Parasitology Research (2020) 119:1259-1269
https://doi.org/10.1007/500436-020-06622-6

GENETICS, EVOLUTION, AND PHYLOGENY - ORIGINAL PAPER m

Check for
updates

Detection of novel piroplasmid species and Babesia microti
and Theileria orientalis genotypes in hard ticks from Tengchong
County, Southwest China

Lan-Hua Li'? - Jia-Zhi Wang? - Dan Zhu? - Xi-Shang Li* - Yan Lu? - Shou-Qin Yin? - Sheng-Guo Li> - Yi Zhang? -
Xiao-Nong Zhou?

Received: 12 March 2019 /Accepted: 5 February 2020 /Published online: 14 February 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

To reveal the genetic diversity of Babesia microti and Theileria orientalis in Southwest China, we conducted a molecular survey
of piroplasms in hard ticks in a China-Myanmar border county. Host infesting and questing ticks were collected from Tengchong
County in 2013 and 2014. Piroplasm infection in ticks was detected by PCR, and then, phylogenetic analysis was conducted to
study the genetic diversity of the pathogens identified in ticks. All in all, six piroplasm species comprising of B. microti;
B. orientalis; a novel Babesia species designated Babesia sp. Tengchong, China; 7. orientalis; T. luwenshuni; and an as yet
undescribed piroplasmid species referred to as Piroplasmid sp. Tengchong, China, have been identified after screening goat- and
cattle-attached ticks. In addition, B. bigemina has been identified by screening questing ticks. Phylogenetic analysis based on the
18S rRNA and partial 3-tubulin gene revealed two novel potentially zoonotic genotypes designated B. microti Tengchong-Type
A and B. The T. orientalis genotypes identified in the present study represent the seven known genotypes 1-5, 7, and N3 as
revealed by phylogenetic analysis of 18S rRNA and MPSP genes. Importantly, an additional genotype designated N4 has also
been identified in this study, which brings the number of recognized T orientalis genotypes to a total of twelve. Thus, besides the
two novel species, Babesia sp. Tengchong, China, closely related to Babesia species isolated from yak and Piroplasmid sp.
Tengchong, China, our study demonstrates that additional novel B. microti and T. orientalis genotypes exist in Southwest China.
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Introduction

As hematophagous ectoparasites, hard ticks (Acari: Ixodidae)
can infest almost all vertebrates except fish and are able to
transmit a wide range of pathogens, including bacteria, virus-
es, and parasites (Mansfield et al. 2017, Rehman et al. 2018).
Therefore, ticks are considered one of the most important
vectors of human and animal pathogens globally (Jongejan
and Uilenberg 2004, Zhou et al. 2016). Babesia and
Theileria, both belonging to Piroplasmida, are among the
most widely distributed and economically important tick-
borne, intraerythrocytic hemoparasites of wild and domestic
mammals (Schnittger et al. 2012). Babesia is the second most
commonly found hemoparasites of mammals after trypano-
somes (Homer et al. 2000). Their infections of mammals are
associated with mortalities, abortions, and decreased meat or
milk production. Additionally, human babesiosis is also an
increasing public health concem. Theileria parasites are im-
portant pathogens responsible for serious economic losses in
the livestock industry worldwide. They can cause diseases
with varying degrees of severity in various domestic and wild
ruminants (Mans et al. 2015).

Several species of Babesia, including B. microti,
B. venatorum, and B. divergens, can accidently infect humans
and cause babesiosis. B. microti is the most common agent of
human babesiosis (Moritz et al. 2016). In healthy people, in-
fection with B. microti is usually asymptomatic. However,
babesiosis can be fatal to immunocompromised persons. In
recent years, the reported number of human babesiosis cases
has increased substantially, and human babesiosis is consid-
ered to be a significant threat to public health worldwide
(Chen et al. 2019). Originally three clades of B. microti
(Clades 1 to 3) have been reported by Goethert and Telford
(2003) based on phylogenetic analysis of the 18S rRNA or f3-
tubulin genes, and the same clade designation has been also
used by Zhou et al. (2014). However, later it has been shown
that Clade 2 (Goethert and Telford 2003, Zhou et al. 2014)
exclusively comprises of Babesia sp. infecting carnivores
(Baneth et al. 2015, 2019) that are now referred to as
B. vulpes-group or Clade Ib (Jalovecka et al. 2019). Later
phylogenetic studies showed that Clade 1 and 3 (Goethert
and Telford 2003) represent a single large clade of Babesia
sp. infecting rodents, humans, and macaque and that are cur-
rently referred to as B. microti-group or Clade Ia (Schnittger
etal. 2012, Jalovecka et al. 2019, Baneth et al. 2015, 2019). In
this later group, at least six different clades have been identi-
fied which are referred to as US-, Kobe-, Hobetsu- (or Otsu-),
Munich-type, and Babesia sp. 1 and 2 that infect macaques
(Baneth et al. 2015, Gao et al. 2017). Recently, human
infections of B. microti have been increasingly reported in
China, from the northern (e.g., Heilongjiang Province) to the
southern area (including Zhejiang, Yunnan, Guangxi, and
Taiwan Provinces) (Bloch et al. 2018, Chen et al. 2019). The

@ Springer

infection routes of these human cases have not been
well studied. However, most infections were possibly
transmitted through tick bites, but blood transfusion cannot
be excluded (Chen et al. 2019). As to now, little is known
about the genetic diversity of B. microti in ticks from
southwest China.

