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Abstract: Parasites from diverse hosts morphologically identified as Babesia microti have previously
been shown to belong to a paraphyletic species complex. With a growing number of reports of
B. microti-like parasites from across the world, this paper seeks to report on the current knowledge
of the diversity of this species complex. Phylogenetic analysis of 185 rDNA sequences obtained
from GenBank shows that the diversity of the B. microti species complex has markedly increased and
now encompasses at least five distinct clades. This cryptic diversity calls into question much of our
current knowledge of the life cycle of these parasites, as many biological studies were conducted
before DNA sequencing technology was available. In many cases, it is uncertain which B. microti-like
parasite was studied because parasites from different clades may occur sympatrically and even share
the same host. Progress can only be made if future studies are conducted with careful attention to
parasite identification and PCR primer specificity.
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Babesia microti has historically been identified by the intra-erythrocytic morphology of
the parasites, typically appearing in infected cells as small (1-2.0 um in diameter) basket-
shaped rings with extended chromatin. Relying solely on this morphology for identification,
parasites from diverse hosts, such as shrews, mice, rats, raccoons, and dogs, are all referred
to as B. microti or B. microti-like [1-4]. In 2003, a phylogenetic study was published
demonstrating that such parasites are not a single organism. Sequences from both the 185
ribosomal and the beta-tubulin genes were paraphyletic, demonstrating that B. microti is,
in fact, a species complex comprised of three genetically distinct clades [5]. Furthermore,
parasites from only one of the clades are responsible for most human babesiosis cases.
Indeed, cryptic diversity is common among parasites with few morphological traits that
can be used for differentiation [6]. In the intervening 20 years, there has been a growing
number of reports of B. microti-like parasites from diverse hosts worldwide. It is now
clear that this species complex is even more diverse than originally described. This paper
seeks to report the current knowledge of the species diversity and clarify, once again, what
Babesia microti is.

To this aim, all the 18S ribosomal DNA sequences >800 bp currently in GenBank that
are either named Babesia microti in the database or appear on a Blast search with a sequence
similarity of >95% to the B. microti human strains from the United States were downloaded.
Although the 18S gene may not be the best target for describing diversity because of its
highly conserved nature, it is the only gene that is reliably sequenced from the majority
of studies. Limiting this analysis to large pieces of the gene maximizes the amount of
diversity obtained from this conserved gene. From the large list of sequences available, a
sample was chosen that attempted to encompass the genetic diversity of the entire database
while removing large numbers of highly similar sequences that make the trees difficult
to interpret. Thirty-nine sequences were aligned using Geneious (GenBank numbers are
in the figure) and then trimmed so that they were all the same length, corresponding to
bases 478-1350 from the Gray strain (GenBank #AY693840). A neighbor-joining tree was
constructed with MEGA X [7] using B. divergens and B. leo as outgroups (Figure 1). This
new analysis reveals that the three originally described clades remain, but they are joined
by at least 2 additional clades.
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KX008034 Human China

JQ609304 Human China

KC147722 Apodemus China
KY649339 Rat China

AB032434 Kobe strain Human Japan
MT423326 Niviventer China

AY 144687 Clethrionomys Alaska
AY44690 Clethrionomys Maine
ABO071177 Munich strain Germany
KU955532 I. trianguliceps Russia
KC581934 Myodes Russia
EF413181 Jena Human Germany
AB085191 HK strain Clethrionomys Germany
AY 144692 |. ricinus Switzerland
KF410824 Human China

MT423327 Rat China

AY693840 Gray strain Human Massachusetts
908660426 Rl strain genome
KJ486556 I. ricinus Russia

AY 144694 |. dammini Wisconsin
LC005752 I. persulcatus Mongolia
KY649345 Apodemus China
AB050732 Hobestu Apodemus Japan
MK095342 Domestic cat South Africa
KC147724 Mus China

MH208601 Ixodes China

AB731747 Macaque China
KY649344 Neotetracus China
AB219802 Sciurus Japan

MH208605 Ixodes China

ABO070506 |. ovatus Japan

AY 144698 Skunk Massachusetts
S042002 skunk Massachusetts
KX528553 Badger United Kingdom
AB197940 Raccoon Japan
KJ871351.1 B vulpes Fox Israel
AY534602 Dog Spain

AY 144702 Fox Massachusetts

AY 144700 Dog Spain

AY452708 B. leo

AJ439713 B. divergens Portugal

Clade 4
Kobe-like

Clade 3
Munich-like

Clade 1
B. microti
sensu stricto

Clade 5
Hobetsu-like

Clade 2
B. vulpes-like

Figure 1. Phylogenetic analysis of the 185 rDNA gene of B. microti-like piroplasms. A neighbor-joining tree was constructed
using MEGA X with 500 bootstrap replicates. Evolutionary distances were calculated using the Kimera-2 parameter method
with B. divergens and B. leo as outgroups. Branches with less than 50% bootstrap support were consolidated. GenBank

accession numbers are listed on the tree.

