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ABSTRACT. Babesia microti, the erythroparasitic cause of human babesiosis, has long been taken to be a single species because classifi-
cation by parasite morphology and host spectrum blurred distinctions between the parasites. Phylogenetic analyses of the 18S ribosomal
RNA gene (18S tDNA) and, more recently, the S-tubulin gene have suggested inter-group heterogeneity. Intra-group relationships, how-
ever, remain unknown. This study was conducted to clarify the intra- and inter-group phylogenetic features of the B. microti-group par-
asites with the 7 subunit of the chaperonin-containing #~complex polypeptide | (CCT7) gene as a candidate genetic marker for defining
the B. microti group. We prepared complete sequences of the CCT# gene from 36 piroplasms and compared the phylogenetic trees.
The B. microti-group parasites clustered in a monophyletic assemblage separate from the Babesia sensu stricto and Theileria genera and
subdivided predominantly into 4 clades (U.S., Kobe, Hobetsu, Munich) with highly significant evolutionary distances between the clades.
B. rodhaini branched at the base of the B. microti-group parasites. In addition, a unique intron presence/absence matrix not observable
in 18S rDNA or f-tubulin set the B. microti group entirely apart from either Babesia sensu stricto or Theileria. These results have strong
implications for public health, suggesting that the B. microti-group parasites are a full-fledged genus comprising, for now, four core spe-
cies, i.e., U.S., Kobe, Hobetsu, and Munich species nova. Furthermore, the CCT# gene is an instructive and definitive genetic marker

for analyzing B. microti and related parasites.
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Babesia microti, an erythroparasitic protozoon found in
small wild rodents, is the causative agent of human babesio-
sis, a potentially fatal tick-borne zoonosis. Hundreds of
human cases of babesiosis due to B. microti have been
reported in the United States, some of them fatal [17]. Rel-
egation of parasites to the B. microti group, however, was
often done predominantly on the basis of the parasite mor-
phology and host spectrum. Consequently, the B. microti
group has long been regarded as a single species (either B.
microti sensu stricto or the U.S.-type B. microti), but suspi-
cions of misnomer and dubious classification have surfaced
[11,41]. In 1999, blood transfusion-induced babesiosis was
diagnosed in a resident of Kobe, Japan, and parasites (Kobe
type) isolated from the patient (index case) and from rodents
(Apodemus speciosus) captured near the residential area of a
blood-transfusion donor were analyzed by 18S ribosomal
RNA gene (18S rDNA) sequences [30, 39]. Phylogenetic
analysis revealed substantial divergence from the U.S.-type
B. microti [30].

Subsequently, yet a different B. microti-like parasite
(Hobetsu type) was found in feral rodents (4. speciosus,
Clethrionomys rufocanus and Microtus montebelli) and in
shrews (Sorex unguiculatus) in Japan [38, 43]. In 2006, 18S
rDNA sequence of a European rodent isolate “Munich”
(GenBank accession number AB071177) disclosed marked

* CORRESPONDENCE  TO: [sHIHARA, C., School of Veterinary
Medicine, Rakuno Gakuen University, 582-1 Bunkyodai
Midorimachi, Ebetsu 069-8501, Japan.
e-mail: ishihara@rakuno.ac.jp

**Dr, Tsuji died December 19, 2006.

J. Vet. Med. Sci. 71(1): 55-68, 2009

differences from the parasites reported in either the U.S. or
Japan [11] but showed high similarity to isolates from
rodents (M. arvalis and M. oeconomus) and ticks (Ixodes
ricinus) captured in Poland [26, 32]. Furthermore, novel
genotypes distinct from those commonly distributed in feral
rodents in the Holarctic region have been detected repeat-
edly in such carnivores as fox [8], skunk [8] and river otter
[5] in the U.S., raccoons in Japan and the U.S. [8, 15], and
dogs in Spain (Theileria annae or B. annae) [6, 42]. 18S
rDNA analyses of these B. microti-group parasites have
suggested a monophyletic nature of the B. microti “species”
complex, leading to an increasingly large complex under the
name B. microti [8, 41]. Intra-group relationships, however,
remain unknown. The reason this mystery has not been
solved is mainly that the phylogenetic signal is weak in the
low-diversity sequences afforded by 18S rDNA within the
group (< 5.4% divergence) [8].

The internal topology of the B. microti-group “species”
complex is just beginning to emerge from S-tubulin gene
sequences. In a prestigious study using S-tubulin gene
sequences, the B. microti group branched into three or more
clades, including parasites common to the Holarctic rodents
(clade 1, U.S. type), various carnivores (clade 2), Alaskan
voles and their relatives (clade 3), and other hosts [8].
Accordingly, multiple clusters, or clades, also branched
from the Atubulin trees constructed in our laboratory, viz.,
the U.S., Kobe, and Hobetsu genotypes, and most of the B.
microti-like parasites isolated from rodents in Japan, Korea,
Far East Russia and northwestern China fell into one of
these three genotypes [43, 44]. Cluster distinctions
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described by the two research teams, however, showed
inconsistency in certain aspects, probably owing to the sam-
pling deviations; the parasites in the respective studies were
obtained mostly from North America {8] or Northeast Asia
[37, 43, 44]. Today, with escalating recruitment of new
genotypes from widespread geographic regions and a multi-
plicity of wild mammalian hosts, evidence of intra-group
genetic diversity is accruing. Clear distinctions are neces-
sary to help raise medical and environmental awareness and
promote public control of the true agent of human babesio-
sis.

Genes other than 18S rDNA and S-tubulin, however,
have not been sequenced sufficiently in the B. microti
group. Sequencing additional protein-coding genes and
aligning the resulting phylogenetic trees would presumably
shed new light on relationships among the parasites. In the
Munich strain, the efa (77) subunit of the chaperonin-con-
taining -complex polypeptide 1 (CCT7) gene has been iden-
tified as a single-copy gene [25]. The sequence of the CCT#
gene from complementary DNA (cDNA) contains an open
reading frame (ORF) of 1629 nucleotides (nt) (GenBank
accession number AB050948) and encodes a member of the
eukaryotic cytosolic chaperonin complex (CCT or TriC)
comprising eight distinct subunits, i.e., &, £, % J, & £, nand
6[21, 23, 28]. The CCT subunits have been used for phylo-
genetic analysis in other protists [3, 4]. Given that each of
the subunits is over 500 amino acids in length and is highly
conserved [20], the CCT 77 gene would likely have properties
qualifying it to serve as a phylogenetic marker. In the
present study we sequenced the CCT#n gene in the B.
microti-group parasites, first, to determine whether the gene
qualifies as a phylogenetic marker of B. microti and B.
microti-like parasites and, second, to clarify the genetic
characteristics of the parasites making up the B. microti
“species” complex.