T. orientalis is a common agent of bovine and ovine
theileriosis. This parasite is widely distributed in many Asia-
Pacific countries (Bawm et al. 2014). Infection with
T. orientalis often causes fever, anemia, and anorexia, thus
reducing the productivity of domestic animals (Ota et al.
2009). The major piroplasm surface protein (MPSP) gene
has been widely used for studying the genetic diversity of
T orientalis. To date, T orientalis has been classified into 11
non-overlapping groups based on the MPSP gene, referred to
as types 1-8 and N1-N3 (Sivakumar et al. 2014). T_ orientalis
infections in bovines have been reported in at least 19 prov-
inces or municipalities of China, including Jilin, Liaoning,
Tibet, Xinjiang, Inner Mongolia, Qinghai, Gansu, Guizhou,
Sichuan, Shaanxi, Hebei, Jiangsu, Hubei, Hunan, Yunnan,
Guangxi, Hainan, Fujian, and Chongqing (Qi et al. 2018,
Qin et al. 2016, Wang et al. 2018). Only a limited number of
studies have investigated the genetic diversity of 7. orientalis
in bovines in China. For example, a recent study showed that
Types 1-5, 7, N1, and N2 existed in cattle from six provinces
(Inner Mongolia, Qinhai, Shaanxi, Shandong, Hainan, Fujian)
and Chongqing Municipality (Wang et al. 2018); another
study detected Types 1, 2, 5 in dairy cattle from Xinjiang
Province (Qi et al. 2018). Additional studies are required to
assess the diversity and distribution of 7. orientalis genotypes
in ticks in China.

Tengchong is a China-Myanmar border county in
Southwest China which is considered to be one of the epidem-
ic foci of tick-borne diseases. In addition, several cases of
human babesiosis have been reported in this area in recent
years (Li et al. 2018, Zhou et al. 2013). Therefore, we con-
ducted a molecular survey of piroplasms in hard ticks in
Tengchong County, with a focus on the genetic diversity of
B. microti and T. orientalis in this area.

Materials and methods
Tick collection and DNA extraction

The infesting and questing ticks used for the present study
were collected from Tengchong County from May to
June 2013 and September to October 2014. The procedures
for tick collection were described previously (Li et al. 2018).
In brief, infesting ticks were collected from the body surface
of domestic animals, including cattle, goats, and dogs, and
questing ticks were collected with a white drag cloth from
the grazing locations. All tick specimens were preserved in
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75% ethanol for subsequent processing. Before DNA extrac-
tion, each tick was washed three times with 75% ethanol for
1 min by vortexing and then rinsed three times with sterile
phosphate-buffered saline (PBS). The DNA of the ticks was
extracted using the DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany) following the manufacturer’s protocol.

Molecular detection of piroplasms in ticks

All DNA samples were first screened by nested PCR using a
set of universal primers targeting the 18S rRNA gene frag-
ment (Bab5 and Bab8 for the first round and Bab6 and Bab7
for the second) of most Babesia and Theileria species, includ-
ing B. microti and T. orientalis (Kim et al. 2007). Samples
with approximately 400-bp PCR products were considered
positive. The positive PCR products were then purified and
sequenced by Sangon Biotech (Shanghai, China). Each se-
quence was searched in GenBank using Nucleotide BLAST
on the NCBI website (https://blast.ncbi.nlm.nih.gov/Blast.
cgi).

All the samples with the highest identity to piroplasms
were further amplified by nested PCR using two primer sets
targeting the nearly full length of the 18S rRNA gene of piro-
plasms (PiroOF and Piro6R for the first round and PirolF and
Piro5.5R for the second) (Zhuang et al. 2018). Meanwhile, for
samples with the highest identity to B. microti, nested PCR
was further used to amplify the 3-tubulin genes (BmTubu93F
and BmTubu897R for the first round and BmTubul92F and
BmTubu783R for the second round) (Zamoto-Niikura et al.
2012); for samples with the highest identity to 7. orientalis,
the MPSP genes were amplified using the primers MPSP-F
and MPSP-R (Wang et al. 2018). All PCR products were
purified, sequenced, and searched in NCBI GenBank as de-
scribed above (additional data are given in electronic supple-
mentary material (ESM) 1).

The primer sets used in the present study are shown in
Table 1. The PCRs were conducted in a C1000 Touch™
Thermal Cycler (Bio-Rad Laboratories Incorporated,
California, USA). Each 25 pul PCR mixture contained
12.5 ul of 2x PCR Master Mix (DBI Bioscience, Shanghai,
China), 9.5 pl of water, 0.5 ul of each primer (10 mM), and
2 ul of DNA template. The PCR conditions were as follows:
95 °C for 3 min, followed by 35 cycles of 95 °C for 30 s, 57 °C
for 30 s, and 72 °C for 40 s (for the primer set PiroOF—Piro6R,
the extension time was 90 s), ending at 72 °C for 10 min.

