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Abstract

Babesia bovis is the etiological agent of bovine babesiosis, a disease transmitted by Rhipicephalus microplus, which affects cattle
herds in tropical and subtropical regions of the world, causing significant economic losses due to decreasing meat and milk yield.
This study used molecular techniques to determine the occurrence and genetic diversity of B. bovis, based on the genes encoding
the spherical body protein (sbp-2) and the merozoite surface antigens (MSAs) genes, in a herd of 400 Nellore (Bos indicus)
sampled from beef cattle farms in the Pantanal region, state of Mato Grosso do Sul, Midwestern Brazil. The results of the nested
PCR assays based on the sbp-2 gene indicated that 18 (4.5%) calves were positive for B. bovis; out of them, while 77.7% (14/18)
were positive for the B. bovis msa-2b fragment, 66.6% (12/18) were positive for the msa-2c¢ fragment. The phylogenetic analysis
based on the maximum likelihood method using 14 sequences from msa-2b clones and 13 sequences from msa-2¢ clones
indicated that the sequences detected in this study are clearly distributed in different cladograms. These findings corroborated
the diversity analysis of the same sequences, which revealed the presence of 14 and 11 haplotypes of the msa-2b and msa-2c
genes, respectively. Furthermore, the entropy analyses of amino acid sequences revealed 78 and 44 high entropy peaks with
values ranging from 0.25 to 1.53 and from 0.27 to 1.09 for MSA-2B and MSA-2C, respectively. Therefore, the results indicate a
low molecular occurrence of B. bovis in beef cattle sampled in the Brazilian Pantanal. Despite this, a high degree of genetic
diversity was found in the analyzed B. bovis population, with possibly different haplotypes coexisting in the same animal and/or
in the same studied herd.

Keywords Bovine babesiosis - Babesia bovis - Genetic diversity - MSA - Pantanal

Introduction by the protozoa Babesia bovis and Babesia bigemina. This

disease affects cattle herds in tropical and subtropical regions

Bovine babesiosis, transmitted by Rhipicephalus microplus
Canestrini 1888 (Acari: Ixodidae), is a hemoparasitosis caused
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of the world, causing significant economic losses that result
from decreasing meat and milk yields. In Brazil, it is consid-
ered an endemic disease, with seroprevalence ranging from
56.4 to 97.9% and reaching annual economic losses of about
3.5 million dollars, especially in areas of enzootic instability
(Trindade et al. 2010; Grisi et al. 2014). In addition to produc-
tion drop, the expenses for treating clinically affected animals
and for controlling the disease vector add to the economic
losses caused by the disease, making it one of the limiting
factors for improving cattle productivity in tropical and sub-
tropical areas (Rodrigues et al. 2005; Taylor et al. 2010).
The Brazilian Pantanal covers an area of 140,000 km?
shared between the States of Mato Grosso and Mato Grosso
do Sul. The Pantanal region is considered one of the largest
wetland systems in the world, being internationally recog-
nized for its exuberance and richness of biodiversity
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(Alvarenga 1980; Junk et al. 2006). Some species of ticks in
the region share wild and domestic animals as hosts (Bechara
etal. 2000; Ramos et al. 2016). The main economic activity of
the region is the extensive production of beef cattle, with a
herd estimated at four million animals (Abreu et al. 2008).

The B. bovis merozoites have, on their surface, at least five
glycoproteins belonging to the family of variable merozoite sur-
face antigens (VMSA), involved in the hemoparasite invasion of
the erythrocytes. The family of the variable merozoite surface
antigen of the B. bovis includes the msa-1 gene and the msa-2
loci. While the msa-1 is a single genome copy gene, the msa-2
comprises four tandem genes, defined as msa-2al, msa-2a2,
msa-2b, and msa-2¢ (Florin-Christensen et al. 2002). These an-
tigens are highly immunogenic and contain neutralizing-
sensitive epitopes, and for this reason, these have been consid-
ered as candidates for the development of B. bovis vaccines.
However, the high genetic diversity of such surface antigens
among the different B. bovis isolates (Hines et al. 1992) is con-
sidered the main difficulty for developing methodologies for the
immune control against B. bovis infection (Tattiyapong et al.
2016). In this context, the msa genes may represent genetic
markers for studying the genetic diversity of B. bovis (Timms
et al. 1990; Genis et al. 2009; Altangerel et al. 2012).

Previous studies using distinct geographical isolates of
B. bovis as well as isolates from outbreaks and vaccine sam-
ples have shown that polymorphism of essential antigenic
components is responsible for vaccine failure (Berens et al.
2005; Bock et al. 1992). Although several diversity studies
using the msa gene family have been conducted worldwide
(Genis et al. 2009; Lau et al. 2010; Altangerel et al. 2012;
Simking et al. 2013; Sivakumar et al. 2013; Tattiyapong
et al. 2014; Molad et al. 2014; Nagano et al. 2013; Matos
et al. 2017), little is known on the genetic variability of
B. bovis isolates in Brazil. To date, only three studies have
evaluated the genetic diversity of B. bovis in Brazil. While
one of these studies indicated low genetic diversity among
B. bovis isolates from the states of Bahia, Sao Paulo, Rio
Grande do Sul, Mato Grosso do Sul, and Rondodnia, other
studies showed high genetic diversity among samples from
the states of Bahia and Sao Paulo, especially between the
sequences of the msa-2b and msa-2c¢ genes (Ramos et al.
2012; Nagano et al. 2013; Matos et al. 2017).

Considering the scarcity of studies investigating the genetic
diversity of B. bovis in Brazil, coupled with the fact that Brazil
is one of the largest exporters of animal products to the world,
the present study aimed to investigate the occurrence and ge-
netic diversity of B. bovis in a population of beef cattle sam-
pled in farms in the Brazilian Pantanal. The results are expect-
ed to improve the knowledge on the genetic structure of the
B. bovis population, as well as the selection efforts of MSAs
suitable for the development of vaccines and the understand-
ing of the parasite escape mechanisms to the immune
response.
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Material and methods
Research authorization

This research followed the Ethical Principles on Animal
Experimentation adopted by the National Council for the
Control of Animal Experimentation (CONCEA) and was ap-
proved by the Ethics Committee on Animal Use (CEUA) of
the Universidade Estadual Paulista “Julio de Mesquita Filho”
(Protocol 12375/15).

Study site and blood sampling

Blood samples were collected from Nellore herds of Bos
indicus from five beef cattle farms in the central Pantanal
Region, Nhecolandia sub-region (18° 59" 15" S, 56° 37’ 03")
in MS, Brazil (Fig. 1). As there is no data available on the
B. bovis prevalence in this state, an expected prevalence of
50% was assumed, according to Stevenson (2005). The sam-
ple size was determined by the systematic random sampling
method, where the minimum number of animals had 5% ab-
solute precision and 95% confidence interval, as indicated by
the formula below:

= 22(1-Py) x Py/d*
3,84-192,08. 50/25n = 384; approximately 400 animals

n
n
where

z coefficient of confidence (z=1.96)
n  sample size

Py expected prevalence (50%)

d*  desired absolute precision (5%)

Blood samples were collected from 400 apparently
healthy animals in two categories as follows: cow (>
6 years) and calves (7-12 months). All farms presented an-
imals intensely or moderately infested with Rhipicephalus
microplus ticks (data not shown), which were identified
using previously described taxonomic keys (Barros-Battesti
et al. 2006; Nava et al. 2014). Unfortunately, systematic
counts of ticks were not performed. Macrocyclic lactones
(avermectins) were widely used for the control of ticks.
Although the animals were apparently healthy, accurate
physical examinations were not performed.
Microhematocrit analysis (Douglas and Wardrop 2010)
showed that all sampled animals showed HT values higher
than 24%, except for one cow that showed to be negative in
the nested PCR for B. bovis.