MATERIALS AND METHODS

Study design: To clarify the intra- and inter-group phylo-
“genetic features of the B. microti-group parasites as shown
by a candidate gene other than the two genes currently avail-
able for the group, we sequenced the CCT7 gene using
genomic DNA and/or cDNA of parasites isolated from
human and other mammalian hosts in North America, Rus-
sia, and several countries in Asia and Europe. The study
included 36 piroplasms, i.e., 21 from the B. microti group
and 15 from outside the B. microti group (3 were obtained
from the websites). The resulting sequences were aligned
for comparison of intron positions and genotype branching.
Isolates from the B. microti group: The B. microti group
comprised 9 U.S.-type parasites, 1 Kobe type, 3 Hobetsu
type, and 8 others we had designated earlier on the basis of
either 18S rDNA or f-tubulin gene sequences (Table 1).
The U.S. type included parasites of the Gray, GI, NM69,
and AK2273 strains and the Vladivostok38, Korea8, and
Xinjiang1637 isolates [30, 43, 44] in addition to the HK
strain [10] and an isolate obtained from Clethrionomys ruti-

lus captured in Russia (Irkutsk16). The HK and Irkutsk16
isolates were provided by Jeremy Gray (University College
Dublin, Ireland) and Hiroaki Kariwa (Hokkaido University,
Japan), respectively, and assigned tentatively to the U.S.
type on the basis of our preliminary F-tubulin gene
sequences.

The Kobe-type parasite, Kobe524, was isolated from the
index-case patient of babesiosis in Japan [30]. The 3
Hobetsu-type parasites included the Dall6 (isolated in
Daito, Shimane, Japan), Otl (Hirasawa, Ohtaki, Chiba,
Japan) and Ho234 strains [38]. B. rodhaini and the Munich
isolate were donated by Kenichiro Ono (The University of
Tokyo, Japan). One isolate each from 2 ticks (I. ricinus)
captured in Poland (Poland5, Poland6) and one each from 2
bank voles (C. glareolus) captured in the UK (UK5, UK6),
donated by Marek Sawczuk and Bogumila Skotarczak (Szc-
zecin University, Poland) and Mitsuhiko Asakawa (Rakuno
Gakuen University, Japan), respectively, had a S-tubulin
gene sequence identical to that of the Munich strain (Gen-
Bank accession number AB124587); hence, we included
those 4 isolates in this analysis of the B. microti group.
Other isolates were taken from raccoons and Eurasian red
squirrels in Japan [15, 37].

The Gray, GI, NM69, AK2273, Kobe524, Dall6, Otl,
Ho234, and Munich strains, in addition to B. rodhaini, were
propagated in either hamsters or NOD/shi-scid (SCID) mice
in our laboratory [38].

Isolates from other piroplasms: The isolates from piro-
plasms outside the B. microti group (Table 1) included B.
canis vogeli, B. bovis Mo7, Theileria sergenti Chitose, and
B. ovata Oshima (known also as B. sp.1) [2, 12, 33, 36]. In
addition, B. gibsoni and 7. sergenti Ikeda were provided by
Yoshimitsu Maede and Misao Onuma (Hokkaido Univer-
sity, Japan), respectively. These 6 isolates were propagated
in a SCID mouse model substituting the red blood cells with
either bovine or canine erythrocytes as a precaution to guard
against possible formation of PCR chimeras by DNA
strands from the different species [2, 36].

Genomic DNA samples of B. odocoilei Engeling [13] and
B. divergens Purnell [14] were donated by Patricia J. Hol-
man (Texas A&M University, U.S.A.); and B. caballi, B.
major and T. equi (B. equi) isolates were donated by Ikuo
Igarashi (Obihiro University of Agriculture and Veterinary
Medicine, Japan), Masato Ohta (National Institute of Ani-
mal Health, Japan), and Hiromi Ikadai (Kitasato University,
Japan), respectively. An unclassified isolate designated the
YaHam strain, was obtained from an Apodemus speciosus
we captured in Yamanaka, Shiga Prefecture, Japan, and was
propagated in hamsters. Finally, annotated genomic
sequences of the CCT# gene of T. parva and T. annulata
were obtained from the Institute for Genomic Research
(TIGR) website (http://www.tigr.org) and the Sanger Insti-
tute website (http://www.sanger.ac.uk), respectively, and
the B. bigemina sequence was identified by BLAST at the
Sanger Institute website.

Sequencing of the CCTn gene: Genomic DNA was
extracted with a whole-blood DNA extraction kit (DNA
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Table 1. Parasites from which the CCT# gene was sequenced for the present analysis

Host of Parasite Nucleotide =~ CCT7 Gene
Parasite (Genotype) Place of Parasite Isolation® Isolation® or Molecule Type Length® Accession
Laboratory Host? (ORF)® No.
B. microti group
GI (the U.S. type) US.A. Human Genomic DNA 2009 (1629)  AB362581
NM69 (the U.S. type) Hokkaido, Japan C. rufocanus Genomic DNA 2010 (1629) AB362582
Korea8 (the U.S. type) South Korea A. agrarius Genomic DNA 2010 (1629)  AB362583
Vladivostok38 (the U.S. type)  Vladivostok, Russia C. rufocanus Genomic DNA 2010 (1629) AB362584
Xinjiang1637 (the U.S. type) Xinjiang, China L. luteus Genomic DNA 2009 (1629)  AB362585
Gray (the U.S. type) U.S.A. Human Genomic DNA 2009 (1629)  AB362586
AK2273 (the U.S. type) Hokkaido, Japan A. speciosus Genomic DNA 2010 (1629)  AB362587
Munich Uncertain M. musculus Genomic DNA 2003 (1629)  AB362588
Poland5 Poland I ricinus Genomic DNA 2003 (1629) -9
Poland6 Poland I ricinus Genomic DNA 2003 (1629) -9
UK5 UK C. glareolus Genomic DNA 2003 (1629) -9
UK6 UK C. glareolus Genomic DNA 2003 (1629) -9
HK (the U.S. type) Hannover, Germany C. glareolus Genomic DNA 2008 (1629) AB366747
Irkutsk16 (the U.S. type) Irkutsk, Russia C. rutilus Genomic DNA 2010 (1629) AB366748
Parasite of Squirrel Hokkaido, Japan Eurasian Red Squirrel Genomic DNA 1984 (1629)  AB366749
Ho234 (the Hobetsu type) Hobetsu, Hokkaido, Japan A. speciosus Genomic DNA 1813 (1629)  AB366750
Parasite of Raccoon Hokkaido, Japan Raccoon Genomic DNA 2199 (1629)  AB366751
B. rodhaini Uncertain M. musculus Genomic DNA 1752 (1629)  AB366752
Dall6 (the Hobetsu type) Daito, Shimane, Japan A. speciosus Genomic DNA 1813 (1629)  AB366753
Ot1 (the Hobetsu type) Hirasawa, Ohtaki, Chiba, Japan A. speciosus Genomic DNA 1813 (1629)  AB366754
Kobe524 (the Kobe type) Kobe, Japan Human Genomic DNA 1888 (1629)  AB366755
Babesia sensu stricto
B. bovis Mo7 - - Genomic DNA 1605 (1605)  AB367921
B. canis vogeli - Genomic DNA 1712 (1608)  AB367922
B. gibsoni - - Genomic DNA 1711 (1605)  AB367923
B. odocoilei Engeling - Genomic DNA 1705 (1608)  AB367924
B. divergens Purnell - - Genomic DNA 1705 (1608)  AB367925
B. major - - Genomic DNA 1742 (1608)  AB367926
B. caballi - - Genomic DNA 1608 (1608)  AB367927
B. ovata Oshima - - Genomic DNA 1740 (1608)  AB367928
Theileria
T. sergenti Tkeda - - Genomic DNA 2821 (1893)  AB367929
T. sergenti Chitose - - Genomic DNA 2630 (1782) AB367930
T. sergenti Ikeda = - mRNA 1893 (1893)  AB367931
T. sergenti Chitose - - mRNA 1782 (1782)  AB367932
T. equi /B. equi - - Genomic DNA 5057 (1626)  AB367933
Unclassified Piroplasm
YaHam - - Genomic DNA 1892 (1629)  AB368373