Phylogenetic analysis of piroplasms in ticks

All sequences from the present study were first subjected to
blast analysis on the NCBI website (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) after trimming the low-quality sequences at
both ends. Then, representative nucleotide sequences of [3-
tubulin gene of B. microti and MPSP gene of T. orientalis

were downloaded from GenBank for phylogenetic analysis.
Meanwhile, 18S rRNA gene sequences of the detected organ-
isms were also obtained from GenBank for phylogenetic
analysis.

The sequences were aligned using ClustalW program in the
Mega 5.1 software (Kumar et al. 1994). After eliminating all
positions containing gaps and missing data, “Find best Model
search” program was performed in the Mega 5.1 software.
The model with the lowest Bayesian information criterion
(BIC) score was considered to identify the most appropriate
substitution pattern resulting in the selection of the Tamura-3
parameter model for phylogenetic analysis (Nei and Kumar
2000). Phylogenetic trees were then constructed based on the
neighbor-joining (NJ) method, and 1000 bootstrap replicates
using the Mega 5.1 software. Molecular classifications of the
pathogens detected in ticks were determined by the results of
phylogenetic analysis based on the 18S rRNA, [3-tubulin, or
MPSP genes.

Results
Molecular detection of piroplasms in ticks

A total of 930 infesting (502 from goats, 412 from cattle, and
16 from dogs) and 558 questing ticks of several species were
collected, including Rhipicephalus microplus,
R. haemaphysaloides, Ixodes ovatus, Haemaphysalis
longicornis, and two unclassified Haemaphysalis species
(Table 2). Ninety-one tick samples were positive for piroplasm
according to the results of screening using the primer sets
Bab5-Bab8. Seven species of piroplasm were identified, in-
cluding four Babesia species (B. microti, B. bigemina,
B. orientalis, and a novel Babesia sp. Tengchong, China),
two Theileria species (T. orientalis and T. luwenshuni), and
a previously unrecognized species referred to as Piroplasmid
sp. Tengchong, China, of which it could not be determined
whether it belongs to the Babesia or Theileria lineage
(Table 2). T. orientalis was the most common hemoparasite
in the tick samples (67 of the 91 positive samples), followed
by B. microti (12 of the 91 positive samples).

As shown in Table 2, except for B. bigemina detected in
questing ticks of the species R. microplus, all other piroplasms
were detected in infesting ticks including the species
R. microplus, I. ovatus, H. longicornis, and Haemophysalis
sp. 1, but never in the tick species R. haemaphysaloides. All
B. microti and Babesia sp. Tengchong, China, isolates were
detected in goat-infesting /. ovatus; T. luwenshuni was detect-
ed in 1. ovatus and R. microplus infesting goats. 7. orientalis
was found in ticks of R. microplus infesting goats and cattle
and H. longicornis infesting goats, whereas B. orientalis was
identified in R. microplus infesting cattle. The novel
Piroplasmid sp. Tengchong, China, has been isolated from
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Table 1 Primers used for PCR amplification in the present study

Organism Gene Primer Sequence (5’ to 3) Reference
Piroplasm 18S rRNA Bab 5 AATTACCCAATCCTGACACAGG (Kim et al. 2007)
Bab 8 TTTCGCAGTAGTTCGTCTTTAACA
Bab 6 GACACAGGGAGGTAGTGACAAGA
Bab 7 CCCAACTGCTCCTATTAACCATTAC
Piroplasm 18S rRNA PiroOF GCCAGTAGTCATATGCTTGTGTTA (Zhuang et al. 2018)
Piro6R CTCCTTCCTYTAAGTGATAAGGTTCAC
PirolF CCATGCATGTCTWAGTAYAARCTTTTA
Piro5.5R CCTYTAAGTGATAAGGTTCACAAAAC
TT
B. microti {3-tubulin BmTubu93F GAYAGYCCCTTRCAACTAGAAAGAGC (Zamoto-Niikura et al. 2012)
BmTubu897R CGRTCGAACATTTGTTGHGTCARTTC
BmTubul92F ACHATGGATTCTGTTAGATCYGGC
BmTubu782R GGGAADGGDATRAGATTCACAGC
T. orientalis MPSP gene MPSP-F CTTTGCCTAGGATACTTCCT (Wang et al. 2018)
MPSP-R ACGGCAAGTGGTGAGAACT

Haemaphysalis sp. 1 ticks infesting goats. All ticks positive ~ Phylogenetic analysis of Babesia in ticks

for B. microti, Babesia sp. Tengchong, China, or

T luwenshuni were obtained from goats, while ticks positive ~ Nearly full-length 18S rRNA genes and partial sequences of 3-
for T. orientalis were obtained from goats or cattle. On the  tubulin genes were obtained from all 12 B. microti-positive
other hand, B. orientalis has been only identified in cattle. samples. All B. microti isolates from the present study clustered

