-like, one sequence, prevalence <0.01%).
Additional evidence supporting the specific interac-
tions between I ricinus and these four Babesia species is
the repeated observations of these babesiae in different
European countries (Additional file 2: Table S1). Interest-
ingly, apart from a single observation for D. reticulatus,
these species of Babesia have not been observed in other
(questing) tick species that did not belong to the genus
Ixodes (Table 1). Three of these species were additionally
identified in two other Ixodes species from Eurasia, i.e. B.
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Table 1 Species of Babesia reported in Dermacentor spp.
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Country Reference Dermacentor species (n) Babesia spp.  Species of Babesia, number  Species identification
prevalence  of isolates, prevalence (%)  method
Austria Hodzi¢ et al. [155] Dermacentor reticulatus 10% Babesia canis, 9 (7%) PCR sequencing
(128)
Babesia vulpes, 4 (3%)
Austria Leschnik et al. [161] D. reticulatus® (12) 16.7% B. canis, 2 (16.7%) PCR sequencing
Belgium, the Netherlands, ~ Sprong et al. [162] D. reticulatus (1741) 0.9% B. canis, 16 (0.9%) PCR sequencing
Germany, UK
Belgium, the Netherlands  Jongejan et al. [139] D. reticulatus (855) 1.9% B. canis, 14 (1.6%) PCR sequencing
Babesia caballi, 2 (0.2%)
France Bonnet et al. [140] Dermacentor marginatus 0.6% Babesia bovis, 1 (0.3%) PCR-RLB for selected Babe-
(377) sia species
Babesia/Theileria spp., 1
(0.3%)
D. reticulatus (74) 0% -
Germany Galfsky et al. [50] D. reticulatus (30) 3.3% Babesia capreoli, 1 (3.3%) PCR sequencing
Germany Silaghi et al. [163] D. reticulatus (307) 0.3% B. canis, 1 (0.3%) PCR sequencing
Hungary Hornok et al. [164] D. reticulatus (413) 8.2% B. canis, 34 (8.2%) PCR sequencing
Lithuania and Latvia Radzijevskaja et al. [67] D. reticulatus (2440) 1.3% B. canis, 17 PCR sequencing
Babesia venatorum, 1
Poland Bajer etal. [131] D. reticulatus (29) 3.4% B. canis, 1 (3.4%) PCR sequencing
Poland Mierzejewska et al. [137] D. reticulatus (2585) 4.2% (108) B. canis, 57 PCR sequencing
Babesia microti Munich, 1
Poland Wojcik-Fatla et al. [165] D. reticulatus (468) 4.5% B. microti Munich, 21 (4.5%) PCR sequencing
Poland Wojcik-Fatla et al. [74] D. reticulatus (582) 2.7% B. microti, 12 (2.1%) PCR sequencing
B. canis, 4 (0.7%)
Romania Corduneanu et al. [166] D. reticulatus (75 in 15 8% MIR B. canis, 6 (8% MIR) PCR sequencing
pools)
Russia Rar etal. [167] D. reticulatus (81) 3.6% B. canis, 3 (3.6%) PCR sequencing
Slovakia Majldthova et al. [168] D. reticulatus (326) 36% B. canis, 5 PCR sequencing
Slovakia Svehlova et al. [80] D. reticulatus (600) 1.8% B. canis, 11 (1.8%) PCR sequencing
Slovenia Duh et al. [169] D. reticulatus (100) 1% B. canis, 1 (1%) PCR sequencing
Spain Garcia-Sanmartin et al. D. reticulatus (97) 5% B. canis, 1 (1%) PCR-RLB
[125]
B. caballi, 1 (1%)
B. caballi-like, 2 (2%)
Babesia bigemina, 1 (1%)
Babesia divergens, 2 (2%)
Switzerland Schaarschmidt et al. [88] D. reticulatus (23) 39% B. canis, 9 (39%) PCR sequencing
Ukraine Karbowiak et al. [170] D. reticulatus (205) 3.4% B. canis, 4 PCR sequencing
Ukraine Rogovskyy et al. [90] D. reticulatus (98) 4% B. canis, 1 (1%) PCR sequencing
Babesia odocoilei-like, 3
(3%)
USA Swei et al. [144] Dermacentor albipictus (471 7.2% Babesia duncani (2 strains:  PCR sequencing
questing larvae) WAT And BH3), 34 (7.2%)
China Abdallah et al. [171] Dermacentor silvarum (84)  4.8% Babesia motasi-like, 3 (3.6%) RLB, PCR sequencing
Babesia sp. Xinjiang, 1
(1.2%)
Mongolia Battsetseg et al. [153] Dermacentor nuttalli 6.5% MIR B. caballi, 7 (6.5% MIR) Species-specific PCR