Blood samples from 400 animals (200 cows and 200
calves) were collected directly from the jugular or caudal
veins in two different months: August 2016 (261 sampled
animals) and April 2017 (139 sampled animals). The selected
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Fig. 1 Map showing the Nhecolandia sub-region in the central Pantanal region in Mato Grosso do Sul in Brazil, and the farms where the blood samples

were collected from beef cattle

animals were not sampled twice. Ten milliliters of blood sam-
ples was collected from each animal. The samples used in the
molecular tests for DNA extraction were collected in EDTA-
containing tubes and stored at —70 °C until the DNA
extraction.

Molecular assays
DNA extraction and endogenous reaction control

DNA was extracted from 250 uL of whole blood in EDTA
following the genomic DNA isolation protocol previously
described by Kuramae-Izioka (1997). To check for DNA
purity and concentration, the 260/280 and 260/230 ratios,
the DNA samples were evaluated in a spectrophotometer
(Nanodrop-Thermo Scientific) and were stored at —20 °C
for subsequent PCR assays. To confirm the presence of
amplifiable DNA in each sample and discard the occur-
rence of false negative results due to problems in the ex-
traction of DNA, each one was used as template in a PCR
internal control assay based on the mammals gapdh (glyc-
eraldehyde-3-phosphate dehydrogenase) gene, as described
by Birkenheuer et al. (2003). All of the primers pairs used
are listed in Table 1.

PCR screening for Babesia bovis based on the sbp-2
(spherical body protein) gene

The positive samples in the abovementioned conventional
PCR on the gapdh gene were submitted to the nested PCR
for B. bovis based on the sbp-2 spherical body protein gene, as
described by Aboulaila et al. (2010). The fragment amplified
in the second reaction is approximately 600 bp in size. The
DNA sample of B. bovis obtained from an experimentally
infected calf blood (Machado et al. 1997) and ultra-sterile
water were used as positive and negative controls,
respectively.

Babesia bovis amplification reactions directed to the msa-2b
and msa-2c (merozoite surface antigen) genes

The molecular characterization and genetic diversity study of
B. bovis was performed in the sbp-2-PCR-positive DNA sam-
ples using conventional PCR assays targeting the msa-2b and
msa-2c¢ genes as previously described (Tattiyapong et al.
2014). The DNA sample of B. bovis obtained from an exper-
imentally infected calf blood (Machado et al. 1997) and ultra-
pure sterilized water were used as positive and negative con-
trols, respectively.
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Table 1 Sequence of the primers used in the PCR assays, the size of the respective products, and references
Gene Sequence Product size Reference

gapdh (glyceraldehyde-3-
phosphate dehydrogenase)
sbp-2 spherical body protein

G-3"

Forward (5'-CCTTCATTGACCTCAACTACAT-3")

Reverse (5'-CCAAAGTTGTCATGGATGACC-3')

F (5-CCGAATTCCTGGAAGTGGATCTCATGCAACC-3)
R (5-ATCTCGAGTCACGAGCACTCTACGGCTTTGCA

nested F (5'-CGAATCTAGGCATATAAGGCAT-3")
nested R (5'-ATCCCCTCCTAAGGTTGGCTAC-3")

msa-2b merozoite surface antigen

msa-2c merozoite surface antigen

F 5-ATGATCGGGAAAATCTTCTTGTTAA-3'
R 5-TTAAAATGCAGAGAGAACGAAGTAGC-3'
F 5-ATGGTGTCTTTTAACATAATAACC-3'

Approximately ~ (Birkenheuer et al. 2003).
450 bp
Approximately ~ (Aboulaila et al. 2010).
600 bp
780-843 bp (Altangerel et al. 2012;
Sivakumar et al. 2013)
792-798 bp

R 5'-TTAAAATGCAGAGAGAACGAAGTAGC-3'

All PCR products were submitted to horizontal electropho-
resis in 1.0% agarose gel stained with ethidium bromide
(0.625 uL/mL) in TEB run buffer pH 8.0 (44.58 M Tris-
base; 44 M boric acid, 12.49 mM EDTA) at 90 V/150 mA
for 50 min. To determine the amplified products, a 100 base
pair molecular weight marker was used (Thermo Scientific,
San Jose, CA, USA). The results were visualized and analyzed
in an ultraviolet light transilluminator coupled to an image
analysis program (Chemi-Doc, Bio-Rad®).

Cloning and sequencing reactions

Five amplicons obtained in the msa-2b and msa-2c gene-based
PCR assays were subjected to pGEM-T Easy vector cloning
(Promega® Madison, USA), following the manufacturer’s rec-
ommendations. The ligation reaction with the plasmid was used
to transform competent E. coli DH5« cells (10°~10' CFU/ng
DNA), plated on Luria-Bertani agar (LB) (Invitrogen, Carlsbad,
CA, USA) and cultured in LB broth (Invitrogen Carlsbad, CA,
USA). Up to three clones of each positive sample were selected
for sequencing. For extracting the plasmid DNA, the alkaline
lysis method was used (Sambrook et al. 2001). Plasmid DNA
extracted from the clones was subjected to a PCR assay using
the primers M13 F (5'-CGCCAGGGTTTTCCCAGTCA
CGAC-3") and M13 R (5'-GTCATAGCTGTTTCCTGTGT
GA-3') (Lau et al. 2010) that flank the multiple cloning site of
the plasmid pGEM T-easy and, therefore, included the inserts of
the msa-2b and msa-2c¢ genes.

The amplified products of the reactions were purified with
the “Silica Bead DNA Gel Extraction” Kit (Fermentas, Sado
Paulo, SP), following the manufacturer’s recommendations.
Sequencing of the amplified products was performed in both
directions using an automated technique based on the
dideoxynucleotide chain termination method (Sanger et al.
1977). The oligonucleotides used in the sequencing were the
same as those used in the PCR of plasmid DNA, namely M13
F and M13 R, which flank the multiple cloning site of the
pGEM T-easy vector and amplify a fragment up to 1100 bp.
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Sequencing was conducted on the ABI PRISM 3700 DNA
Analyzer sequencer (Applied Biosystems).