Table 2 Parasitic pathogens identified in different tick species from Tengchong County

Ticks No. B. microti  B. bigemina  Babesia sp. B. orientalis T. orientalis T luwenshuni  Piroplasmid sp.
Tengchong Tengchong

Infesting ticks and hosts

R. microplus

Goats 258 6 4
Cattle 394 1 53

R. haemaphysaloides

Goats 2

Cattle 18

Dogs 16

1. ovatus

Goats 186 12 1 2
H. longicornis

Goats 29 8

Haemaphysalis sp.-1

Goats 27 2
Questing ticks

R. microplus 459 2

H. longicornis 62

1. ovatus 1

Haemaphysalis sp.-1 32
Haemaphysalis sp.-2 4
Total 1488 12 2 1 1 67 6 2
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into the B. microti-group Clade Ia (Jalovecka et al. 2019) based
on phylogenetic analysis of both the 18S rRNA (Fig. 1) and (3-
tubulin (Fig. 2) gene sequences (Baneth et al. 2015). Within the
B. microti-group, the 18S rRNA and (3-tubulin gene of
B. microti isolates formed two corresponding separate novel
clusters, and the respective isolates were designated B. microti

Babesia cf. microti KC904076 clone 6 Rhesus macaque USA
Babesia cf. microti KC904078 Macaca mulatta USA

Babesia microti EU168705 isolate MM-1 rhesus monkey China
Babesia microti AB219802 red squirrel Hokkaido Japan
Babesia microti AB736270 isolate CNMM-2

Babesia microti AB576641 strain JM1

7| Babesia microti AF231348 strain GI human USA
28| | Babesia microti AY693840 isolate Gray human USA

37 Babesia microti KF410824 isolate TC-2012-B1 human Yunnan China
44
Babesia microti AB112050 isolate ReMS201 rat China
Babesia microti KC478600 strain HN-Bm brown rat China
Babesia microti AB032434 strain Kobe524 human Japan

29|

Babesia microti AB731747 isolate CNMM-1 Chinese macaque China

Babesia microti AB083375 isolate Xinjiang 1647 yellow lemming China

7| Babesia microti KF410826 isolate TC-2012-B99 human Yunnan China

Babesia microti AB241633 isolate NcWY504 Chinese white bellied rat China
Babesia microti AB241631 isolate NcHZ509 Chinese white bellied rat China

Babesia microti KF410827 isolate TC-2012-C1 human Yunan China
70" Babesia microti KF410825 isolate TC-2012-B87 human Yunan China
Babesia microti MH208602 isolate T8 Ixodes ovatus from goat %

88
100
Babesia microti MH208603 isolate T12 Ixodes ovatus from goat %

89 Babesia microti MH208611 isolate T104 Ixodes ovatus from goat

Babesia microti MH208608 isolate T98 Ixodes ovatus from goat %
Babesia microti MH208601 isolate T7 Ixodes ovatus from goat

Babesia microti AB119446 strain Otsu large Japanese field mouse Japan

Tengchong-type A and type B. Interestingly, these two
B. microti isolates would be the first identified in goats.

In addition, two B. bigemina, one B. orientalis, and a novel
Babesia sp. Tengchong, China, isolates were identified from
ticks in this study as based on the phylogenetic analysis of
nearly full-length sequences of the 18S rRNA gene (Fig. 3).

Babesia sp. 2 macaque

Babesia sp. 1 macaque

Kobe-type

Tengchong-type A Babesia sp. infecting rodents, macaque, and humans

Babesia microti AB243680 isolate AaAO401 small Japanese field mouse Japan
Babesia microti AB243679 isolate AsAW/KHO002 large Japanese field mouse Japan

100 | Babesia microti AB242176 isolate EaNG/HP302 Andersons red-backed vole Japan
29
I Babesia microti AB190287 isolate EaNG/HP303 Andersons red-backed vole Japan

Hobetsu-type

Babesia microti AY789075 strain Munich field vole Poland
100" Babesia microti AB071177 strain Munich mouse Germany

s |

Babesia microti MH208604 isolate T16 Ixodes ovatus from goat %
Babesia microti MH208605 isolate T37 Ixodes ovatus from goat
Babesia microti MH208606 isolate T91 Ixodes ovatus from goat %

100 Babesia microti MH208607 isolate T92 Ixodes ovatus from goat
Babesia microti MH208609 isolate T99 Ixodes ovatus from goat

86

Babesia vulpes AY457975 isolate 20 dog Spain

100

Babesia rodhaini M87565

0.005

Fig. 1 Neighbor joining phylogenetic tree of the 18S rRNA gene of
Babesia microti isolates. Sequences obtained in this study are indicated
by an asterisk. The isolate designation, tick species, and host are given
after the accession number. The bootstrap values determined by 1000
replicates are shown next to the branches. A B. rodhaini 18S rRNA

Babesia microti AB050732 strain Hobetsu Japanese field mouse Japan

Babesia microti AY 144687 strain 400 Clethrionomys USA
lBabesia microti AY 144690 strain GLS027Cg Clethrionomys USA
Babesia microti AY 144699 isolate MT006 Microtus USA