(108 =54 pools)

MIR Minimal infection rate, PCR polymerase chain reaction, RLB reverse line blot

@ Questing and feeding ticks
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capreoli, B. microti, and B. venatorum in Ixodes persul-
catus from Mongolia, Russia and Japan, and B. microti in
Ixodes pavlovskyi from Russia (Additional file 2: Table S1;
[112]). These tick species constitute the ‘I ricinus com-
plex; thus the observed Babesia-tick interactions may be
specific for all the species in the complex; however, this
idea needs further investigation.

More evidence for the specificity of the interactions
between these four Babesia species and ticks from the
L ricinus complex was obtained from data deposited in
GenBank. The data are presented in Fig. 1 as percentage
share of each tick species from which certain Babesia
sequences were obtained. Clearly, 1. ricinus and 1. persul-
catus are the main sources of numerous B. venatorum, B.
divergens and B. capreoli sequences (95—-97% of all depos-
ited 18S rDNA sequences), and are significant sources of
B. microti sequences.

Babesia microti is one of these four species commonly
reported in I ricinus (Additional file 2: Table S1). In many
of the studies conducted at the beginning of the present
century this piroplasm species was reportedly the most
common one in I ricinus ticks in Europe, although again,
some of the results may be misleading as PCR products
were not sequenced in any of these studies, and all posi-
tive PCR results were assumed to indicate B. microti
infections. There is also a high discrepancy between the

Page 5 of 16

reported prevalences of B. microti in ticks (Additional
file 2: Table S1). Rodents constitute the main reservoir
hosts and the main source of B. microti infection for I
ricinus ticks [113—116], especially for larvae and nymphs
which feed on rodents in woodland and open habitats
[23, 117, 118].

Interestingly, although more species of ticks feed as
juveniles on rodents, B. microti has been rarely reported
in tick species other than I ricinus, although again, B.
microti DNA has been repeatedly identified in engorged
ticks of different species (Ixodes trianguliceps, D. reticu-
latus, Haemaphysalis concinna [23, 28, 30]. Interestingly,
both main B. microti strains, of which one is potentially
zoonotic (US type, Jena) and the other non-zoonotic
(Munich), were identified in I. ricinus ticks from different
European countries and at different frequencies [30, 112,
114, 119].

Babesia microti has also been reported in other species
of the I ricinus complex, as mentioned previously (Addi-
tional file 2: Table S1; Fig. 1). Babesia microti (US type,
Hobetsu, Kobe) has also been found in ticks in Japan,
with a zoonotic US type identified in 1. persulcatus ticks
[120]. However, the most significant characteristic of this
piroplasm is the role of I scapularis as its vector in the
USA, where this Babesia species is responsible for the
majority of human cases, including fatal and congenital
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cases [121], and one of the reasons that Yang et al. [7]
declared this region ‘Ground Zero’ for human babesiosis.
The majority of tick studies in the USA have been focused
on I scapularis for this reason, and Babesia cf. microti
has been found additionally, to date, only in one study, in
two questing Amblyomma americanum ticks (Table 2).
Thus, the specificity of the B. microti-1. scapularis inter-
action based on environmental studies in the USA is well
documented (Additional file 2: Table S1) and the relevant
sequences have been deposited in the GenBank database
(Fig. 1i).