Sequence analysis
Phylogenetic inferences

The alignment of sequencing data and the consensus sequence
were obtained using the PhredPhrap software (Ewing et al.
1998). Subsequently, the BLASTn analysis tool was used to
compare the sequences obtained in this work with others of
the same gene in the “GenBank” database (Benson et al.
2002). The consensus sequences saved as FASTA were aligned
with other homologous sequences from the same gene retrieved
from the GenBank database using the MAFFT software (Katoh
et al. 2002). Phylogenetic inference on the msa-2b and msa-2c
gene sequences was obtained from maximum likelihood anal-
yses using the RaxML BlackBox cluster 7.6.3 (Stamatakis et al.
2008). The analyses were carried out via the CIPRES portal
(Miller et al. 2010). The bootstrap was accessed with 1000
replicates and the best evolutionary model was selected based
on the Akaike Information Criterion (AIC) in the jModeltest
2.1.3 software (Darriba et al. 2012). The phylogenetic trees
were edited and rooted (via external group) in the Treegraph
2.0.56-381 beta software (Stover and Muller 2010).

Genetic diversity

Identity analysis between sequences

The identity percentage between the nucleotide sequences of
the msa-2b and msa-2c clones obtained in this study was
found using the Sequence identity matrix tool in the Bioedit
v. 7.0.5.3 (Hall 1999).

Entropy of amino acids

Entropy analysis was performed to verify the variability be-
tween the amino acid sequences. To that end, the nucleotide
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sequences of the msa-2b and msa-2c clones were converted
into amino acids in the ExPASy software (Gasteiger et al.
2003), aligned and then submitted to said analysis using the
“Entropy (H (x)) plot” via Bioedit v. 7.0.5.3 (Hall 1999).

Haplotype diversity

The obtained alignment of the nucleotide sequences of the
msa-2b and msa-2c genes was used to calculate the nucleotide
diversity (), polymorphism level (diversity of haplotypes—
[Dh]), number of haplotypes, and the average number of nu-
cleotide differences (K), using the DnaSP v5 software
(Librado and Rozas 2009). In addition, the nucleotide se-
quences were submitted to the TCS Network analysis
(Clement et al. 2000), which was inferred from the
Population Analysis with the Reticulate Trees (popART) pro-
gram (Leigh and Bryant 2015).

Accession numbers

The sequences of Babesia bovis generated in this study were
deposited in the GenBank database (https://www.ncbi.nlm.
nih.gov/genbank/) under accession numbers MH475362 to
MH475365, MK361205 to MK361214 for msa-2b and
MH751587 to MH751591, MK305090 to MK305092,
MK353800 to MK353804 for msa-2c.

Results

Quality of extracted DNA samples and PCR
of the mammalian gapdh gene

The mean DNA concentration and the absorbance (260/280
and 260/230 nm) ratios of the DNA samples were 25.14 ng/
pL (SD£10.14), 1.8 nm and 1.33 nm (SD £ 0.12 and + 0.56),
respectively. The 400 DNA samples extracted from the bovine
blood were positive for the endogenous gene (gapdh) as
shown by the PCR results.

Occurrence of Babesia bovis in sampled cattle

Of the 400 bovine blood samples submitted to screening,
4.5% (18/400) were positive as shown by the nPCR results
targeting the sbp-2 gene. All positive blood samples were
from calves.

Amplification reactions for Babesia bovis based
on the msa-2b and msa-2c genes

Of the 18 positive blood samples from calves, 77.7% (14/18)
were positive to the B. bovis msa-2b fragment, where as
66.6% (12/18) were positive to the msa-2¢ fragment.

Analysis of the sequence identity by BLASTn

Among the B. bovis positive samples submitted to gene clon-
ing, clones of the msa-2b (14 clones) and msa-2c¢ (13 clones)
genes were sequenced and compared to other sequences pre-
viously deposited in the GenBank, using the Blastn analysis
tool. All analyzed sequences (msa-2b and msa-2c) shared 90—
99% identity with other sequences of said B. bovis genes de-
tected in cattle.

Phylogenetic analysis
Phylogenetic analysis of msa-2b gene sequences

Phylogenetic analysis using the maximum likelihood method
and the GTR + G evolution model was performed based on 14
sequences of the msa-2b gene obtained in this study and 22
sequences of the msa-2b gene from previous studies conduct-
ed in Brazil and other parts of the world. Three sequences of
the msa-2c¢ gene from B. bovis were used as an external group.
Sequences employed in the phylogeny were obtained from
samples #4 (3 clones), #168 (3 clones), #189 (3 clones),
#190 (3 clones), and #191 (2 clones). The cladogram revealed
six clades, supported by bootstrap values ranging from 40 to
100%. The B. bovis sequences detected in the present study
were positioned in 4 clades (1, 2, 3, and 4) (Fig. 2). The
sequences obtained from sample #189 (189-clone 1, 189-
clone 2, and 189-clone 3) clustered in clade 1, demonstrating
phylogenetic proximity. However, while clones 1 and 2 ap-
pear as a sister group, clone 3 positioned farthest from these
and closer to the CA 109.2 isolate sequence detected in
Vietnam (LC004318). Also, this same clade clustered clones
belonging to samples #168 and #190 (168-clone 1 and 190-
clone 1), along with sequences detected in Vietnam and the
Philippines, under LC004328 and AB819788 accession num-
bers, respectively. The second clones from samples #168 and
#190 (168-clone 2 and 190-clone 2) appeared in the second
clade, clustered with a sequence from Vietnam, and together
with the Pantanal sequences obtained from sample #4 (4-clone
1, 4-clone 2, and 4-clone 3). The sequence #190-clone 3 ob-
tained in the present study was positioned in the third clade, as
a sister group of the Tabasco isolate, detected in Mexico. This
third clade also grouped sequences detected in Thailand,
Mexico, and one previously detected in Taiacu, in the state
of Sado Paulo. The 191-clone 1, 191-clone 2, and 168-clone 3
sequences from Pantanal were positioned in clade 4, clustered
with sequences previously detected in the states of Rio de
Janeiro and Sao Paulo (KX160815, KU522560), respectively;
this clade also had sequences from Sri Lanka and Thailand.
With only two sequences each, clade 5 had AB745712
(Thailand) and AB786821 (Vietnam) while clade 6 had
DQ173953 and DQ173958 detected in Australia.
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Babesia bovis - 189 clone 1 - Pantanal, Brazil (MK361207)
Babesia bovis - 189 clone 2 - Pantanal, Brazil (MK361208)
Babesia bovis - 168 clone 1 - Pantanal, Brazil (MH475364)
Babesia bovis - 190 clone 1 - Pantanal, Brazil (MK361210)
Babesia bovis - isolate P235, cattle, Philippines: Ginatilan (AB819788)
Babesia bovis - isolate CA202.3, cattle, Vietnam:Hue (LC004328)
Babesia bovis - 189 clone 3 - Pantanal, Brazil (MK361209)
Babesia bovis - 168 clone 2 - Pantanal, Brazil (MH475365)
Babesia bovis - isolate CA202.2, cattle, Vietnam:Hue (LC004319)
Babesia bovis - 4 clone 1 - Pantanal, Brazil - (MH475362)
Babesia bovis - 4 clone 3 - Pantanal, Brazil (MK361205)
Babesia bovis - 4 clone 2 - Pantanal, Brazil - (MH475363)
Babesia bovis - 190 clone 2 - Pantanal, Brazil (MK361211) = 5
100 Babesia bovis - isolate Bbo-ca-C97, cattle, Thailand: Central (AB745711)
— Babesia bovis - isolate Bbo-ca-N74, cattle, Thailand: North (AB745703)
75 Babesia bovis - isolate Tabasco, cattle, Mexico: Tabasco State (F/422803)
98 Babesia bovis - 190 clone 3 - Pantanal, Brazil (MK361212)
Babesia bovis - isolate Bbo-ca-C37, cattle, Thailand: Central (AB745708)
100 — Babesia bovis - isolate Veracruz, cattle, Mexico: Veracruz (EF644345)
Babesia bovis - solate Jalisco, cattle, Mexico: Jalisco (EF644348)
» Babesia bovis - isolate TC 47.2, cattle, Taiagu-SP, Brozil (KUS22556)  ___|
Babesia bovis - isolate P75.1, cattle, Sri Lanka:Polonnaruwa (AB787620)
= Babesia bovis - 191 clone 1 - Pantanal, Brazil (MK361213)
Babesia bovis - isolate Tc52.2, cattle, Taiagu-SP, Brazil (KX420675)
74 Babesia bovis - isolate RJ-42.3F, cattle, Ro de Janeiro, Brazil (KX160815)
82 Babesia bovis - isolate Tc 43.2, cattle, Taiagu-SP, Brazil (KU522560)
s3 Babesia bovis - 168 clone 3 - Pantanal, Brazil (MK361206)
m Babesia bovis - 191 clone 2 - Pantanal, Brazil (MK361214)
Babesia bovis - isolate Bbo-ca-N9, cattle, Thailand: North (AB745696)
100 ~(—Babesia bovis - isolate Bbo-ca-C122, cattle, Thailand: Central (AB745712) } Clade 5
\~ Babesia bovis - isolate VI-HU64, cattle, Vietnam: Hue (AB786921) -
99 — Babesia bovis - isolate G52, cattle, Australia (DQ173953) } Clade 6
< Babesia bovis - strain T, cattle, Australia (DQ173958)
100 — Babesia bovis msa2c gene, cattle, Israel (KJ144257)
Babesia bovis msa2c gene, cattle, Mongolia: Khentii Jargaltkhan (AB612259)