a) Information is shown for B. microti-group parasites only.

b) Size (nt) of the complete sequence of the CCT# gene (from the start codon to the stop codon) in each type of molecule.

c) Size (nt) of the open reading frame (ORF) of the CCT 7 gene.

d) Sequence identical to that of the Munich strain, and not submitted to DNA Data Bank of Japan (DDBJ).
C. rufocanus: Clethrionomys rufocanus; A. agrarius: Apodemus agrarius; L. luteus: Lagurus luteus; A. speciosus: Apodemus speciosus; M.
musculus: Mus musculus; I ricinus: Ixodes ricinus; C. glareolus: Clethrionomys glareolus; C. rutilus: Clethrionomys rutilus.

Extractor WB Kit; Wako Pure Chemical Industries, Osaka,
Japan) according to the instruction manual supplied by the
manufacturer. Total ribonucleic acid (RNA) from T.
sergenti Chitose and T. sergenti Tkeda was isolated with
Trizol (Invitrogen Corp., Carlsbad, CA, U.S.A.). To
synthesize the cDNA, we used ReverTra Dash (Toyobo Co.,
Ltd, Osaka) and a polyT primer.

For amplification of the genomic DNA by polymerase-
chain reaction (PCR) assay, we designed and tested primers
according to the coding sequence of the CCT# gene from
cDNA of the Munich strain (GenBank accession number

AB05094R). Finally, for Gray, NM69, and Ho234, a combi-
nation of primers CCT-186F and CCT-1401R was used.
For Kobe524 and B. rodhaini, no combination of the prim-
ers yielded PCR products, so we used degenerate PCR prim-
ers (CCT-390F and CCT-1327R) designed on the basis of
the Munich sequence and our newly acquired sequences of
Gray, NM69, and Ho234. The PCR mixtures were prepared
according to the instruction manual (Takara La Tag poly-
merase, Takara Bio Inc., Otsu, Japan) and denatured for 2
min at 94°C. Thermal cycling was carried out with 30
cycles each for 30 sec at 94°C, 40 sec at 50°C, and 90 sec at
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72°C in a PC320-program temperature control system
(Astec Co., Ltd., Fukuoka, Japan). PCR products were puri-
fied from 1% agarose gel with MinElute Gel Extraction Kit
(QIAGEN K K., Tokyo) and cloned with the TOPO-TA
cloning kit (Invitrogen).

Sequencing was performed with either the ALF DNA
sequencer (GE Healthcare UK Ltd., England) or the
CEQB8000 automated sequencer (Beckman Coulter, Inc.,
CA, U.S.A)). To determine the sequence of the 5’ end and
3’ end of each gene, we purified, cloned, and sequenced
inverted PCR products from digested and ligated genomic
DNA preparations.

For most of the other piroplasms, the CCT# gene was
amplified with primer combinations of CCT-262F/TBcct-
3’R1 or TBcct35F/TBect1519R after multiple combinations
were tested. Degenerate PCR products were cloned and
sequenced and, on the basis.of these resulting sequences,
inverted PCRs were carried out; the inverted PCR products
were then purified, cloned, and sequenced. PCR; primers
targeting the regions containing the full length of the gene
were then designed according to the resulting sequences and
were used to amplify the complete sequences of the ‘gene

from genomic DNA samples of all the isolates and cDNA
samples of T. sergenti Chitose and T. sergenti Ikeda.
Finally, complete sequences were derived by direct
sequencing of the PCR fragments except those of 7. equi (B.
equi), for which we sequenced three independent clones.
Primers and oligonucleotide sequences are shown in Table 2
(those for complete sequences of Babesia sensu stricto and
Theileria, for inverted PCR, and sequencing primers are not
shown).

Sequence analysis and sampling from the databases: The
coding region of the CCT# gene from cDNA of the Munich
strain was obtained in its entirety from GenBank (accession
number AB050948), and that of 7. sergenti Chitose and 7.
sergenti Ikeda each was sequenced as described above. To
verify the exon-intron structures, we aligned the cDNA
sequences with the genomic DNA sequences. Alignment
was constructed with MacVector 8.0 (MacVector, Inc.,
U.S.A.) and adjusted manually.

The CCTn gene-orthologous DNA sequences of other
eukaryotes were sampled from the databases. Annotated
genome sequences of Toxoplasma gondii and Plasmodium
falciparum were obtained from Toxoplasma Gondii