Confirmed interactions between B. odocoilei and I.
scapularis and between B. odocoilei-like and I. ricinus

In contrast to I ricinus, in I scapularis only one other
Babesia species has been identified, B. odocoilei in ticks
from Canada and the USA (Additional file 2: Table S1). In
Canada, B. odocoilei was found to be the prevailing spe-
cies [122—-124]. This is another babesiae with deer as its
main vertebrate host (American white-tailed deer, Odo-
coileus virginianus) [124]. Interestingly, also in Europe,
DNA of a Babesia sp. genetically similar to B. odocoilei
(B. odocoilei-like or ‘deer genotype’) was detected sev-
eral times in I ricinus ticks (Additional file 2: Table S1;
[21, 108]). However, this interaction needs more stud-
ies to support its relevance. In summary, molecular data
from 20 years of eco-epidemiological studies support
the role of I ricinus (or I ricinus complex) as a vector of
two babesiae clades, I and X [107], associated with two
groups of reservoir hosts, deer and rodents.

Unconfirmed interactions between Babesia bigemina,
Babesia bovis, Babesia caballi, B. caballi-like, Babesia canis,
Babesia major, Babesia ovis, Babesia vulpes and I. ricinus
The available molecular studies on questing I ricinus
ticks do not support interactions between B. bigemina, B.
bovis, B. caballi, B. caballi-like, B. canis, B. major, B. ovis
or B. vulpes and I ricinus. Also, the available sequences
of these Babesia species do not support the role of I rici-
nus as their vector (Fig. 1). The majority of these Babe-
sia species have been reported only in one study, which
used a PCR-reverse line blot (RLB) method [125]. Con-
sidering the high number of studies on these Babesia
species, together with the wide range of diagnostic meth-
ods applied (PCR sequencing, nested PCR, quantitative
PCR, next-generation sequencing), it is highly probable
that I ricinus ticks are not vectors for them. The high-
est number of these studies concern B. canis, which was
reported from the Czech Republic and Poland [126-128].
However, the authors of the first study, Rybarova et al.
[126], concluded that B. canis may have been misidenti-
fied, possibly as a consequence of the short-sequence
PCR product, and thus requires further investigation
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[126]. In Poland, a recent analysis of the distribution of
D. reticulatus and outbreaks of canine babesiosis found
strong geographical and temporal (seasonal) associations
between them [129], which would be less likely if 1. rici-
nus were also a competent vector of this piroplasm.