Babesia microti MH208610 isolate T102 Ixodes ovatus from goat %
Babesia microti MH208612 isolate T106 Ixodes ovatus from goat %
Babesia vulpes AY 144698 isolate S837 skunk Massachusetts USA
Babesia vulpes AY 144701 isolate P8803 racoon USA

:| Munich-type

Tengchong-type B

Babesia vulpes AY 144702 isolate SN87-1 fox USA
Babesia vulpes AY 144700 isolate Rula dog Spain

gene sequence is included as the outgroup. The analysis involved 48
nucleotide sequences from which all positions containing gaps and
missing data were eliminated resulting in a total of 1179 positions in the
final dataset. The scale-bar shows the evolutionary distance in the units of
the number of nucleotide substitutions per site
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Babesia microti MH208677 isolate T102 Ixodes ovatus from goat % b
Babesia microti MH208679 isolate T106 Ixodes ovatus from goat
Babesia microti MH208676 isolate T99 Ixodes ovatus from goat %

1000 pabesia microti MH208674 isolate T92 Ivodes ovatus from goat % Tengchong-type B

Babesia microti MH208673 isolate T91 Ixodes ovatus from goat %
Babesia microti MH208672 isolate T37 Ixodes ovatus from goat %
Babesia microti MH208671 isolate T16 Ixodes ovatus from goat

Babesia microti AB083441 strain Ho234 ] Hobetsu-type

7 Babesia microti MH208670 isolate T12 Ixodes ovatus from goat %
Babesia microti MH208678 isolate T104 Ixodes ovatus from goat %
100| | Babesia microti MH208668 isolate T7 Ixodes ovatus from goat J Tengchong-type A
Babesia microti MH208669 isolate T8 Ixodes ovatus from goat %
Babesia microti MH208675 isolate T98 Ixodes ovatus from goat %
Babesia microti AB124587 strain Munich ] Munich-type

Babesia microti AB083440 strain Kobe524 human Japan K obe-type
Babesia microti AB083378 isolate Xinjiang1647 Lagurus luteus Xinjiang China

61 98 [~ Babesia microti AB872933 isolate Vladivostok38 Clethrionomys rufocanus Russia
100

Babesia microti AB083380 isolate Korea-8 rodent Korea

Babesia microti KJ128387 isolate TC-B99 human Yunnan China
Babesia microti KJ128386 isolate TC-B87 human Yunnan China
78|| Babesia microti AB083377 strain Gray hamster USA

Babesia microti AB872931 strain GI human USA

Babesia microti KJ128385 isolate TC-B1 human Yunnan China
Babesia microti KJ128388 isolate TC-C1 human Yunnan China

64

h Babesia microti AY 144715 isolate MT012 rodent Montana USA
100l - Babesia microti AY144713 isolate AF2106 rodent Alaska USA
85— Babesia microti AY 144716 isolate GLS027 rodent Maine USA
Babesia vulpes AF546902 skunk Massachusetts USA
D Babesia vulpes AY144707 isolate SN87-1 fox Massachusetts USA

Babesia rodhaini AB083442 Mus musculus Australian strain Australia

j|Babesia vulpes

—
0.02

Babesia sp. infecting rodents, macaque, and humans

Fig. 2 Neighbor joining phylogenetic tree of -tubulin gene of Babesia
microti isolates. Sequences obtained in this study are indicated by an
asterisk. The isolate designation is given after the accession number.
The bootstrap values determined by 1000 replicates are shown next to
the branches. A -tubulin gene sequence of B. rodhaini is included as the

outgroup. The analysis involved 30 nucleotide sequences from which all
positions containing gaps and missing data were eliminated resulting in a
total of 522 positions in the final dataset. The scale-bar shows the evolu-
tionary distance in the units of the number of nucleotide substitutions per
site

74| Babesia divergens L.C477141 isolate CeltTX Bos taurus Ireland

81 Babesia divergens EU182594 isolate B1 Switzerland

-Babesia divergens AY572456 roe deer Slovenia
Babesia divergens KU377437 strain HLJ216 Ixodes persulcatus China Babesia divergens
Babesia divergens AB975389 isolate IPSG13-13-1 Ixodes persulcatus Japan
87 Babesia divergens KC493555 isolate IpSG10 Ixodes persulcatus Japan
Babesia venatorum KM244044 human China .