Clade 1

—

e Clade 2

= Clade 3

= Clade 4

Babesia bovis msa2c gene, cattle, Taiagu-SP, Brazil (KX420674)

Fig. 2 Phylogenetic analysis of B. bovis msa-2b gene sequences. The
phylogenetic tree was inferred using the maximum likelihood method
and the GTR + G evolution model. The sequences amplified in this

Phylogenetic analysis of msa-2c gene sequences

Phylogenetic analysis of maximum likelihood and evolu-
tionary model TIM3 + G were based on 13 sequences
obtained in this study and 25 sequences from previous
studies conducted in Brazil and other parts of the world.
Three sequences of the msa-2b gene from B. bovis were
used as an external group. Sequences of the present study
were obtained from samples #10 (3 clones), #138 (3
clones), #139 (3 clones), #168 (2 clones), and #179 (2
clones). The cladogram revealed 9 clades, supported by
bootstrap values ranging from 43 to 100% (Fig. 3). The
B. bovis sequences of beef cattle sampled in the Brazilian
Pantanal were positioned in 6 clades (1, 2, 3, 6, 7, and 9).
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study are highlighted in bold. The numbers on each node correspond to
the bootstrap values accessed with 1000 replicas. Three sequences of the
B. bovis msa-2c gene were used as an external group

Two clones from sample #10 (10-clone 1 and 10-clone 2)
clustered into the first clade, along with sequences previ-
ously detected in the Philippines, Vietnam, and Israel. The
3 clones of the #139 sample (139-clone 1, 139-clone 2,
and 139-clone 3) clustered together with a sequence from
sample #10 (10-clone 3), all four clustered with the se-
quences detected in the Philippines, Sri Lanka, and
Mexico. The 179-clone 1 and 179-clone 2 sequences ob-
tained from samples #179 formed alone clades 9 and 3,
respectively. The remaining (138-clone 1, 138-clone 2,
138-clone 3, and 168-clone 2) sequences from samples
#138 and #168 were clustered together in clade 7 along
with sequences detected in Turkey and Mexico
(GU004533, KC515390, KC515389, and EF640958).



Parasitol Res (2019) 118:2027-2040

2033

Babesia bovis - 10 clone 2 - Pantanal, Brazil (MH751588)

Babesia bovis - 10 clone 1 - Pantanal, Brazil (MH751587)

Babesia bovis - isolate CA79.3, cattle, Vietnam: Hue (LC004348)
Babesia bovis - isolate P235, cattle, Philippines: Ginatilan (AB819798)
babesia bovis - isolate CA202, cattle, Vietnam: Hue (LC004362)
Babesia bovis - isolate MH, cattle, Israel (K/144256)

Babesia bovis - isolate P81, cattle, Sri Lanka:Polonnaruwa (AB787589)
Babesia bovis - isolate P357, cattle, Philippines: Borbon (AB819804)
Babesia bovis - isolate Guerrero, cattle, Mexico (EF640967)

Babesia bovis - 139 clone 3 - Pantanal, Brazil (MK353801)

Babesia bovis - isolate P75, cattle, Sri Lanka:Polonnaruwa (AB787588)
Babesia bovis - 139 clone 1 - Pantanal, Brazil (MK305091)

Babesia bovis - 10 clone 3 - Pantanal, Brazil (MH751589)

Clade 1

= Clade 2

Babesia bovis - 139 clone 2 - Pantanal, Brazil (MK353800) =
s Babesia bovis - 179 clone 2 - Pantanal, Brazil (MK353804) }= Clade 3
Babesia bovis - isolate RAD, cattle, Mexico (F/422799)} ade 4

Babesia bovis - isolate 42.3, cattle, Rio de Janeiro, Brazil (KX463634) ~Jm Clade 5

95 — Babesia bovis - isolate Brazilian/CO, cattle, Brazil (HM352731)
L Babesia bovs - isolate Brazilian/Sul, cattle, Brazil (HM352735)

86 l——Babesia bovis - isolate Tc48.5, cattle, Taiagu-SP, Brozil (KX420672,

Clade 6

86 Babesia bovis - strain: Texas, cattle, Texas-USA (AK441598)

Babesia bovis - strain T2Bo, cattle, Australia (DQ173974)

Babesia bovis - 168 clone 1 - Pantanal, Brazil (MK353802)

86 Babesia bovis - isolate 4107, cattle, Turkey (GUO04533)

83 — Babesia bovis - isolate BbovE2, cattle, Turkey (KC515390)
Babesia bovis - isolate BbovE1, cattle, Turkey (KC515389)
Babesia bovis - 138 clone 3 - Pantanal, Brazil (MK305090)
Babesia bovis - 138 clone 2 - Pantanal, Brazil (MH751591)

52 — Babesia bovis - 168 clone 2 - Pantanal, Brazil (MK305092)
Babesia bovis - 138 clone 1 - Pantanal, Brazil (MH751590)
Babesia bovis - isolate Quintana Roo, cattle, Mexico (EF640959) o K]

(— Babesia bovis - isolate Kastamonu, cattle, Turkey (GU647148) } Clade 8

—

s Clade 7

"~ Babesia bovis - cattle, Israel (KI467627)
Babesia bovis - 179 clone 1 - Pantanal, Brazil {MK353803)} Clade 9
100 Babesia bovis msa2b gene, cattle, Vietnam (AB786924)