Interactions between Babesia and Dermacentor
spp-

Confirmed interaction between B. canis and D. reticulatus
The ornate dog tick is both the second most common
tick species in Europe and the second-best studied tick
species (Table 1). Other Dermacentor species have
been much less studied. Although a range of babesiae
have been reported in D. reticulatus, the most com-
mon and widespread one is B. canis (Table 1), the main
cause of canine babesiosis in central and north-eastern
Europe [130-133]. The great majority (>80%) of B. canis
sequences originate from the tick species D. reticulatus
(Fig. 1). Interestingly, the geographical range of this tick
species is expanding in many European countries [129,
134, 135], and this expansion is clearly associated with
the emergence of canine babesiosis, although in some
tick populations DNA of B. canis has not yet been found
[136, 137]. During our long-term studies (since 2012 up
until the present) on the expansion of the distributions
of D. reticulatus and B. canis in Poland, we have exam-
ined the highest number of questing adult ticks for Babe-
sia spp. to date (Additional file 2: Table S1; [137]). About
100 Babesia sequences were derived from at least 200
Babesia-positive ticks, all but one identified as B. canis
[32, 132, 137]. In addition, DNA of B. microti was iden-
tified in one adult D. reticulatus tick [137]. Interestingly,
the opposite occurrence of these two Babesia species was
found in juvenile, partially engorged D. reticulatus ticks
(larvae and nymphs) collected from rodents, where B.
microti constituted the majority of Babesia-positive sam-
ples, and only two samples yielded B. canis DNA [23].
As larvae and nymphs of D. reticulatus feed on rodents,
and mainly on voles (Microtus and Alexandromys spp.),
the key reservoir of B. microti (over 60% of voles infected
in three studies [21, 30, 114]), the detection of B. microti
DNA in engorged instars collected directly from these
hosts is not surprising. More surprising is the apparent
loss of B. microti during the moult of instars to the adult
stadium, as DNA of B. microti is sporadically found in
questing adult D. reticulatus ticks (Table 1). Transovarial
and transstadial transmissions of B. canis in D. reticula-
tus ticks constitute the key routes enabling maintenance
of this piroplasm in tick populations [32] and are in con-
trast with unsuccessful transstadial transmission of B.
microti in this tick species, as can be seen in the results
of the eco-epidemiological studies listed in Table 1. Thus
it is highly unlikely that D. reticulatus plays any role as a
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Table 2 Species of Babesia reported in tick species other than Ixodes or Dermacentor spp.
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Country Reference Tick species (n) Babesia spp. prevalence  Babesia species, number  Species identification
of isolates method
and prevalence (%)
Czech Rybarova et al. [126] Haemaphysalis concinna 4% Babesia sp., 6 (4%) PCR sequencing
Republic, (150)
Slovakia
USA Shock et al. [172]a Amblyomma americanum  3.3% Babesia cf. microti, 2 (from  PCR sequencing
(184, including questing) questing)
China Abdallah etal. [171] Haemaphysalis ginghaien-  13.5% Babesia sp. Xinjiang, 32 PCR-RLB, PCR sequencing
sis (242) (13.2%)
Babesia bovis, 1 (0.4%)
China Lietal.[173] Rhipicephalus microplus 04% Babesia bigemina, 2 (0.4%) PCR sequencing
(459)
China Zhuang et al. [174] Haemaphysalis longicornis  0.7% Babesia sp., 1 NGS
(144) (0.7%)
China Niu et al. [175] Haemaphysalis ginghaien-  21.3% Babesia sp. Xinjiang, 40 Species-specific PCR
sis (188) (21.3%)
Haemaphysalis longicornis  9.7% Babesia sp. Xinjiang, 11
(113) (9.7%)
Hungary Hornok et al. [150] Haemaphysalis inermis NC Babesia crassa-like, ten PCR sequencing (pools)
(315) pools
Haemaphysalis concinna ~ NC Babesia sp. Kh-Hc222,
(259) one pool
Babesia sp. Irk-Hc133, four
pools
Haemaphysalis punctata ~ NC No Babesia
61)
Spain Garcia-Sanmartin et al. Haemaphysalis inermis 1.1% B.bigemina, 1 (1.1%) PCR-RLB
[125] 87)
Haemaphysalis punctata ~ 4.5% B.bigemina, 1 (0.9%)
(111)
B. bovis, 1 (0.9%)
Babesia caballi, 1 (0.9%)
B. caballi-like, 1 (0.9%)
Babesia vulpes (Theileria
annae), 1 (0.9%)
Haemaphysalis concinna 0% -
(24)
Rhipicephalus bursa (50) 4% B. caballi, 1 (2%)
Babesia ovis, 1 (2%)
Slovakia Hamsikova et al. [116] Haemaphysalis concinna ~ 6.6% Babesia sp. 1 (Eurasia), 5 PCR sequencing
©n
Babesia sp. 2 (Eurasia), 1
Turkey Brinkmann et al. [176] Rhipicephalus bursa (76) 1.3% B.ovis, 1 (1.3%) NGS
Turkey Orkunetal. [151] Haemaphysalis parva 1.6% B.crassa,n=8 (1%) PCR sequencing
(793)
Babesia rossi, 4 (0.5%)
Babesia sp., 1 (0.1%)
Hyalomma marginatum 12% Babesia occultans, 12
(105) (11%)
Babesia sp. tavsan 1
1 (1%)
Rhipicephalus turanicus (9)  11% Babesia sp. tavsan 2
1(11%)
Israel Harrus et al. [177] Rhipicephalus turanicus 1.2% MIR Babesia vogeli, one pool PCR sequencing (pools)

(83 pools)

(1.2%)
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Country Reference Tick species (n) Babesia spp. prevalence  Babesia species, number  Species identification
of isolates method
and prevalence (%)
Rhipicephalus sanguineus — 4.2% MIR B. vogeli, two pools (4.2%)
(48 pools)
Hyalomma spp. (13 0%
specimens)
[taly Romiti et al. [152] Rhipicephalus bursa (980 14.6% pools B. caballi, 16 pools gPCR with TagMan probe
in 110 pools) (14.5%) for B. caballi
Japan Masatani et al. [178]° Haemaphysalis formosen-  1.3% Babesia sp. (feral raccoon  PCR sequencing
sis (159) strain) (1.3%)
Haemophysalis flava (191)  1.6% Babesia sp. (feral raccoon
strain) (1.6%)
Haemophysalis longicornis 0%
(219)
Japan Sivakumar et al. [101] Haemophysalis longicornis  9.7% Babesia ovata, 17 (9.7%) Species-specific PCR for
(175) B. ovata
Thailand Wattanamethanont etal.  Haemaphysalis lagrangei  0.2% (1/419 pools) Babesia sp. (new), 1 PCR sequencing