) :|Babesza venatorum
100" Babesia sp. AY046575 clone BAB20 human Austria
Babesia sp. MH208615 isolate T200 Ixodes ovatus from goat %
Babesia sp. KX371088 isolate Tianzhu white yak China Babesia sp. Tengchong, China

100" Babesia sp. KX870104 isolate Tianzhu white yak China

90 [ Babesia orientalis HQ840969 strain DaYe Buffalo China
100 L Babesia orientalis KC461260 isolate 1-1658 buffalo China

Babesia orientalis MH208616 isolate 1225 Rhipicephalus iphysaloides from cattle %

— 80 [ Babesia bigemina MH208613 isolate T5127 Rhipicephalus microplus from cattle %
’_[Babesia bigemina MH208614 isolate T479 Rhipicephalus microplus from cattle %

49 [~ Babesia bigemina EFA58192 isolate B bi03 Bos taurus Austrialia

39—Babesia bigemina EF458205 isolate B bil8 Bos taurus Puerto Rico
Theileria equi Z15105

100 L|E?abesia bigemina EF458198 isolate B bi09 Brazil

—
0.01

Babesia orientalis

Babesia bigemina

Fig. 3 Neighbor joining phylogenetic tree of 18S rRNA gene of Babesia
sensu stricto parasites (Schnittger et al. 2012). Sequences obtained in this
study are indicated by an asterisk. The isolate designation, tick species,
and host are given after the accession number. The bootstrap values de-
termined by 1000 replicates are shown next to the branches. A Theileria
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equi 18S rRNA gene sequence is included as the outgroup. The analysis
involved 20 nucleotide sequences from which all positions containing
gaps and missing data were eliminated resulting in a total of 1414 posi-
tions in the final dataset. The scale-bar shows the evolutionary distance in
the units of the number of nucleotide substitutions per site
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Blast analysis showed that the sequence of Babesia sp.
Tengchong, China, (MH208615) got the best hit with
KX870104 (Babesia sp. isolated from yak, identity of
98.58%), and both formed a sister clade to the clade compris-
ing B. venatorum and B. divergens (Fig. 3).

Phylogenetic analysis of Theileria in ticks

Nearly full-length sequences of 18S rRNA gene were obtain-
ed from 12 of the 67 T. orientalis-positive samples, while
partial MPSP sequences were recovered from 60 samples.
Phylogenetic analysis based on the 18S rRNA gene and
MPSP gene revealed that 7. orientalis belonged to 7 known
genotypes, namely, Types 1-5, 7, and N3 (Figs. 4 and 5). In
addition, four MPSP sequences from this study and two se-
quences from other areas of China (MH180272 and
MG664540) formed the new genotype 7. orientalis Type N4.
Nearly full-length sequences of the 18S rRNA gene were
obtained from all 6 7. luwenshuni-positive samples and from
two novel isolates designated Piroplasmid sp. Tengchong,
China. Phylogenetic analysis showed that all sequences of
T. luwenshuni clustered together (Fig. 5). Sequences of
Piroplasmid sp. Tengchong, China, got the best hit with
AB188086 (Piroplasmida sp. OtsuMNR, identity of 98.95%)
by BLAST, and they formed a separate clade to 7. bicornis.

Discussion

In the present study, we conducted a molecular survey of
piroplasms in hard ticks in a China-Myanmar border county.
Seven species of piroplasm were identified, including four
Babesia species, two Theileria species, and one yet unrecog-
nized piroplasmid species.

Babesia protozoa is the second most common parasite of
mammals after trypanosomes, and more than 100 species of
Babesia have been described so far (Antunes et al. 2017).
B. microti is the most frequent pathogen of human babesiosis
in China (Vannier and Krause 2015). 1. persulcatus is reported
to be the most important vector of B. microti in northeastern
China (Zhou et al. 2014). However, potential vectors of this
parasite in other regions of this country have not been thor-
oughly investigated (Li et al. 2016). Studies in Japan showed
that . ovatus ticks were also important vectors of B. microti
(Saito-Ito et al. 2004, Zamoto-Niikura et al. 2018, Zamoto-
Niikura et al. 2012). All isolates of B. microti in this study
detected in 7. ovatus ticks infested goats. However, it has been
reported that goats are not suitable hosts for this parasite (Wu
et al. 2017). Therefore, it may be assumed that the finding of
B. microti in these ticks might be a result of previous ingestion
of blood of infected small rodents, which are recognized ani-
mal reservoirs of B. microti (Vannier and Krause 2012).

Notwithstanding, our results suggest that . ovatus ticks are
possible vectors of B. microti in southwest China.

Exclusively isolates segregating into the B. microti-group
(Clade Ia, Jalovecka et al. 2019) have been found to infect
humans. Of the six clusters within this group, B. microti
strains infecting humans place exclusively into the US-,
Kobe-, Hobetsu- (or Otsu-), and Munich-type clusters
(Baneth et al. 2015, Gao et al. 2017, Schnittger et al. 2012).
Importantly, neither the B. microti Tengchong-type A nor the
Tengchong type B variant segregated in previously reported
clusters (Schnittger et al. 2012; Baneth et al. 2015). Instead, all
the B. microti isolates identified during this study form two
additional separate groups within the B. microti-group (Clade
Ia) as supported by 18S rRNA and 3 -tubulin gene sequence
analysis (Figs. 1 and 2). Thus, at least two novel genotypes of
B. microti exist in the study area. However, other reservoirs of
these B. microti variants besides I. ovata and possibly goats
are yet unknown and remain to be further elucidated.