Table 2.  Oligonucleotide primers used for the analysis of the CCT7 gene of piroplasms
Primers Oligonucleotide Sequences (5'-3") Use
CCT-186F GGCCCCAGAGGGATGGACAAACTTAT PCRY
CCT-1401R GTGGGATACATTCCAGGGCCTTAGCATA PCR?
CCT-390F GATTTCATAATGGARGGMATGGCDCCTCAGA  PCR®
CCT-1327R TCYCTYARTATDCGTGATATTTCCATCT PCR?
CCT-262F CARGATGAYGARGTKGGDGATGGWACBAC PCR®
TBeet-3'R1 GGCASGCKGCYTCAGTSGCTGMGTA PCR®
TBcct35F TGAAGGARGGMACNGAYACWTCYCARGG PCR?
TBect1519R GTYTTYTTHACBAGGCTGGGCTCCCADATRCA PCR¥
UScet-1 GGTGTGCCAGGCAAATGCCATTTTAAG Primary PCR"¥
UScct-4 GGTGTGAAAATAATAGGACTTTATGTA Primary PCR®
USecct-2 GCGATAAATCATACAGTTGTATCAC Nested PCRY
UScet-3 ATTAACAAAACATCCTGCGTTAGTCA Nested PCRY/PCR®
BmCCT-5’A AACCCAATATATCTGGCACRTA PCR®®
HoCCT3’R1 ACCCGTGGCATTTTAGAGTTATCG PCRY
KoCCT3’R1 AATCCTGCATTTCTCATTGTITAAG PCRY
CCT-1F GGCACGAGATATATTCGACACGTAT Primary PCR®
CCT-1735R AGGTACAATGTAAAAAATTCAACA Primary PCR®
CCT-29F TTGAGCGTTAGTATATAAGTTGCC Nested PCR®
CCT-1706R CAACAAAACGTTACACGTTAGTCAC Nested PCR®
RacCCTF GTTATAGACACAGAATTGATATGCGTAGC Primary PCR?
RacCCTR ACTAGTCCATGCAACTAGTGGCATGATG Primary PCR?
RacCCTF2 AGACACCCATACATTATATGCCTG Nested PCRD
RacCCTR2 AAGACATGTGTAGCCAAGCACCTC Nested PCRP
rodCCT5’F ATGGTGCCTCACAGTATCCAAC PCRM
rodCCT3’R ATTCCCTCTTTTCTCTATTGTGGCG PCRY

a) Primets for amplification of the partial CCT#7 gene sequences.

b) Primers for amplification of the complete CCT 77 gene sequence of the U.S.-type parasites.

¢) Primers for amplification of the complete CCT 77 gene sequence of the Hobetsu-type parasites.
d) Primers for amplification of the complete CCT 7 gene sequence of the Kobe-type parasites.

e) Primers for amplification of the complete CCT 7 gene sequence of the Munich-type parasites.
f) Primers for amplification of the complete CCT 7 gene sequence of the parasite from raccoon.
g) Primers for amplification of the complete CCT 7 gene sequence of the parasite from squirrel.
h) Primers for amplification of the complete CCT 7 gene sequence of B. rodhaini.
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Genome Resource Database (ToxoDB, http://www.tox-
odb.org/toxo/) and the Sanger Institute website, respec-
tively. Annotated genome sequences of Cryptosporidium
parvum (chromosome 4, accession no. AAEE01000008),
Cryptosporidium hominis (chromosome 4, accession no.
NW_666800), Tetrahymena pyriformis (U46030), Parame-
cium tetraurelia (macronuclear complete genome,
NC_006058), Homo sapiens (chromosome 2, NT 022184),
Mus musculus (chromosome 6, NT 039353), Arabidopsis
thaliana (chromosome 3, NC 003074), and Oryza sativa
(chromosome 6, AP003935) were obtained from GenBank.
The CCT# sequences of Plasmodium vivax, Tetrahymena
thermophila, and Neospora caninum were identified with
BLAST at TIGR website and the Sanger Institute website,
respectively. The orthology of each of these candidate
sequences was verified by multiple alignments and phyloge-
netic analyses.

Alignment and mapping of introns and functional
domains: Amino acid sequences and ORFs were aligned
with MacVector 8.0, and the intron positions at the corre-
sponding nucleotide sequences were marked on the align-
ments. Only introns in exactly the same codon phase (the
position of the intron within a codon) were considered to be
in identical positions. For amino acid sequences, functional
domains, equatorial domain (ATP-binding domain), apical
domain (the region that binds substrate proteins), and inter-
mediate domain, as predicted in mouse and other eukaryotic
CCT7 [3, 22], and ATP-binding motifs conserved univer-
sally in chaperonin families [16, 23] were deduced by align-
ment with mouse CCT# sequence (GenBank accession
number P80313).

Phylogenetic analysis: DNA (ORFs) and amino acid
sequences were aligned with the Clustal W Alignment pro-
gram [34] in MacVector 8.0. After divergent ends of the
gene or the proteins and regions of ambiguous alignment
and gaps were removed from the alignments, only confi-
dently aligned positions (nearly the full length of the ORFs
or proteins from the B. microti group) were used for phylo-
genetic reconstruction. Phylogenetic trees were constructed
by the neighbor-joining method [31]. Support for tree nodes
was calculated with 1000 bootstrap replicates by use of the
bootstrap tree algorithm.

RESULTS

CCTn gene analysis: Complete sequencing of the CCT 7
gene was achieved for all the isolates, and 31 of the
sequences were submitted to the DNA Data Bank of Japan
(DDBJ) (accession numbers shown in Table 1). In all the B.
microti-group parasites, including B. rodhaini, the ORFs
were the same length, 1629 nt (Table 1), encoding a peptide
of 542 amino acids. In the respective putative equatorial
domains, all the B. microti-group sequences disclosed
highly conserved ATP-binding/ATP-hydrolysis motifs that
are also highly conserved in universal group I and group II
chaperonins (Fig. 1).

In the genus Babesia sensu stricto, the length of the ORFs

ranged narrowly from 1605 (B. bovis and B. gibsoni) to
1608 nt (B. canis, B. odocoilei, B. divergens, B. major, B.
ovata, B. bigemina and B. caballi). In Theileria the ORF
sizes varied widely: 1626 nt for T. equi (B. equi), 1731 nt for
T. annulata, 1740 at for T. parva, 1782 nt for T. sergenti
Chitose, and 1893 nt for 7. sergenti Ikeda. The ORF sizes
for T. annulata and T. parva were confirmed by annotated
genomic sequences obtained from the websites, and those
for T sergenti Chitose and 7. sergenti Ikeda were confirmed
by experiments sequencing the CCT# gene from cDNAs.
The ORF of YaHam was 1629 nt (Table 1).

In our sequences, substantial inter-group differences were
disclosed in the B. microti group, with a mere 82.6% to
88.9% identity between the genotype pairs (U.S., Kobe,
Hobetsu, Munich) (Table 3), as opposed to notably high
intra-group similarities within each genotype itself. The
U.S. genotype had 96.8% to 100% identity (Table 4). In the
Hobetsu type, nucleotide sequences of the Ho234 and
Dal16 had 100% identity, and each of these 2 had 99.9%
identity with Otl. The amino acid sequences of the Ho234,
Dall6, and Otl isolates were all identical. Munich and its
close relatives (Poland5, Poland6, UK5 and UK6) all
aligned with 100% identity in both the nucleotide and amino
acid sequences. B. rodhaini and the isolate from raccoon
were distantly related to the U.S. type and to the Kobe and
Hobetsu types (Table 3).