43 — Babesia bovis msa2b gene, cattle, Taiagu-SP, Brazil (KU522562)

Babesia bovis msa2b gene, cattle, Israel (KI467626)

Fig. 3 Phylogenetic analysis of B. bovis msa-2c gene sequences. The
phylogenetic tree was inferred from the maximum likelihood method
and the TIM3 + G evolution model. The sequences amplified in this

Identity analysis of the sequences
Identity of the Babesia bovis msa-2b nucleotide sequences

The identity ranged between 58 and 98.2% for the B. bovis
msa-2b sequences obtained from blood samples from beef
cattle from the Brazilian Pantanal (Table 2). The lowest iden-
tity percentage (58%) corresponded to the comparison of
clone-1 and clone-3 sequences of sample #190 with clone-3
of sample # 4. On the other hand, the highest identity percent-
age (98.2%) refers to two clones of the same sample (clones 1
and 2 of sample #189). The analysis of B. bovis sequences
obtained from the same animal, i.e., clones from the same
sample, shows that the highest divergence percentages be-
tween clones were detected in the sequences obtained from
the msa-2b gene. The divergence between the sequences
ranged from 4.1 to 22.8%, 27.3 t0 33.9%, 1.8 to 5%, 19.6 to
32.7%, and 7.6 to 30.5% in clones obtained from samples #4,
#168, #189, #190, and #191, respectively. The highest

study are highlighted in bold. The numbers on each node correspond to
the bootstrap values accessed with 1000 replicas. Three sequences of the
B. bovis msa-2b gene were used as an external group

divergence between msa-2b clones was 33.9% observed for
the sequences of clones 1 and 2 of sample #168, whereas the
lowest divergence was 1.8%, observed between clones 1 and 2
of sample #189.

Identity of Babesia bovismsa-2c nucleotide sequences

The identity of the msa-2c¢ sequences obtained in the Brazilian
Pantanal varied between 75.1 and 99.8% (Table 3). The lowest
identity percentage (75.1%) was observed for the sequences
179-clone 2 and 138-clone 3, whereas the highest (99.8%)
referred to sequences 139-clone 3 and 10-clone 3. The diver-
gence variation between the sequences obtained from clones
of the same sample was 3 to 5.5%, 0.6 to 2.3%, 2 to 8.7%,
14.3% and 12.3% in the clones obtained from samples #10,
#138, #139, #168, and #179, respectively. The greatest diver-
gence between msa-2c¢ clones was 14.3% between clones 1
and 2 of sample #168 while the lowest was 0.6% between
clones 2 and 3 of sample #138.
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Table 2 Identity and divergence matrix of the Babesia bovis msa-2b nucleotide sequences detected in beef cattle sampled in the Brazilian Pantanal
Identity

Clade 2 Clade Clade 4

41

4;3 4;2 190;3 191;1 168;3 191;2

Divergence

34.1% 42% 34%
191;1  294% 29.6% 29.9% 26.3% 29% 30% 30.1% 37.7% 29.5% 28.6%
168;3 29.8% 31.2% 30.6% 27.3% 29.6% 31.1% 31.6% 385% 28.6% 29.4% 21.6% 2.9% “ 93.6%

191;2 354% 34.7% 35.8% 30.6% 28.1% 33.5% 282% 40.8% 252% 29.7% 27% 7.6% 6.4% D

Table 3  Identity and divergence matrix of the Babesia bovis msa-2c¢ nucleotide sequences detected in beef cattle sampled in the Brazilian Pantanal
Identity
Clade 2 Clade 3 Clade 6 Clade 7 Clade 9

139;3 139;1 10;3 139;2 179;2 168;1 138;3 138;2 168;2 1381 179;1

94.6% 95.7% 94.5% 91.4% 81.3% 91.2% 91.2% 91.4% 90.7% 91.8% 81.2%

10; 2 97.3% 97.9% 97.2% 91.1% 78.9% 915% 93.9% 94.1% 90.5% 92.5% 81.2%

139;3 77.5% 92.2% 949% 94.4% 89.2% 93.6% 79.8%
139;1 4.3% 2.1% 784% 90.6% 93.2% 93.5% 90.2% 92%  80.7%

10; 3 5.5% 2.8% 77.4% 92.1% 94.8% 94.2% 89.1% 93.5% 79.1%

Divergence

139;2 8.6% 8.9% 84.8% 84% 86.5% 86.2% 93.6% 85.4% 87.4%

179;2 187% 21.1% 80.1% 75.1% 754% 81% 75.7% 87.7%

168;1 8.8% 8.5% 16% 19.9% 92.7% 92.2% 85.7% 93% 78%
D

7.3% 994% 921% 97.9% 84.1%

138;3 8.8% 6.1% 5.1% 6.8% 5.2% 13.5% 24.9%

138;2 8.6% 5.9% 5.6% 6.5% 5.8% 13.2% 246% 7.8% 0.6% 92.4% 97.7% 84.5%
168;2 9.3% 9.5% 10.8% 9.8% 10.9% 6.4% 19% 143% 7.9% 7.6% 90.7%  89%
138;1 8.2% 7.5% 6.4% 8% 6.5% 14.6% 24.3% 7% 2.1% 2.3% 9.3% 82.3%

179;1 18.8% 188% 202% 19.6% 209% 12.6% 123% 22% 159% 155% 11% 17.7% | D
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Entropy analysis of MSA-2B and MSA-2C amino acids

Amino acid entropy analysis, performed from the sequence
alignment of msa-2b and msa-2c clones, is shown in
Fig. 4a, b. The charts show 78 and 44 high entropy peaks
distributed along the amino acid sequence for the MSA-2B
and MSA-2C, respectively. In the present study, the entropy
value ranged from 0.25 to 1.53 for MSA-2B and from 0.27 to
1.09 for MSA-2C.

Analysis of Babesia bovis haplotypes detected
in the Brazilian Pantanal

A total of 14 haplotypes with 7=0.1735, Dh = 1000, and K =
100.11318 were identified among the 14 sequences of the
analyzed msa-2b gene. On the other hand, of the 13 msa-2¢
gene sequences analyzed, 11 haplotypes with m=0.03220,
Dh=0.9794, and K=20.0256 (Table 4) were identified.
Furthermore, haplotypes #5 and #7 were formed by two

a

Ertropy (Mx)

$ 10 1520 25 20 3

sequences only, #5 by clones 2 and 3 of sample #139, and
#7 by 2 and 3 of sample #138.

Analysis of haplotypes based on the msa-2b and msa-2c
genes of Babesia bovis sequences detected in Brazil
and worldwide

The B. bovis sequences obtained in the Brazilian Pantanal
were highly diverse compared to those previously detected
in Brazil and worldwide. The haplotype networks for both
genes obtained from the TCS Network tool are shown in
Figs. 5 and 6.