T orientalis is a common causative pathogen of bovine and
ovine theileriosis (Wang et al. 2018). Correspondingly,
T. orientalis parasites were detected in H. longicornis ticks
or R. microplus ticks feeding on cattle or goats in our study.
Up to date, 11 genotypes of T orientalis (Types 1-8, and N1-
N3) have been identified based on phylogenetic analysis of
the MPSP sequences (Kamau et al. 2011, Sivakumar et al.
2014). Among known genotypes, at least eight have been
reported in China, including Types 1-5, 7, N1, and N2
(Wang et al. 2018). In this study, seven of the known geno-
types 1-5, 7, and N3 could be identified. In addition, a novel
previously unknown genotype of T orientalis designated type
N4 has been identified (Fig. 4). Additional investigations will
be necessary to elucidate the association of this novel geno-
type with disease.

There are several limitations to our study. First, except of
two B. bigemina isolates, all of the identified hemoparasites
originated from infesting ticks. Our study does therefore not
allow reporting on the distribution and prevalence of
piroplasmid species in the host or tick species. Second, the
primer sets (Bab5—Bab8) used for piroplasm screening in the
present study are not universal to all Babesia and Theileria
species. For example, Bab5—Bab8 primers anneal to the
Babesia Clade 1 (containing B. microti-group, B. vulpes-
group, B. rodhaini, and B. felis-group; Schnittger et al. 2012,

Fig. 4 Neighbor joining phylogenetic tree of the major piroplasm surface P>
protein (MPSP) gene of Theileria orientalis. Sequences obtained in this
study are indicated by an asterisk. The isolate designation, tick species,
and host are given after the accession number. The bootstrap values de-
termined by 1000 replicates are shown next to the branches. A 7. annulata
18S rRNA gene sequence is included as the outgroup. The analysis in-
volved 52 nucleotide sequences from which all positions containing gaps
and missing data were eliminated resulting in a total of 551 positions in
the final dataset. The scale-bar shows the evolutionary distance in the
units of the number of nucleotide substitutions per site
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83 MH208666 isolate 1156 Rhipicephalus microplus from cattle %
99 | AB016278 isolate p33/34 buffalo Japan
D11047 isolate Warwick stock Japan Type 3
EU584237 buffalo China

69

1

MK436226 isolate T5035 Rhipicephalus microplus from cattle %
AB218444 clone Okinawa C9-3 cattle Japan

MK436230 isolate T5052 1 Rhipicephalus microplus from cattle % Type 5
67— D87201 clone CJ48-28 cattle Korea

571~ MG664540 isolate KZ-2 cattle China
MH180272 isolate J1 cattle China
100| [ MK436237 isolate 181 2 Rhipicephalus microplus from cattle s
9| o5 | MK436213 isolate I81 1 Rhipicephalus microplus from cattle % Type N4
79[ MK436215 isolate 181 Rhipicephalus microplus from cattle *
68 MK436238 isolate 181 4 Rhipicephalus microplus from cattle %

100 MK436236 isolate T5073 Rhipicephalus microplus from cattle %

100
90

=
[

0
o

6 AB469171 isolate 73 Bos taurus Japan
AF236095 bovine Australia

40 MK436229 isolate T5045 Rhipicephalus microplus from cattle % Type 4
100 MK436231 isolate T5052 2 Rhipicephalus microplus from cattle %
9

7 [ MK436247 isolate T5073 3 Rhipicephalus microplus from cattle *
97- AB871317 isolate Pyin Oo Lwinl bovine Myanmar

D87191 clone CB10 bovine Korea

100[ D87202 clone DJ2 bovine Korea
84 D87205 clone OK3 bovine Japan

M MH208667 isolate TS069 Rhipicephalus microplus from cattle %
100 |:MK436227 isolate T5045 1 Rhipicephalus microplus from cattle % Type N3

100 AB571884 isolate B-1 Rhipicephalus microplus Vietnam

Type 8

731 MH208649 isolate T5038 Rhipicephalus microplus from cattle %
28 MK436219 isolate T928 1 Haemaphysalis longicornis from goat %
100[r MH208650 isolate T5041 Rhipicephalus microplus from cattle
57| AB218431 clone Okinawa C8-2 cattle Japan
80" D12689 isolate calf 0: CR.0-890924/28 cattle Japan
50| AB560832 isolate 40 buffalo Vietnam
ﬂtAB%O&BO isolate 70 buffalo Vietnam Type N2

80- AB560829 isolate 27 buffalo Vietnam

Type 1

MH208657 isolate T5054 Rhipicephalus microplus from cattle %

MH208659 isolate T5060 Rhipicephalus microplus from cattle %
MH208660 isolate T5062 Rhipicephalus microplus from cattle %
MH208656 isolate T5045 Rhipicephalus microplus from cattle %

96|
Type 2
MK436220 isolate T928 2 Haemaphysalis longicornis from goat %
58|/ D87206 clone OK4 and SE8 Japan

91 97" AB469170 isolate 71 Bos taurus Japan

AF102500 isolate Jonggol-1 Bos indicus Indonesia

100 AB218430 clone Okinawa C3-3 cattle Japan Type 7
100 AB081329 strain Narathiwat cattle Thailand
ABO016277 isolate Nha-Trang cattle Vietnam
100 LLABOI6276 isolate Nha-Trang cattle Vietnam Type N1
70— AB560833 isolate Hue sheep Vietnam