Most introns of the B. microti group were too short for
evaluation of sequence homogeneity (Table 5), but at the
10th position both the Munich strain (73.7% identity) and
the isolate from squirrel (78.2% identity) related closely to
the U.S.-type Gray strain. Introns at thelOth position dif-
fered widely in size among the U.S. (247 to 248 nt), Kobe
(132 nt), and Hobetsu (54 nt) types (Table 5); consequently,
alignment of these three types was insignificant. The isolate
from raccoon, in spite of having comparable intron sizes at
the 10th position, did not align with the U.S. type, thus indi-
cating heterogeneity between the two types.

Structure of the CCTn gene: With the sole exception of
B. rodhaini, every CCT 7 gene of the B. microti-group para-
sites consistently contained 6 introns (19 to 254 nt long)
(Table 5, Figs. 1 and 2). All 6 introns had standard 5°-
GT...AG-3’ boundaries, and the coding sequences aligned
readily with no size heterogeneity at the exon-intron junc-
tions. The intron at the 2nd position and the intron at the
12th (last) position (Fig. 2) occurred after the first codon
bases (phase 1), and the other 4 introns occurred between
the 2 codons (phase 0) (Figs. 1 and 2). All 6 intron positions
were well conserved except in B. rodhaini, in which the
intron at the 2nd position was missing (Figs. 1 and 2).

Within the order Piroplasmida, Theileria parasites carried
7 spliceosomal introns, as verified by the extensive cDNA
analyses (7. sergenti Chitose and 7. sergenti Ikeda) and
annotated genome sequences (7. annulata and 7. parva).
With the sole exception of the 2nd-position intron, which is
universal to the order Piroplasmida, however, none of the
introns of the genus Theileria occurred in the same position
as those found in the B. microti-group parasites (Fig. 2).
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Fig. 1. Intron positions and alignment of the predicted amino acid sequences of CCT# from the B. microti-
group parasites. Of the 21 sequences, 7 representative sequences are shown (Gray, Kobe524, Munich, Ho234,
parasite from squirrel, parasite from raccoon, and B. rodhaini). An amino acid sequence of mouse (Mus mus-
culus) CCTn (accession number P80313) is also shown. Functional domains predicted in mouse and other
eukaryotic CCT# (equatorial, intermediate, apical and lid) are noted. Gray shading: conserved amino acids;
Vertical red lines: intron positions; Boxes: ATP-binding motifs conserved universally in chaperonin families;

Numerals below the red lines: intron phases (the position of the intron within a codon).

The 7 intron positions found in the Theileria parasites were
well conserved except the one at the 11th position (Fig. 2),
where intra-group diversity was evident in the presence/
absence matrix.

In stark contrast to the parasites of the intron-rich B.
microti group and to those of Theileria, the parasites in
Babesia sensu stricto carried either no universal 2nd-posi-
tion intron (B. bovis and B. caballi) or only 1 in that position
(7 of the 9 species tested) (Fig. 2). Of the 12 introns in the
order Piroplasmida (Fig. 2), 3 were exclusive to Theileria
(3rd, 8th and 11th positions), and the other 9 occurred out-
side the piroplasmids, in the coccidian parasites Toxoplasma

gondii and Neospora caninum (Fig. 3). As many as 4/6 of
the intron positions in the B. microti group and 2/7 in Theile-
ria were found to be conserved in mammals (Homo sapiens
and Mus musculus) and/or flowering plants (4rabidopsis
thaliana and Oryza sativa) (Fig. 3).

Tiny introns, the smallest known (~19 to 23 nt in length),
were observed frequently in the B. microti-group parasites
(Table 5), particularly at the 1st, 4th and 12th positions
(100%, 21/21) and at the 2nd (95%, 20/21), and 1 at the 6th
(5%) but none at the 10th position. In Babesia sensu stricto
and Theileria, however, the introns were all of typical length
even at the 2nd position, where a universal but tiny intron
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Table 3.

Pairwise comparison of CCT#7 genes (ORFs) and amino acids

Percentage of amino acid sequence identity

Babesia

B. microti group sensu. stricto Theileria
Parasite (Strain) U.S.#®  Munich® Kobe®  Hobetsu® Parasite of Parasite of B. rodhaini B. ovata T. sergenti
(Gray) (Munich) (Kobe524) (Ho234) Squirrel Raccoon (Oshima) (Chitose)
U.S.» (Gray) - 95.6 976 95.2 98.7 932 85.4 65.1 64.2
Munich® (Munich) 88.9 - 94.6 95.0 95.6 93.2 84.7 65.7 64.4
Kobe? (Kobe524) 86.4 83.2 - 94.3 97.0 93.2 854 65.5 64.4
Hobetsu® (Ho234) 85.0 85.1 82.6 - 95.2 92.6 85.1 65.7 64.8
Parasite of Squirrel 93.4 87.8 85.9 85.3 - 934 86.0 65.5 63.8
Parasite of Raccoon 76.8 76.1 78.1 78.8 76.6 - 84.3 65.3 64.4
B. rodhaini 75.0 73.7 73.9 73.4 74.7 73.9 - 64.0 63.3
B. ovata (Oshima) 61.3 62.0 61.0 60.4 62.0 59.8 59.4 - 67.5
T. sergenti (Chitose) 61.3 61.3 61.7 61.5 61.8 61.8 60.1 65.1 -

Percentage of nucleotide sequence identity

ORFs: open reading frames.

Percent shown in regular typefont indicate identity of amino acid sequences.
Percent shown in boldface indicate identity of nucleotide sequences (ORFs).

a) A genotype in the B. microti group.

Table 4. Comparison of CCT# genes (ORFs) and amino acids within the U.S.-type parasites

Percentage of amino acid sequence identity
Parasite NM69 AK2273  Korea8 Vladivostok38 Irkutskl6 Gray GI HK  Xinjiangl1637
NM69 - 100.0 99.8 99.6 99.6 99.6 99.6 99.4 99.6
AK2273 100.0 - 99.8 99.6 99.6 99.6 99.6 994 99.6
Korea8 99.6 99.6 - 99.8 99.8 99.8 99.8 99.6 99.8
Vladivostok38 99.5 99.5 99.8 - 100.0 99.8 998 994 99.6
Irkutsk16 99.4 99.4 99.7 99.8 - 99.8 99.8 994 99.6
Gray 98.7 98.7 98.8 98.7 98.6 — 100.0 994 99.6
GI 98.7 98.7 98.8 98.7 98.6 100.0 - 99.4 99.6
HK 97.2 97.2 97.3 97.3 97.1 974 97.4 - 99.8
Xinjiang1637 96.9 96.9 97.0 97.0 96.8 97.1 97.1 993 -

Percentage of nucleotide sequence identity

ORFs: open reading frames.