[179] (11,309), Haemaphysalis
wellingtoni (16), Rhipiceph-
alus microplus (859); total

of 419 tick pools

(0.2% pools)

MIR for tick pools

NGS Next-generation sequencing, gPCR quantitative PCR, NC not calculated (pools with different number of ticks tested); for other abbreviations, see Table 1

@ Mostly questing, but also some feeding ticks tested together

vector of B. microti, and the identification of DNA of B.
microti in adult ticks can be the result of the detection
of blood remnants of previous stages that have fed on
infected rodents [138].

The possible role of D. reticulatus as a vector of B.
caballi (aetiological agent of equine babesiosis) seems
questionable in light of the numerous studies (Table 1), as
DNA of B. caballi was detected only once, in two quest-
ing ticks in the Netherlands [139]. The second report
on B. caballi in D. reticulatus was based on PCR-RLB
method [125]. In that study, many other Babesia spp.
were found in D. reticulatus ticks (Tables 1, 2; Additional
file 2: Table S1). However, as there is little or no support
from other field studies for these findings, the role of D.
reticulatus as a vector of B. bigemina or B. divergens is
considered doubtful (Table 1).

Unconfirmed interactions between B. bigemina, B. caballi,
B. capreoli, B. divergens, B. microti, B. odocoilei-like, B.
venatorum, B. vulpes and D. reticulatus

Despite the high number of studies carried out in large
geographical areas, there are only a few reports of B.
bigemina, B. caballi, B. capreoli, B. divergens, B. microti,
B. odocoilei-like, B. venatorum or B. vulpes in D. reticu-
latus (Table 1). Thus the role of this tick species as their
vector is not supported by published eco-epidemiological
studies.

Babesia bovis-Dermacentor marginatus interaction

The only available field study, from France [140], on
questing D. marginatus ticks reported one tick infected
with B. bovis (Table 1). More studies are needed on field-
collected ticks from different areas where D. marginatus
occurs.

Babesia duncani-Dermacentor albipictus interaction

Babesia duncani is a quite recently described species,
and causes human babesiosis in western USA [141, 142].
Babesia duncani was first isolated in 1991 from a patient
from Washington State, USA, and was then referred to
as ‘Babesia strain WA1’ [143]. To date, there have been
12 confirmed human cases of babesiosis due to B. dun-
cani, two presumed cases that preceded the description
of B. duncani in the USA [144], and a rapidly increasing
number of suspected cases in Canada [7]. Babesia dun-
cani has not been found in questing I. scapularis (Addi-
tional file 2: Table S1). Swei et al. [144] provide evidence
from their recent field study that the vector for B. dun-
cani is the winter tick D. albipictus (Table 1), and the
reservoir host is likely the mule deer Odocoileus hemio-
nus. Interestingly, broad, overlapping ranges of these
two species cover a large portion of far-western North
America, where the human cases were identified. Swei
et al’s [144] study was focused on the detection of Babe-
sia DNA in questing ticks, so the authors attempted to
collect the only questing stadium in the life cycle of D.
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albipictus, larvae, and were able to support their research
hypothesis by the detection of DNA of B. duncani in 7%
of field-collected larvae. However, to further support this
hypothesis, more field studies are needed.