The haplotypes were analyzed based on 33 sequences of
B. bovis msa-2b detected in Brazil, including the 14 sequences
obtained in this study; the results indicated 25 different hap-
lotypes with 7=0.18027, Dh=0.9773 and K=283.46
(Table 4). Only haplotypes #1, #8, #11, #14, and #20 consisted
of more than one sequence. Haplotype #1 consisted of se-
quences AB819788 and LC004328, detected in the

40 45 SO S5 60 65 T0 7S 80 85 90 95 100105110 115120125 130 135 140 145 150 155160 165 170 175 180 185 190 195 200 205 210 215 220 225230 235 240 245 250 265 260265 270 276 280 285 290 295300 305 310

Algnment Postion (residue number)

Entropy (Hx)

L

S 10 15 20 25 30 35 40 45 S0 S5 60 65 70 7S

80 85 90 95 100105 110 115120 125 120 135 140 145 150 155160 165 170 175 180 185 190 195200 205210 215 220 225 230 235 240 245 250 255 260 265 270 275 280 285 290 295 200 205

Algnment Postion (resdue number)

Fig. 4 a Amino acid entropy plot obtained from the msa-2b gene sequences. b Amino acid entropy plot obtained from the msa-2¢ gene sequences
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Table 4 Polymorphism and genetic diversity of the B. bovis msa-2b and msa-2c sequences detected in beef cattle in the Brazilian Pantanal and
worldwide

Gene (pb) N VS GC% h Dh (mean + SD) 7 (mean + SD) K

Sequences within the Brazilian Pantanal

msa-2b 938 14 255 372 14 1000 + 0.027 0.1735 £ 0.0154 100.1318

msa-2c 916 11 51 38.7 11 0.9794 + 0.039 0.03220 + 0.0028 20.0256
Sequences worldwide

msa-2b 979 33 244 36.9 25 0.9773 £ 0.015 0.18027 + 0.0062 83.46

msa-2c 1005 37 117 389 31 0.9880 + 0.010 0.03294 + 0.00377 19.76

N, number of analyzed sequences; VS, number of variable sites; GC, G + C content; h, number of haplotypes; Dh, diversity of haplotypes; SD, standard
deviation; 7, nucleotide diversity (per site); K, nucleotide difference number

Philippines and Vietnam while haplotype #8 had 3 sequences The analysis of haplotypes based on 37 sequences of B. bovis
detected in the Pantanal (clone 1 of sample #4, clone 2 of  msa-2c detected in the world, including the 13 sequences obtain-
sample #4, and clone 2 of sample #168), whereas haplotype  ed in this study, indicated the presence of 31 different haplotypes
#11 consisted of sequences DQ173958 and DQ173953 from  with 7=0.03294, Dh =0.9880, and K = 19.76. Four haplotypes
Australia and haplotype #14 consisted of the clone 3 se-  consisted of more than one sequence. Haplotype #1 comprised
quences from samples #190 and AB745708 from Pantanal  the sequences LC004362 and LC004348, detected in Vietnam.
and Thailand respectively. Finally, haplotype #20 consisted ~ Haplotype # 9 comprised the sequences AK441598, KX420672,
of the sequences KX160815, KU522560, KX420675, and and HM352731, which were detected in Texas (USA), Taiagu in
clone 3 of sample 168, originated from Taiagu-SP and SP (Brazil) and Mato Grosso do Sul (Brazil), respectively.
Pantanal-MS. Haplotype #16 consisted of the AB787588 sequences from Sri
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1 sample
e Philippines
e Pantanal_Brazil
® Vietnam
® Australia
© Thailand
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Fig. 5 TCS network of haplotypes based on the Babesia bovis msa-2b gene sequences detected in Brazil and worldwide. (The black spots are median-
vectors; small traits between one haplotype and another represent mutational event)
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Lanka and two sequences detected in the Pantanal (clone 2 of
sample #139 and clone 3 of sample #139), and haplotype #21
indicated two sequences detected in the Pantanal, clones 2 and 3
of sample #138.

Discussion

The present study showed a low molecular occurrence of
B. bovis in cattle sampled in the Brazilian Pantanal. The molec-
ular assay results showed that of the animals sampled, 4.5% (18/
400) were positive for B. bovis based on the shp-2 gene. The
percentage of positive animals in this study was similar to the
3.6% (11/308) reported in a herd of water buffaloes in the
Amazon region (Silveira et al. 2016) and lower than the 33.2%
(67/202) reported in milk cattle sampled in Parnaiba, Piaui, both
based on the 18S rRNA gene. Although the nPCR method used
in this study to detect B. bovis is considered highly sensitive
(Mosqueda et al. 2012), the low molecular occurrence found
could be attributed to a parasitemia level below the limit of
detection of the technique used. According to Aboulaila et al.
(2010), the limit of detection of the nPCR targeting the sbp-2
gene was 2.7 x 10 2 infected bovine red blood cells (as low as
1 fg (1 x 10™%) per test of the B. bovis genomic DNA). Therefore,

considering the high sensitivity of the used nPCR assay, we
could hypothetize that the low number of animals presenting
B. bovis DNA in blood samples might have been resulted from
the innate resistance of Nelore cattle to R. microplus attachment
to their skin (Spickett et al. 1989; Martinez et al. 2006; Gasparin
et al. 2007; Verissimo et al. 2015). It is known that the final stage
of B. bovis sporogony in R. microplus ticks only occurs after the
tick larvae starting feeding (Jalovecka et al. 2018), which could
resulted, as a consequence, in low numbers of inoculated infect-
ing sporozoites. Although the susceptibility of particular breeds
to B. bovis infection is not known, previous studies have sug-
gested that, following the same pattern of resistance to the
R. microplus tick, zebu animals are more resistant than taurine
to infection by this piroplasmid (Bock et al. 1997; Bock et al.
1999; Bilhassi et al. 2014).

This study analyzed gene fragments encoding the msa-2b
and msa-2c merozoite surface proteins in a bovine population
sampled in the Brazilian Pantanal to determine the genetic di-
versity of B. bovis in this region. Our results show that the
B. bovis population is highly diverse in the Pantanal region,
with the presence of probably more than one distinct haplotype
in the same animal. Previous studies report that the MSA gene
family are appropriate markers of genetic diversity for B. bovis
(Berens et al. 2005; LeRoith et al. 2005; Borgonio et al. 2008;
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Genis et al. 2008; Genis et al. 2009; Simking et al. 2013). The
results obtained in the screening PCR assay (shp-2 gene) and in
PCR protocols based on the msa-2b and msa-2c genes were in
disagreement for ten samples, of which four and six positive
samples in the screening turned out negative in the msa-2b and
msa-2c PCR assays, respectively. The screening PCR assay
used to detect B. bovis DNA in the samples was based on the
sbp-2 (spherical body protein 2) gene (AbouL.aila et al. 2010),
which shows 12 truncated copies corresponding to the 5’ end
and a complete copy in the B. bovis genome (Brayton et al.
2007; AbouLaila et al. 2010). Therefore, the amplification is
more sensitivity to this gene compared to those based on the
genes encoding merozoite surface proteins, which are single
copy in the B. bovis genome. In addition, the nested PCR tech-
nique used for the screening assay, which is based on two
successive amplifications, has higher sensitivity and specificity
than PCR for MSA’s genes performed with only one reaction.