Percent shown in regular typefont indicate identity of amino acid sequences.
Percent shown in boldface indicate identity of nucleotide sequences (ORFs).

occupied the B. microti group. Notably, T. equi (B. equi)
carried 2 extraordinarily large (>1000 nt) introns not
reported in the other piroplasms, in addition to 4 relatively
short (34 to 65 nt) introns (Table 5). The YaHam strain was
also characterized by relatively short (37 to 64 nt) introns
(Table 5).

Phylogenetic analysis: In both the nucleotide-based tree
and the amino acid-based tree, all the B. microti-group par-
asites clustered consistently in a monophyletic assemblage
with a highly significant bootstrap value (1000), as did also
Babesia sensu stricto and Theileria in their respective
groups (Fig. 4). This inter-group diversity appears to rank
B. microti as a genus along with the other two genera. On
the intra-group level, the B. microti group branched mostly
into four clades, i.e., U.S., Kobe, Hobetsu, and Munich.
Munich along with Poland5, Poland6, UKS5 and UK6
formed a common clade in both the nucleotide- and amino

acid-based trees (Fig. 4). The isolate from Eurasian red
squirrel in Japan fell close to but distinctly separate from the
U.S. clade, and the isolate from raccoon in Japan branched
outside all of these four or five divisions, further bearing out
intra-group heterogeneity of the B. microti-group parasites
(Fig. 4). B. rodhaini branched at the base of all the B.
microti-group parasites (Fig. 4).

The nucleotide-based tree exhibited high resolution
extending to the terminal branches. The U.S.-type parasites
clustered according to geographic origin, e.g., Japan (NM69
and AK2273, bootstrap value 996), Far East Russia and East
Asia including Japan (NM69, AK2273, Korea8 and
Vladivostok38, bootstrap value 998), United States (Gray
and GI, bootstrap value 1000), Europe and northwestern
China (HK and Xinjiang1637, bootstrap value 1000) (Fig.
4A). Such geographic clustering was not evident in the
amino acid-based tree, as indicated by the substitutions,
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Nucleotide length of introns in the CCT 7 gene of the parasites in the B. microti group and other

Intron Positions

Parasite (Genotype) 1 2 3 4 5 6 7 8 9 10 11 12
T. annulata - 123 88 - 129 - 121 98 137 - 196 -
T. parva - 172 106 79 - 93 95 175 - 135 -
T. sergenti Chitose - 258 121 - 100 - 86 187 96 - - -
T. sergenti Ikeda - 254 121 - 128 - 91 237 97 - - -
T. equi/B. equi - 1349 36 - 1912 - 35 34 65 - - -
YaHam - 43 37 - 40 - 38 41 64 - - -
Gray (U.S.) 21 22 - 20 - 49 - - - 247 - 21
GI(U.S) 21 22 - 20 - 49 - - - 247 - 21
NM69 (U.S.) 21 22 - 20 - 49 - - - 248 - 21
AK2273 (U.S.) 21 22 - 20 - 49 - - - 248 - 21
Vladivostok38 (U.S.) 21 22 - 20 - 49 - - - 248 - 21
Irkutsk16 (U.S.) 21 22 - 20 - 49 - - - 248 - 21
Korea8 (U.S.) 21 22 - 20 - 49 — - - 248 - 21
Xinjiang1637 (U.S.) 21 22 - 20 - 49 - - - 247 - 21
HK (U.S.) 21 22 - 20 - 48 - - - 247 - 21
Munich (Munich) 21 22 - 20 - 49 - - - 241 - 21
Poland5 (Munich) 21 22 - 20 - 49 - - - 241 - 21
Poland6 (Munich) 21 22 - 20 - 49 - - - 241 - 21
UK5 (Munich) 21 22 - 20 - 49 - - - 241 - 21
UK6 (Munich) 21 22 - 20 - 49 - - - 241 - 21
Kobe524 (Kobe) 20 22 - 20 - 45 - - - 132 - 20
Ho234 (Hobetsu) 21 22 - 20 - 46 - - - 54 - 21
Dall6 (Hobetsu) 21 22 - 20 - 46 - - - 54 - 21
Otl (Hobetsu) 21 22 - 20 - 46 - - - 54 - 21
Parasite of Squirrel 21 22 - 20 - 47 - - - 224 - 21
Parasite of Raccoon 20 22 - 20 - 254 - - - 231 - 23
B. rodhaini 20 - - 21 - 19 - - - 43 - 20
B. canis - 104 - - - - - - - - - -
B. gibsoni - 106 - - - - - - - - - -
B. odocoilei - 97 - - - - - — - - -
B. divergens - 97 - - - - - - - - - -
B. major - 134 - - - - - - - - - -
B. bigemina - 134 - - - - - — - - - -
B. ovata - 132 - - - - - - - - - -
B. caballi - - - - - - - - - - -
B. bovis - - - - - - - - - - - -

most of which occurred at the third nucleotide of the triplet
genetic codon (Fig. 4B).

. In the nucleotide-based tree, the stratification showed the
U.S. type at the uppermost branches, then Munich (boot-
strap value 956), followed by Kobe (bootstrap value 821)
and, most distantly, Hobetsu at the lower branches (boot-
strap value 1000) (Fig. 4A). This branching order was com-
patible with the intron sequences at the 10th position
(described above). In the amino acid-based tree, on the
other hand, the branching of Kobe and Munich was
reversed, the Kobe type branching next to the U.S. type, fol-
lowed by Munich (Fig. 4B). Hobetsu branched the most dis-
tant from the U.S. type in both trees (Fig. 4).

DISCUSSION
This study had three major findings. First, on the inter-

group level, the parasites clustered into three overarching
categories of what appear to be equal rank, i.e., B. microti,

Babesia sensu stricto, and Theileria, as shown by the intron
positions and phylogenetic trees. This suggests a B. microti
genus nova ranking apart from but equal to the other 2 rec-
ognized genera. Second, on the intra-group level, a well-
demarcated four-way division was seen repeatedly in the B.
microti group, as demonstrated by the unique intron sizes
and by both the nucleotide and amino acid phylogenetic
trees. These unequivocal divisions seem to point to the for-
mation of the U.S., Kobe, Hobetsu, and Munich species nova
within the possible B. microti genus. Third, the study bears
out that the CCT# gene is an instructive and valuable
genetic marker for differentiating the B. microti and related
parasites on the basis of inter-group and intra-group genetic
attributes. By reexamining the outdated practice of classify-
ing the parasites by their morphology, the more robust
genome-based approach used in this study has strong impli-
cations for public health with special reference to human
babesiosis. Reclassification of the B. microti-group para-
sites according to their genetic attributes could help raise
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Intron positions occupied in the CCT# gene from the 36 parasites (21 from the B.

microti group and 15 other piroplasms) in the order Piroplasmida. Numerals across the top of
the schema indicate the number of nucleotides in the CCT 77 gene open reading frame (ORF) of
T. annulata at the respective intron positions. Numerals across the bottom indicate the intron
positions, and the intron phases (the position of the intron within a codon) appear in parenthe-
ses. nt: nucleotides; horizontal gray shading: ORF of the CCT7 gene; thick vertical line: posi-
tion occupied by an intron; squirrel: parasite from squirrel; raccoon: parasite from raccoon.

medical and environmental awareness of potentially serious
infection and, at the same time, stabilize the taxonomy.