Interactions between Babesia and Haemaphysalis
spp-

Confirmed interactions between B. crassa-like

and Haemaphysalis concinna and between B. crassa

and Haemaphysalis parva

The relict tick H. concinna occurs in Europe and Asia
in isolated, geographically limited locations [145].
Together with I ricinus and D. reticulatus, H. concinna
constitutes an important element of the ectoparasite
community of domestic and wild animals and humans
in Europe [145-147]. Although there is a rather limited
number of studies on Babesia in H. concinna (Table 2),
they encompass a wide geographical area, from central
Europe to the Far East. Recent studies have revealed
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(i) a great diversity of Babesia in H. concinna; (ii) the
presence of unique strains or species of Babesia,
which could not be identified to species level; (iii) the
wide distribution of these strains/species in the world
(Table 2); and (iv) the possible role of strains/spe-
cies with an increasing distribution in human babe-
siosis, i.e. in China [9]. We recently detected one of
these strain/species in two juvenile H. concinna ticks
collected from rodents in western Poland [148]. Two
Babesia sequences displayed the highest similarity
(97.4 and 100%) to an undescribed Babesia species
from H. concinna in Russia (KJ486560). In a phyloge-
netic analysis using information on Babesia from H.
concinna available from GenBank (Fig. 2), these two
sequences grouped with a few Babesia sequences from
L persulcatus and H. concinna from Russia and China
[Fig. 2; [149]; shown in Table 2 for Babesia from Hun-
gary [150]). Interestingly, this group of sequences was
the most similar (sister group) to those of the ovine

97

781 76 10
61 73

7

(O]

rate differences among sites [five categories (+ G, parameter =

KJ486560 Babesia sp. ex H. concinna, Russia
99 MZ462993 Babesia sp. ex H. concinna, Poland
KJ486562 Babesia sp. ex I. persulcatus, Russia
77 KU862303 Babesia sp. ex I. persulcatus, China
MZ463042 Babesia sp. ex H. concinna, Poland
9 KT725848 Babesia crassa ex H. concinna, Hungary
58 68 KU958546 Babesia crassa ex I. versperiolis, Hungary
MF040150 Babesia crassa ex H. parva, wild boar, Turkey
KF791205 Babesia crassa ex H. parva, human, Turkey
KJ486569 Babesia sp. ex H. concinna, Russia
KC453992 Babesia rossi ex tick, Nigeria
MF040148 Babesia canis rossi ex Haemaphysalis parva, Turkey
—|: KJ152841 Babesia canis ex Dermacentor reticulatus, Slovakia
KT844902 Babesia canis ex Canis lupus familiaris, Poland
KJ465868 Babesia sp. venatorum, Czech Republlc
MG344756 Babesia sp. venatorum ex Capreolus capreolus, Czech Republic
KX018019 Babesia divergens ex red deer, Austria
94 MG344764 Babesia divergens ex Cervus elaphus, Czech Republic
KX839234 Babesia capreoli ex horse, Italy
KM657248 Babesia capreoli ex Rang/fer tarandus, Germany
— KX839233 Babesia capreoli ex horse, Italy
91 EF413181 Babesia microti ex human, Jena, Germany
GUO057386 Babesia microti ex Myodes rufucanus, Russia
— KJ486556 Babesia microti ex I. persulcatus, Russia: Novosybirsk
KU204785 Babesia crassa-like ex I. persulcatus, China
KU204781 Babesia crassa-like ex H. concinna, China
99 KX590751 Babesia sp. crassa-like ex human, China
KX590750 Babesia sp. crassa-like ex human, China
| an_ GUO057381 Babesia sp. ex H. japonica, small mammal, Russia
—|: KJ486561 Babesia sp. ex H. japonica, Russia
MK240324 Babesia crassa ex human, Slovenia
KT991233 Plasmodium falciparum

Fig. 2 Molecular phylogenetic analysis of 185 rDNA of selected Babesia spp. (550 base pairs). The evolutionary history was inferred by using the
maximum likelihood method and the Kimura two-parameter model. The tree with the highest log likelihood (—
of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search were obtained
automatically by applying neighbour-joining and BioNJ algorithms to a matrix of pairwise distances estimated using the maximum composite
likelihood approach, and then selecting the topology with a superior log likelihood value. A discrete vy distribution was used to model evolutionary
2,1600)]. This analysis involved 32 nucleotide sequences. There were a total of 458
positions in the final dataset. Evolutionary analyses were conducted in MEGA X

2752,03) is shown. The percentage




Bajer and Dwuznik-Szarek Parasites Vectors (2021) 14:507

piroplasm B. crassa (95.7% similarity). The third branch
of the tree includes B. crassa-like sequences from both
human clinical cases [9] and H. concinna ticks. Accord-
ing to this phylogenetic tree, at least three different spe-
cies/strains of Babesia are associated with H. concinna,
and are of some pathogenic potential, thus there is an
urgent need for better descriptions and characteriza-
tions of babesiae from H. concinna.