Clade 1: Clade 1 has also been referred to as B. microti sensu stricto (or the US-type),
as the parasites from this clade are arguably the most important because of their public
health impact as the major cause of human babesiosis worldwide. This parasite is also
the most studied. Clade 1 parasites are remarkably conserved, with virtually identical
18S rDNA sequences described across the globe: North America, Europe, and Asia. De-
spite this, human cases are only common in the United States. There, people are readily
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exposed because of the highly anthropophilic tick Ixodes dammini (the northern clade of
Ixodes scapularis) that serves as its main vector [8,9]. In Europe, B. microti ss is thought to
be maintained by I. trianguliceps, a host-specific tick that does not attack people, which
would explain the lack of human disease. However, much of the work with 1. trianculiceps
was conducted before molecular methods were available, and it is uncertain whether the
parasite under study belonged to this clade or clade 3 (For example see [3,10,11]). To date,
no definitive molecular sequencing of field-derived I. trianguliceps has shown B. microti ss
in these ticks. I. ricinus, an anthropophilic tick that serves as the vector for Lyme disease, is
often sympatric, feeds on similar rodent reservoir hosts, and has been shown to be capable
of transmitting piroplasms in the laboratory [12]. Indeed, B. microti ss is regularly detected
in this vector, as well as . persulcatus in Eurasia [13-15]. Therefore, the zoonotic potential
should exist throughout the range of these ticks in Europe and Asia. Serosurveys show that
tick-exposed people are indeed exposed to the parasite, but few cases of illness have been
detected [16,17]. Whether the parasites are less virulent in the rest of the world compared
to those in North America or whether physicians fail to diagnosis this disease because of
lack of physician awareness and diagnostic capabilities has not been determined [18].

Clade 2: Clade 2 includes Babesia spp. that are known to infect carnivores, including
raccoons, foxes, and badgers across the world. Also included in this clade is the parasite
originally described from sick domestic dogs from Spain, which has been called by many
names: B. microti-like, Babesia c.f. microti, Theileria annae, and Babesia annae [2,19]. Recently, it
has been proposed that this parasite be designated a new species called Babesia vulpes [20,21].
The phylogenetic trees published by Baneth et al. in 2015 suggest that they propose the
name B. vulpes only be applied to the Babesia in wild foxes, which also causes disease in
domestic dogs, but not to the closely related Babesia found in other carnivores. The current
phylogenetic analysis clearly shows that other sequences from raccoons and badgers group
with B. vulpes in a strongly supported clade to the exclusion of the other B. microti-like
parasites. If the name B. vulpes is indeed adopted, it seems unduly confusing to continue
to refer to the other carnivore Babesia as B. microti-like. The vectors for the parasites in
this clade have not been definitively established but are likely to be Ixodid ticks that feed
primarily on carnivores, such as I. texanus in North America. In Europe, I. hexagonus and
Dermacentor reticulatus have both been suggested as possible vectors [22,23]. It may also
be transmitted by other routes that do not involve a vector, such as direct transmission
through bites [24].

Not included within Clade 2 are the sequences from skunks originally described from
Massachusetts [6]. The phylogenetic position of these skunk sequences is unstable, as
they either cluster with the B. vulpes group, with the B. microti ss group, or, as is the case
in this analysis, separated from both, depending on the type of algorithm used (see [6]).
To date, no other similar sequences have been described, despite recent work in the U.S.
characterizing small Babesia in medium-sized mammals [25-27], leaving our knowledge of
this parasite limited and their placement among the B. microti clade uncertain. It is clear,
however, that these piroplasms are distinct from the previously described Babesia from
skunks, B. mephitis [28].

Clade 3: Clade 3 includes B. microti similar to the Munich strain that have been primar-
ily detected from voles. These piroplasms occur in Europe and North America but have not
been found in Asia. There is distinct separation in this clade between the sequences origi-
nating from the two continents. The Babesia from this clade are not known to cause human
infection. In fact, they have been detected from areas of the US where human babesiosis
has not been described and the anthropophilic vector, I. dammini, is not present [29,30].
Instead, I. angustus is known to occur in these areas, suggesting that this host-specific
tick that rarely bites humans is the major vector in North America and the reason that
this piroplasm is not known to infect humans. In Europe, the Munich type appears to
be present only in areas where I. trianguliceps occurs, and it has been suggested that this
tick is the primary vector [31]. However, throughout much of its range, either 1. ricinus or
I. persulcatus also occur, and as mentioned above, many ecological studies could not discern



Pathogens 2021, 10, 1168

40f7

between the Munich-type and US-type parasites. Rar et al. [32] showed that in an area
with sympatric L. trianguliceps and I. persulcatus, Munich-type B. microti was only detected
in L. trianguliceps [32] and concluded that I. persulcatus was not the vector. However, others
have detected sequences consistent with the Munich-type in I. ricinus [33-35], thus leaving
the zoonotic potential for this piroplasm and the enzoonotic cycle in nature uncertain.