Our main point of departure from other studies was the
exploration of a gene other than the two genes commonly
used so far in defining the large B. microti group of para-
sites. To date, eukaryotic multicopy genes such as tDNA
(e.g., 188 rDNA) have been the most widely used genetic
markers for investigating ecology and evolution, but
because of intra-genomic variations in multicopy genes the
rDNA can potentially confound evaluation [35]. Con-
versely, single-copy genes do not confound the phyloge-

netic reconstruction. Apicomplexan CCT# sequences offer
a single-copy orthologous gene, as established by Nishisaka
et al. [25] and recent genome projects. Moreover, whereas
a paucity of material is available from protein-coding genes
in the B. microti-group parasites, the CCT# gene in the
present study afforded construction of the amino acid-based
tree as well as the nucleotide-based tree (Fig. 4). This capa-
bility makes the gene especially reliable and useful for phy-
logenetic analysis. While informed by valuable studies
relying on 18S rDNA and the Stubulin gene [8, 9, 26, 30,
32,37,38,41, 43, 44], if we are to identify the true character
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Intron Positions

1 2 3 4 5 6 7 8 9 10 11 12
Theileria + + + (+) 7 ]
B. microti group + (+) + + + + 6 PI
Babesia sensu stricto (+) 1 AP
(a) Toxoplasma and Neospora =+ + + + + + + + + 910
(b) Cryptosporidium 0/0
(c) Plasmodium + 11
(d) Tetrahymena + + + 3/5
(e) Paramecium 0/4 ]
(f) Mammals + + + + 4111
{g) Flowering Plants + + + + 413

Fig. 3.

AL PR

iAN
]

Distribution of the 12 introns shown in the CCT# gene of the order Piroplasmida (boldface) that are shared by the CCT# gene in

other eukaryotes (regular typeface). Numerals across the top indicate the 12 intron positions disclosed in the piroplasmids in this study.
+: the presence of an intron; (+): the presence of an intron that exhibits intra-group presence/absence diversity. Numerals shown verti-
cally on the right of the 3 piroplasmid groups indicate the number of introns found in the respective parasites in the group (in total, all
piroplasms listed in Fig. 2 are represented). Numerals listed vertically on the right of the other eukaryotes indicate the number of
introns shared with the piroplasmids per total number of introns in the respective eukaryotes represented. The eukaryotic species repre-
sented are (a) 7. gondii and N. caninum; (b) C. parvum and C. hominis; (c) P. falciparum and P. vivax; (d) T. pyriformis and T. thermo-
phila; () P. tetraurelia; (f) Homo sapiens and Mus musculus; (g) Arabidopsis thaliana and Oryza sativa. Only introns in exactly the
same codon phase were considered to be in the same position. PI: piroplasms; AP: apicomplexans; AL: alveolates; PR: protists; AN:

animals; PL: plants.
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of the infectious agent B. microti and separate the “related”
but noninfectious culprits, then the research arsenal must
make use of additional genes such as CCT# in the target
parasites.

Our second point of departure from some of the studies to
date was the complete sequencing of the gene rather than a
selected segment assumed to be representative of the whole.
Obtaining a full view of the intron/exon structure is impor-
tant for eliminating false assumptions derived from a narrow
portion that fails to provide a view of the 1st and last intron
positions.

The CCT 77 gene unveiled patterns not described in the lit-
erature before and dramatically expanded the level of scru-
tiny enabled by either the 18S rDNA or the f-tubulin gene,
thus affording a far more detailed look into the genetic
makeup of the parasites. The rich abundance and instructive
array of tiny introns (~19 to 23 nt) occurred exclusively in
the B. microti group, whereas the larger, more typical
introns characterized Babesia sensu stricto and Theileria
(Table 5).

The tiny introns occupied not only the 2nd position but 5
of the total 6 positions (1st, 2nd, 4th, 6th, 12th) in B. microti
(Table 5). Curiously, although the 2nd position is universal
for the order Piroplasmida, our 2nd-position introns in
Babesia and Theileria were 97 to 1349 nt long except for the
relatively short 43-nt intron of YaHam in that position
(Table 5). The reason the tiniest introns occurred preferen-
tially in the B. microti-group parasites is not clear. Other
than in piroplasmids, such tiny introns have not been dem-
onstrated in the CCT 7 gene from alveolates such as the api-
complexans Toxoplasma, Neospora, and Plasmodium and
the ciliate Tetrahymena. Comparatively small (25 to 29 nt)
introns reside in the CCT# gene of ciliate Paramecium
(GenBank accession number NC_006058), and the tiny
introns (~19 to 23 nt) have been reported in macronuclear
genome of Paramecium [29] and nucleomorph genome of
chlorarachniophytes [7]. Gilson et al. surmised that the tiny
introns in chlorarachniophytes may originate as miniaturiza-
tions of the larger introns present in the endosymbiont at the
time of capture [7]. They based their reasoning on the find-
ing that 77% of the 137 introns they analyzed in 44 highly
conserved nucleomorph genes occupied the same position
as did the large introns in homologs from either Chlamy-
domonas ot Arabidopsis [7]. Curiously, in the present study
the 6 intron positions found in B. microti are also well con-
served in the CCT# gene from apicomplexans other than
piroplasmids, i.e., Toxoplasma and Neospora (Fig. 3),
whose homologous introns are 218 to 978 nt long (ToxoDB
and the Sanger Institute website). Both by size and position,
the tiny introns in our study lead us to conjecture that the
tiny introns may originate from longer spliceosomal introns
present in the common ancestor of all piroplasmids. Further
study is warranted.