Interestingly, the majority (71%) of sequences of ovine
piroplasm B. crassa deposited in GenBank originated
from H. parva, a well-established vector of this spe-
cies [1], with some share of other Haemaphysalis and
Ixodes spp. (Fig. 1). This interaction was also reported in
a recent study from Turkey ([151]; Table 2). This pattern
suggests that, although H. parva is a vector of B. crassa,
H. concinna is a vector of B. crassa-like species, a likely
parasite of free-living ungulates [149]. Additionally, B.
crassa-like was also identified in one Haemaphysalis
inermis from Hungary [150].

Interactions between Babesia sp. Xinjiang and
Haemaphysalis ginghaiensis or Haemaphysalis longicornis
In two recent studies from China, new zoonotic Babe-
sia sp. Xinjiang was found in 13% of H. ginghaiensis
(Table 2). The prevalence was also similar in H. longi-
cornis, so it is likely that these two Haemaphysalis spp.
can act as vectors for this species, although more field
studies are needed to confirm these interactions.

Interactions between Babesia and other tick
species

As can be seen in Table 2, there are only a few studies on
Babesia in other tick species (questing ticks) despite the
availability of suitable molecular techniques (reviewed
in [22]). This is partially due to the difficulty of obtain-
ing questing individuals of tick species with life cycles
that involve one or two host species, like Rhipicephalus
microplus or Hyalomma spp. Studies on the genera Rhi-
picephalus and Hyalomma are mainly focused on feeding
ticks, and thus do not provide strong evidence on their
role as vectors.

Confirmed and unconfirmed interactions

between Babesia and other tick species based

on GenBank data

The majority of molecular data (18S rDNA) derived from
GenBank confirmed the expectations that arose from ear-
lier experimental studies and field observations (summa-
rized in [1]), and reflect specificity in Babesia-tick vector
interactions. In the case of Babesia vogeli, the majority
(96%) of sequences originated from R. sanguineus s.l.
(Fig. 1a); both H. parva (73%) and Haemaphysalis leachi
(27%) constituted the source of B. rossi (Fig. 1b), and B.

Page 10 of 16

canis originated mostly from D. reticulatus (Fig. 1c), as
mentioned previously. Sequences of B. bovis were derived
only from R. annulatus (Fig. le).

However, in the case of B. caballi, with ten tick spe-
cies assigned to deposited 18S rDNA sequences of this
species, there is no evidence of any established interac-
tion (Fig. 1j). Of these ten species, four are Rhipicephalus
species, three Dermacentor spp. (but not D. reticulatus),
two Hyalomma spp. and one Amblyomma. In two recent
studies, B. caballi was found in 16 pools of R. bursa in
Italy (Table 2; [152]) and in seven D. nuttalli from Mon-
golia [153]. Such a variety of tick species might reflect the
ability of B. caballi to adapt to transmission in parts of
the world where horses are bred and/or our inability to
determine the main vector for this Babesia species. These
days, because anti-tick treatments (acaricides, vaccines
[3]) can easily be applied to animals of economic signifi-
cance (horses, cattle, sheep), Babesia species specific for
these hosts may have been partially eliminated and thus
hard to find in their vectors.