——— AB010703 isolate Kamphaeng Saen cattle Thailand

100 AB010702 isolate Easten Texas Type 6

100-D50305 isolate Gansu China

Theileria lata AJ276654
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99

Theileria orientalis AB520955 isolate Raymond-1 cattle Australia
- Theileria orientalis AB000272 isolate Warwick-Australia Australia
o7 Theileria orientalis MH208641 isolate T240 Rhipicephalus microplus from cattle %
Theileria orientalis MH208634 isolate T239 Rhipicephalus microplus from cattle %
79 Theileria orientalis MH208631 isolate 181 Rhipicephalus microplus from cattle %
1 Theileria orientalis MH208632 isolate T291 Rhipicephalus microplus from goat %
Theileria orientalis MH208633 isolate T902 Haemaphysalis longicornis from goat s
Theileria orientalis AB520953 isolate Kempsey-6 cattle Australia
Theileria orientalis AB520954 isolate Forster-4 cattle Australia
Theileria orientalis U97047 cattle isolate Laboratory stock USA
Theileria orientalis AB520956 isolate Clifton-41 cattle Australia

Theileria orientalis U97051 isolate Chungnam cattle Korea

1 94| Theileria orientalis MH208642 isolate T411 Rhipicephalus microplus from cattle %
'— Theileria orientalis KU363043 isolate GS525 cattle China

Theileria orientalis AB520957 isolate Camden-28 cattle Australia
Theileria orientalis MH208637 isolate 1174 Rhipicephalus microplus from cattle %
Theileria orientalis MH208638 isolate T398 Rhipicephalus microplus from cattle %

99
Theileria orientalis AB520958 isolate Kempsey-10 cattle Australia

69 Theileria orientalis U97048 isolate Chunbuk cattle Japan

Theileria orientalis MH208635 isolate 1124 Rhipicephalus microplus from cattle %
Theileria orientalis MH208636 isolate 1159 Rhipicephalus microplus from cattle %
63 | Theileria orientalis MH208639 isolate T904 Haemaphysalis longicornis from goat %
Theileria orientalis MH208640 isolate T931 Haemaphysalis longicornis from goat %
67 Theileria luwenshuni MH208625 isolate T41 Rhipicephalus microplus from goat
Theileria luwenshuni MH208628 isolate T31 Rhipicephalus microplus from goat %

Theileria I h

i JX469516 clone Songxian 2 ruminant China

99 Theileria luwenshuni MH208626 isolate T40 Rhipicephalus microplus from goat %

Theileria luwenshuni MH208627 isolate T43 Rhipicephalus microplus from goat %
Theileria luwenshuni MH208629 isolate T211 Ixodes ovatus from goat %
Theileria luwenshuni MH208630 isolate T907 Ixodes ovatus from goat %
99 Theileria bicornis AF499604 Black rhinoceros South Africa
Theileria bicornis MF536661 isolate UMFANA host Ceratotherium simum Australia

Type 4

Type 1

Type 7

Type 2

Theileria luwenshuni

} Theileria bicornis

Bob,

0.01

Fig. 5 Neighbor joining phylogenetic tree of Theileria spp. based on the
18S rRNA gene. Sequences obtained in this study are indicated by an
asterisk. The isolate designation, tick species, and host are given after the
accession number. The bootstrap values determined by 1000 replicates
are shown next to the branches. A Babesia orientalis 18S rRNA gene

Jalovecka et al. 2019) and to most Theileria sp. However,
inner primers Bab6 and Bab7 mismatch to Theileria species
pertaining to Clade IV (including B. bicornis and T. equi,
Schnittger et al. 2012). Thus this primer sets miss to amplify
a considerable number of species. However, our study con-
firms that the species B. bigemina, B. orientalis, T. luwnshuni,
the novel Babesia sp. Tengchong, China, and Piroplasmid sp.
Tengchong, China, and the novel genetic variants of B. microti
and T orientalis are endemic in this area. Our study provides
new insights into invertebrate and vertebrate host specificity,
piroplasm species distribution and novel genotypes of tick-
borne parasitic pathogens in southwest China.

99 | Piroplasmida sp. MH208623 isolate 141 Haemaphysalis sp. from goat %
98
’—‘ Piroplasmida sp. MH208624 isolate 160 Haemaphysalis sp. from goat %

:| Piroplasmid sp. Tengchong, China

99| Piroplasmida sp. AB188086 strain Otsu rodent
64 Piroplasmida sp. HQ183733 isolate HN006 Leopoldamys edwardsi China
98! Piroplasmida sp. AB242140 isolate NcWy50X Niviventer confucianus Fujian China
ia orientalis HQ840969

sequence is included as the outgroup. The analysis involved 38 nucleotide
sequences from which all positions containing gaps and missing data
were eliminated resulting in a total of 1464 positions in the final
dataset. The scale-bar shows the evolutionary distance in the units of
the number of nucleotide substitutions per site
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