In general, in both phylogenetic analyses, all msa nucleo-
tide sequences detected in beef cattle from the Pantanal were
distributed in several different clades, as recently demonstrated
by Matos et al. (2017), who used msa-2b as a B. bovis genetic
marker in blood samples from dairy cattle in the state of Sdo
Paulo, southeastern Brazil. The sequences detected in the pres-
ent study were clustered with sequences from other countries,
suggesting that none of the haplotypes found in this study is
unique to Brazil and that the msa-2b and msa-2c sequences of
B. bovis circulating in the Pantanal region share genetic traits
with all sequences previously detected worldwide. The hetero-
geneous phylogenetic positioning of the sequences detected in
the Pantanal is supported by the identity analysis between the
sequences and corroborated by the high value of nucleotide
diversity per site, especially for the msa-2b gene.

The msa-2b phylogeny positioned most of the sequences
detected in this study in clades #1 and #2, suggesting a prob-
able predominant haplotype. In contrast, the msa-2c phyloge-
netic analysis allocated single sequences detected in the
Pantanal in three clades, which were positioned alone in
clades #3 and #9; while in clade #6, a sequence detected in
the Pantanal was clustered with sequences previously detected
in Brazil, Texas (USA), and Australia. These findings indicate
phylogenetic proximity of the B. bovis haplotypes circulating
in different countries and in Brazilian Pantanal. Although pre-
vious studies performed in Brazil considered that the msa-2¢
is a conserved gene region compared to other msa loci (Ramos
et al. 2012; Matos et al. 2017), a high genetic diversity has
been reported for this genic locus in B. bovis strains detected
in cattle from Australia (Berens et al. 2005), the Philippines
(Tattiyapong et al. 2014), and Israel (Molad etal. 2014). These
findings show that the genetic diversity among B. bovis pop-
ulations varies according to the geographical region.

On the other hand, the Australian msa-2b sequences, which
included the B. bovis T vaccine isolate, were allocated in clade
#6, separately from all sequences detected in the Pantanal.

@ Springer

This result suggests that the msa-2b haplotypes previously
detected in Australia have a more distant phylogenetic rela-
tionship compared to the genotypes detected in this study,
suggesting a potential obstacle for producing a single vaccine
to be used worldwide. Comparing all phylogenetic analyses
and haplotype networks consisting of the same sequences, it is
concluded that the spatial haplotype network supports the data
presented in the phylogeny since it shows the proximity of the
phylogenetically close groups and indicates the dimension of
the mutational events separating them. The Pantanal sequence
group distributed throughout the network was distant from
haplotypes #11, #12, and #13, which were positioned in
clades that lacked the Pantanal sequences. In addition, it is
still possible to verify that haplotypes #2, #3, #4, #5, and #6,
formed by sequences of the present study, possibly originated
directly from haplotype #1, displaying few mutational events
among themselves. All other haplotypes constituted by the
Pantanal sequences originated from the “median vector”
(shown in the haplotype network as black spots), which rep-
resents intermediate haplotypes in the evolutionary route to
the present ones, but were not contemplated in the sampling.
Similar to msa-2b gene, the spatial haplotype network of the
msa-2c gene corroborated the phylogenetic data since the phy-
logenetically related groups were close, allowing to infer the
size of the mutational events that separate them. However, un-
like the msa-2b network, the occurrence of mutational events
separating our sequences was much lower than those previous-
ly detected in msa-2c in Brazil and worldwide, since such
events were almost exclusively restricted to haplotypes #30
and #31. Corroborating the phylogenetic positioning, the msa-
2c haplotypes from the Pantanal were well distributed through-
out the network. However, in addition to a smaller number of
mutational events among the msa-2¢ sequences of the Pantanal,
a greater number of haplotypes originated directly from other
samples, without a “median-vector,” as observed in the msa-2b
haplotype network. Thus, it is inferred that haplotypes #3 and
#4 may have originated from haplotype #1, consisting of
B. bovis sequences from Vietnam. Haplotype #27 appears to
have originated from haplotype #20, consisting of a sequence
from Israel. Haplotype #16 with sequences from the Pantanal
and Sri Lanka appears to have split to give rise to, in one
direction, haplotypes #17 and #18 from the Pantanal, and in
the other direction, another haplotype from Sri Lanka. These
high spatial distribution data are further supported by the poly-
morphism and diversity analyses of the Pantanal sequences.
Additionally, the analyses of the amino acid sequences from
the original nucleotide sequences ratifies the high polymorphism
with 78 and 44 entropy peaks reaching up to 1.53 in msa-2b and
1.09 in msa-2c, respectively. The high genetic diversity of the
msa genes observed in the different haplotypes circulating in
Brazil and worldwide (Genis et al. 2009; Lau et al. 2010;
Altangerel et al. 2012; Simking et al. 2013; Sivakumar et al.
2013; Tattiyapong et al. 2014; Molad et al. 2014; Nagano et al.
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2013; and, Matos et al. 2017) may be related to the parasites’
escape from infected host’s immune response (Altangerel et al.
2012). The verified genetic heterogeneity may result in antigenic
variations among B. bovis populations, limiting the use of such
antigens as recombinant vaccines or even related to the protec-
tion failure of vaccine isolates, as already pointed out by Berens
et al. (2005) and LeRoith et al. (2005).

Conclusion

The present study indicated a low molecular occurrence of
B. bovis in beef cattle sampled in the Brazilian Pantanal.
Despite this, a high degree of genetic diversity was found in
the analyzed B. bovis population, with the possible presence
of different haplotypes coexisting in the same animal and in
the studied herd.

Funding information This study received financial aid and support in
conducting the research from CAPES (Coordenacdo de Aperfeicoamento
de Pessoal de Nivel Superior), FAPESP (Sao Paulo Research Foundation -
Process 2015/14896-1), and CNPq (2014/401.403.120.16-5). MRA is a
fellowship researcher sponsored by CNPq (National Council for Scientific
and Technological Development, Process 302420/2017-7).

Compliance with ethical standards

This research followed the Ethical Principles on Animal Experimentation
adopted by the National Council for the Control of Animal
Experimentation (CONCEA) and was approved by the Ethics
Committee on Animal Use (CEUA) of the Universidade Estadual
Paulista “Julio de Mesquita Filho™ (Protocol 12375/15).