A similar problem concerning the determination of tick
vectors exists for the recently described B. vulpes, a com-
mon parasite of red foxes (Vulpes vulpes) in Europe [154].
There are not many sequences of B. vulpes derived from
ticks in GenBank, although at least six tick species, 1. rici-
nus, Ixodes canisuga, Ixodes hexagonus, Ixodes kaiseri, D.
reticulatus and H. punctata, have been identified as vec-
tors of this species [29, 125]. Babesia vulpes was found
in one study in four D. reticulatus in Austria [155], and
in another study in one I ricinus and one H. punctata in
Spain [125]. As can be seen from the data discussed here,
there is little evidence from eco-epidemiological studies
that 1. ricinus, D. reticulatus or H. concinna constitute the
main vector of B. vulpes. The apparent scarcity of data
from the most common tick species, together with one of
the highest prevalences of this species of Babesia in foxes
(30-60%), suggests that nidicolous tick species associ-
ated with red foxes, such as I hexagonus or I canisuga
[29, 156], are its main vectors. Interestingly, dogs are
sporadically found infested with 1. hexagonus [157], and
a few cases of babesiosis due to B. vulpes have been also
recorded in dogs [5, 154]. Due to their nidicolous habit, it
would be problematic to collect unfed ticks of these spe-
cies and either confirm or exclude their role as vectors of
B. vulpes.

New Babesia species and their vectors

Few studies have been carried out on tick species other
than the three most studied ones (Table 2). However,
these studies often reveal new Babesia species or strains,
e.g. in studies carried out in Turkey, Japan and Thailand
(Table 2). These interesting findings should encourage
researchers to continue, and expand on, such studies
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to increase the number of new species described. More
records of new Babesia species/strains in association
with certain tick species are needed to recognize new
Babesia-vector interactions.

Detection of Babesia spp. in ticks from hosts

There are numerous studies reporting Babesia spp. in
ticks collected from their hosts, especially ticks collected
from dogs, cattle, animals that are hunted (i.e. deer or
foxes), birds or small mammals [23, 25, 26, 29, 31, 158].
As mentioned at the beginning of this review, and also in
many other reviews [19], the results of such studies can
be inconclusive or misleading if no control of host infec-
tion is performed at the time of tick collection. When
ticks are collected from species of rodents in which Babe-
sia infections are common [114, 159, 160], these ticks,
regardless of the species, may contain pathogen DNA
(‘meal contamination’ [23]). The detection of DNA of
certain Babesia sp. in engorged/partially engorged ticks
should be treated with caution and considered in the
light of a possible reservoir role of the vertebrate host for
the Babesia species in question. As mentioned above, the
detection of B. microti in a high percentage of D. reticu-
latus larvae feeding on voles does not actually support
the role of this tick as a vector of B. microti because the
parasite is apparently lost during the moult of the tick.
Similarly, the detection of any Babesia species known to
be associated with dogs in ticks collected from dogs (i.e.
B. canis in I ricinus) should be treated as an accidental
finding, not as the discovery of a new Babesia—tick vec-
tor interaction. Regarding B. vulpes, DNA of this piro-
plasm has been identified in three tick species (I ricinus,
L hexagonus, I. canisuga) collected from foxes, while the
prevalence of B. vulpes in foxes was close to 50% [29].
Determination of the presence of a pathogen in a tick col-
lected from a certain host may provide very useful infor-
mation; however, this information should not be used as
proof that the tick in question is a vector of that particu-
lar pathogen.

Conclusions

The application of molecular methods in eco-epidemio-
logical studies may help researchers to identify specific
interactions between certain Babesia and tick species.
Well-supported data for the most common Babesia and
tick species, i.e. L ricinus, I scapularis, I. persulcatus and
D. reticulatus, have been reported during the past 20 years.
Published findings on Babesia-tick associations have pro-
vided evidence for specific interactions, and also com-
plemented experimental transmission studies because
they reflect the actual epidemiological situation in cer-
tain habitats, e.g. the actual health hazard constituted by
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certain Babesia and tick species in certain locations. It is
worth underlining the importance of the correct choice of
methods for studies on Babesia-tick interactions. These
methods should enable both the detection and accurate
identification of a wide range of Babesia species in ticks.
There are presently many methods/techniques that can be
used to perform such studies [22]. The wide use of com-
bined PCR and sequencing methods has enabled the iden-
tification/confirmation of new or lesser known species of
Babesia, such as B. venatorum and B. capreoli, in the widely
studied I ricinus tick. The same methods enabled the iden-
tification of new strains/species of Babesia in less-studied
tick species, such as H. concinna, Haemophysalis flava and
Rhipicephalus turanicus (Table 2). The massive amount
of data collected thus far for the most common tick spe-
cies should be complemented by more intensive studies on
Babesia infection in underrepresented tick species.
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