Within the B. microti group, the CCT# gene provided
sharp precision of details not only in the introns (Table 5)
but also in the phylogenetic topologies (Fig. 4). In the phy-
logenetic trees derived from the CCT# gene sequences and

protein sequences, the evolutionary distances among the
U.S., Kobe, Hobetsu, and Munich groups were highly sig-
nificant and were comparable to distances well established
between species in the order Piroplasmida, such as between
T. parva and T. annulata and between B. odocoilei and B.
divergens (Fig. 4). These phenomena give rise to the strong
possibility that U.S., Kobe, Hobetsu, and Munich are spe-
cies themselves. Taken together, the introns and phyloge-
netic trees in the present study not only reinforce the intra-
group tri-classification proposed previously (U.S., Kobe,
Hobetsu) [37, 38, 43, 44] but, more important, identify
Munich as a fourth distinctive group making up the B.
microti complex. This finding is in keeping with suspicions
raised by 18S rDNA [11, 26, 32] and ftubulin [37] gene
sequencing analyses, but the CCT# gene adds a new dimen-
sion dramatically expanding and enriching the work
achieved so far. Surprisingly, in the CCT 77 gene sequences
the 5 Munich isolates had 100% identity among themselves
(intra-Munich) in spite of having geographically diverse ori-
gins (UK, Poland and Germany), but they had negligible
identity with the U.S. (88.9%), Kobe (83.2%) and Hobetsu
(85.1%) parasites (Table 3). These findings seem to dictate
division of the large B. microti complex into four different
species. The size variations of the 10th-position introns
found in these four types also provide a crucial line of evi-
dence in support of the genotyping demonstrated by the
CCTtrees (Table 5).

Particularly striking is the finding that the intron pres-
ence/absence matrix for the B. microti group differs vastly
from that of either Babesia sensu stricto or Theileria. This
demarcation attests to the lack of commonality among these
three overarching groups (or genera) and undermines the
long-held convention of equating the B. microti group with
Babesia sensu stricto, a persistent but ungrounded compli-
cation associated with the simplistic classification of the
parasites by morphology. The paramount advantage that the
CCT 7 gene demonstrates over the f-tubulin gene is the
notably clear array of introns in the CCT 7 analyses as com-
pared to the lack of introns in B. microti f-tubulin. Distinct
patterns in the intron positions of the three overarching
groups were disclosed here for the first time. Only 2 intron
positions are in the Stubulin gene in the order Piroplasmida
[44]; but in the CCT7 gene, among the 12 intron positions in
our 36 isolates of the order Piroplasmida, 5 positions (1st,
4th, 6th, 10th and 12th) were conserved exclusively in the B.
microti group and 6 other positions (3rd, 5th, 7-9th and
11th) were specific for Theileria. The remaining position
(2nd), the only intron found in Babesia sensu stricto, is dis-
tributed universally across all three genera (Fig. 2). This
intron presence/absence matrix is entirely conserved except
at the 2 positions that exhibit intra-group presence/absence
diversity (2nd position for both B. microti and Babesia
sensu stricto, and the 11th position for Theileria) (Fig. 2). In
addition to delineating the genetic features of the parasites,
the intron orientations disclosed in the B. microti group
should prove phylogenetically meaningful in describing rare
genomic changes such as indels [18, 19, 24], for temporal
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landmarks of evolution.

Furthermore, 7. equi was found to be a de facto member
of the genus Theileria, as borne out by the intron presence/
absence matrix (Fig. 2). For years, ongoing debate has
argued whether T. equi (B. equi) ought to be assigned to
Babesia sensu stricto or assigned to Theileria, but T. equi
has eluded placement because the introns were not available
in the genes analyzed so far and because phylogenetic topol-
ogies for this parasite have been inconsistent, depending on
the gene [1, 27, 40] and type of sequence (nucleotide or
amino acid) {40]. In spite of branching in slightly different
locations in our CCT# tree topologies (Fig. 4), T. equi
exhibited a distinctive intron orientation identifying 7. equi
with Theileria. This finding reinforces the demarcation
shown by the distances at the genus level.

Moreover, the intron presence/absence pattern of the
heretofore unclassified isolate YaHam was also identical to
that of the Theileria genus at all intron positions except the
11th (Fig. 2). YaHam is most closely related to the unclas-
sified Piroplasmida spp. (accession numbers AB188086 and
AB242140) and, next, to Cytauxzoon felis (accession num-
ber AY679105), according to 18S rDNA sequences in the
current GenBank database (the 18S rDNA sequence for
YaHam is unpublished). Further study is warranted to
determine whether the CCT# intron presence/absence
matrix of YaHam concurs with that of C. felis.

Taken together, the present results bring the study of B.
microti-related parasites to the brink of an imminent para-
digm shift and facilitate a new takeoff point from which the
large conglomerate of parasites can be clarified by way of
complete sequences of more than one gene. The CCTy
gene adds a dramatic intron presence/absence dimension not
observed in the parasites before. From discovery of the pro-
tozoon in wild rodents 4 decades ago on Nantucket Island,
off the coast of Massachusetts, to the current multiplicity of
wild mammalian hosts around the world, the B. microti
group of parasites has evaded official classification. Today
the availability of genome sequence databases and sophisti-
cated laboratory technology may help bring about consis-
tency in the nomenclature and replace vernacular names that
overlap and confuse. Accruing evidence strongly suggests
that reclassification of the so-called “B. microti group”
would contribute favorably toward raising medical and
environmental awareness of the true parasites constituting
what may be the B. microti genus and could conceivably
lead to improved management and control of human babesi-
osis. This vantage point is of crucial concern today when
babesiosis infection could be life-threatening to more and
more persons whose health is compromised by immunosup-
pression such as that associated with organ transplant or
HIV. As a step toward reaching taxonomic consensus, mul-
ticenter studies are warranted for validating and further
delineating the B. microti genus and related parasites with
complete sequencing of the CCT 7 gene from parasites once
dubbed members of the large B. microti “species” complex
at a time when classification was fraught with guesswork
and uncertainties before the more robust genome-based

analyses were possible.

In conclusion, this study of 36 piroplasms has strong
implications for public health, documenting, first, that the B.
microti “species” complex is not a single species as has been
inadvertently purported for four decades but that this com-
plex is a heterogeneous conglomerate made up of at least
four species at this time. Second, the study establishes that
the CCT# gene is an instructive and definitive genetic
marker for identifying intra-group and inter-group charac-
teristics of the B. microti and related parasites. Facilitating
both the retrieval of new information and the validation (or
refutation) of what has been reported before, this gene
shows promise as the current gene of choice for bringing to
light the growing gap between B. microti parasites and
“related” but not de facto B. microti parasites. In the
absence of official nomenclature, the literature is necessar-
ily replete with, and confounded by, vernacular names (e.g.,
type, group, strain, “species” complex, B. microti-like, B.
microti-related, assemblage, congregate, category, class).
Today any study that addresses the genetic heterogeneity of
the parasites, therefore, must inescapably address the
nomenclature and taxonomy as well. To stabilize the taxon-
omy and promote the protection of public health from
human babesiosis, reclassification of the “B. microti group”
is an expedient and necessary step. In light of the present
results, our proposal is that the parasite group be named the
B. microti genus and that at least the U.S., Kobe, Hobetsu,
and Munich spp. be recognized as four species known to
constitute the genus at this time.
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