Clades 4 and 5: Clades 4 and 5 comprise Babesia that have only been detected in Asia.
Clade 4 includes the Kobe strain from Japan together with sequences derived from China.
Clade 5 comprises the Hobetsu and Otsu types, along with other sequences from voles from
China. Although often referred to as if they are different parasites, these are actually the
same and have 100% sequence similarity in the 185 rDNA gene (only Hobetsu is shown on
the tree in Figure 1). None of the parasites from either clade have been detected in Europe
or North America, though the US-type occurs sympatrically with both these parasites in
Asia. Hobetsu parasites have been found primarily in Japan, with one report in rodents
from mainland China [36,37], but Kobe appears to be more widespread in Japan, mainland
China, and other parts of southeastern Asia and has been detected in more diverse rodent
hosts [38—40]. In Japan, parasites from these two clades are often sympatric, but only the
Kobe clade has been shown to infect humans. The Hobetsu strain has been detected in I.
ovatus, and laboratory studies have confirmed the competence of this vector [37]. However,
the vector for the Kobe strain remains undescribed; to date, it has never been detected in
field-collected ticks. There is an odd report from a sick domestic cat in South Africa, which
appeared to be coinfected with B. felis and B. microti-like parasites with 100% similarity to
the Hobetsu strain [41]. This lone report remains an anomaly, as cats are not otherwise
known to become infected with B. microti-like parasites, though they do harbor other small
Babesia that are more closely related to B. rodhaini, B. leo, and B. felis [42].

Finally, there are a number of sequences from GenBank which fall within the B. microti
species complex but do not group with other previously described parasites to create well-
defined clades. The vast majority of these new sequences originate from rodents or ticks
collected primarily in China but also Japan. Most remain as single reports or unpublished
sequences deposited in GenBank, so little is known about their life cycles or their zoonotic
potential. Interestingly, similar sequences were detected in squirrels collected in Japan and
macaques from China [43,44]. Further investigations are necessary to characterize these
parasites as well as create isolates. In the future, there will likely be 4 additional clades
added to the B. microti species complex.

As this analysis shows, the parasites that are part of the B. microti species complex
are a diverse group with unique life cycles. However, the understanding of the ecology
of these parasites has been muddled because of the lack of precision in many studies and
the confusion between similar parasites. As pointed out above, much of the basic biology
of B. microti, both in the US and Europe, was conducted before molecular methods were
available to distinguish between parasites. It is virtually impossible to know for certain
which parasite, Clade 1 B. microti ss or Clade 3 Munich-type, was being studied in the older
literature (for example, [45,46]), but also in more recent work (for example, [11,47,48]). In
the United States in particular, researchers have focused their efforts on B. microti ss because
of its public health importance there. Indeed, most studies are conducted in areas of the
country where human cases are detected and presume the presence of that single parasite.
This is likely to be an accurate assumption when surveying ticks. To date, B. microti ss is
the only B. microti-like parasite found in the zoonotic vectors I. dammini and I. scapularis.
Other Ixodes ticks that are more host-specific, such as I. cookei and I. angustus, are rarely
studied. Surprisingly few studies in the U.S. have actually sequenced PCR amplicons
obtained from wildlife sources to confirm the identity of B. microti unless the host is from
an area where human babesiosis has not been detected. Unexpected results can arise
when performing due diligence to confirm the identity of parasites (see [29,30] and the
descriptions of B. conradae [49] and B. duncani [50]). Therefore, it is imperative at the start
of any new study to confirm the identity of parasites by sequencing using a sufficiently
informative gene segment (such as [30,51]). Once the specific clade of B. microti has been
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confirmed, it is not necessary to sequence every positive PCR given that the primers
used are specific enough to amplify only the intended target. The use of non-specific
PCR primers that are capable of amplifying other B. microti-like parasites can call into
question the conclusions of a paper. Many different primer sets have been used in the
literature, and a quick search using PrimerBlast from NCBI is useful to give a reader an
estimate of their specificity. This issue becomes even more crucial with the use of real-time
PCR, which usually amplifies small pieces of DNA that cannot be confirmed subsequently
by sequencing.

It is clear from this analysis that there is much still unknown about the basic biology
of the many parasites that make up the B. microti species complex. However, progress will
only be obtained with well-designed studies that are careful to identify which B. microti-like
parasite is being studied.
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