References

Aboulaila M, Yokoyama N, Ygarashi I (2010) Development and evalu-
ation of a nested PCR based on spherical body protein 2 gene for the
diagnosis of Babesia bovis infection. Vet Parasitol 169:45-50

Abreu UGP, Carvalho TB, Moraes AS (2008) Analise do prego do
bezerro pago no Pantanal da Nhecolandia, no periodo de 2001 a
2008. Corumba. 7 p (Embrapa Pantanal.Comunicado Técnico 70.
Disponivel em: https://www.infoteca.cnptia.embrapa.br/bitstream/
doc/792590/1/COT70.pdf

Altangerel K, Sivakumar T, Battsetseg B, Battur B, Ueno A, Igarashi I,
Yokoyama N (2012) Phylogenetic relationships of Mongolian
Babesia bovis isolates based on the merozoite surface antigen
MSA-1, MSA-2b, and MSA-2c genes. Vet Parasitol 184:309-316

Alvarenga SM (1980) Levantamento preliminar de dados para o controle
de enchentes da bacia do Alto Paraguai. In: BRASIL. Ministério das
Minas e Energia. Projeto RADAMBRASIL, Goiania. Brasilia:
Ministério das Minas e Energia, p 44

Barros-Battesti DM, Arzua M, Bechara GH (2006) Carrapatos de
importancia médico-veterinaria da Regido Neotropical: Um guia
ilustrado para identificagdo de espécies. Sdo Paulo: Vox/
International Consortium on Ticks and Tick-borne Diseases
(ICTTD-3)/Butantan, p 223

Bechara GH, Szabd MP, Duarte JM, Matushima ER, Pereira MC, Rechav
Y, Keirans JE, Fielden LJ (2000) Ticks associated with wild animals
in the Nhecolandia Pantanal. Brazil Ann N Y Acad Sci 916:289-297

Benson DA, Mizrachi IK, Lipman DJ, Ostell J, Rapp BA, Wheeler DI
(2002) GenBank. Nucleic Acids Res 30:17-20

Berens SJ, Brayton KA, Molloy JB, Bock RE, Lew AE, Mcelwain TF
(2005) Merozoite surface antigen 2 proteins of Babesia bovis vac-
cine breakthrough isolates contain a unique hypervariable region
composed of degenerate repeats. Infect Immun 73:7180-7189

Bilhassi TB, Oliveira HN, Ibelli AMG, Giglioti R, Regitano LCA, Oliveira-
Sequeira TCG, Bressani FA, Malagdé W, Resende FD, Oliveira MCS
(2014) Quantitative study of Babesia bovis infection in beef cattle
from Sao Paulo state, Brazil. Ticks Tick Borne Dis 5:234-238

Birkenheuer AJ, Levy MG, Breitschwerdt EB (2003) Development and
evaluation of a semi nested PCR for detection and differentiation of
Babesia gibsoni (Asian genotype) and B. canis DNA in canine
blood samples. J Clin Microbiol 41:4172-4177

Bock RE, de Vos AJ, Kingston TG, Shiels IA, Dalgliesh RJ (1992)
Investigations of breakdowns in protection provided by living
Babesia bovis vaccine. Vet Parasitol 43:45-56

Bock RE, de Vos AJ, Kingston TG, McLellan DJ (1997) Effect of breed of
cattle on innate resistance to infection with Babesia bovis, Babesia
bigemina, and Anaplasma marginale. Aust Vet J 75:337-340

Bock RE, Kingston TG, de Vos AJ (1999) Effect of breed of cattle on
transmission rate and innate resistance to infection with Babesia
bovis and Babesia bigemina transmitted by Boophilus microplus.
Aust Vet J 77:461-464

Borgonio V, Mosqueda J, Genis AD, Falcon A, Alvarez JA, Camacho M
(2008) MSA-1 and MAS-2c¢ gene analysis and common epitopes
assessment in Mexican Babesia bovis isolates. Ann N Y Acad Sci
1149:121-145

Brayton KA, Lau AO, Herndon DR, Hannick L, Kappmeyer LS, Berens
SJ, et al. (2007) Genome sequence of Babesia bovis and compara-
tive analysis of apicomplexan hemoprotozoa. PLoS Pathog 10:
1401-1413

Clement M, Posada D, Crandall K (2000) TCS: a computer program to
estimate gene genealogies. Mol Ecol 9:1657-1660

Darriba D, Taboada GL, Doallo R, Posada D (2012) ModelTest 2: more
models, new heuristics and parallel computing. Nat Methods 9:772

Douglas JW, Wardrop KJ (2010) Schalm’s veterinary hematology. 6. ed.
Wiley Blackwell, Hoboken, p 1232

Ewing CA, Rumsey DH, Langberg AF, Sandler SG (1998) Immuno
prophylaxis using intravenous Rh imune globulin should be stan-
dard practice when selected D-negative patients are transfused with
D-positive Randon donor platelets. Imm hematology 14:133—137

Florin-Christensen M, Suarez C, Hines SA, Palmer GH, Brown WC,
Mcelwain TF (2002) The Babesia bovis merozoite surface antigen 2
locus contains four tandemly arranged and expressed genes encoding
immunologically distinct proteins. Infect Immun 70:3566-3575

Gasparin G, Miyata M, Coutinho LL, Martinez ML, Teodoro RL,
Furlong J, Machado MA, Silva MVGB, Sonstegard TS, Regitano
LCA (2007) Mapping of quantitative trait loci controlling tick
Riphicephalus (Boophilus) microplus resistance on bovine chromo-
somes 5, 7and 14G. Anim Genet 38:453-459

Gasteiger E, Gattiker A, Hoogland C, Ivanyi I, Appel RD, Bairoch A
(2003) ExPASy: the proteomics server for in-depth protein knowl-
edge and analysis. Nucleic Acids Res 31:3784-3788

Genis AD, Mosqueda JJ, Borgonio VM, Falcon A, Alvarez A, Camacho
M, De Lourdes Munoz M, Figueroa JV (2008) Phylogenetic analy-
sis of Mexican Babesia bovis isolates using msa and ssrRNA gene
sequences. Animal Biodiversity and Emerging Dis 1149:121-125

Genis AD, Perez J, Mosqueda JJ, Alvarez A, Camacho M, Munoz ML
(2009) Using MSA-2b as a molecular maker for genotyping
Mexican isolates of Babesia bovis. Infect Genet Evol 9:1102—1107

Grisi L, Leite RC, Martins JRS, Barros ATM, Andrreotti R, Cangado
PHD, Le6n AAP, Pereira BJ, Viellela HS (2014) Reassessment of
the potential economic impact of cattle parasites in Brazil. Rev Bras
Parasitol Vet 23:150-156

@ Springer


https://www.infoteca.cnptia.embrapa.br/bitstream/doc/792590/1/COT70.pdf
https://www.infoteca.cnptia.embrapa.br/bitstream/doc/792590/1/COT70.pdf

2040

Parasitol Res (2019) 118:2027-2040

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment
editor and analysis program for Windows 95/98/NT. Nucleic Acids
Symposium 41:95-98

Hines SA, Palmer GH, Jasmer DP, Mcguire TC, Mcelwain TF (1992)
Neutralization-sensitive merozoite surface antigens of Babesia bovis
encoded by members of a polymorphic gene family. Mol Biochem
Parasitol 55:85-94

Jalovecka M, Hajdusek O, Sojka D, Kopacek P, Malandrin L (2018) The
complexity of piroplasms life cycles. Front Cell Infect Microbiol 8:
248

Junk WJ, Brown M, Campbell IC, Finlayson M, Gopal B, Ramberg L,
Warner BG (2006) The comparative biodiversity of seven globally
important wetlands: a synthesis. Aquat Sci 68:400—414

Katoh K, Misawa K, Kuma K, Miyata T (2002) MAFFT: a novel method
for rapid multiple sequence alignment based on fast Fourier trans-
form. Nucleic Acids Res 30:3059-3066

Kuramae-Izioka EE (1997) A rapid, easy and high yield protocol for total
genomic dna isolation of Colletotrichum gloeosporioides and
Fusarium oxysporum. Revista Unimar 19:683—-689

Lau AO, Cereceres K, Palmer GH, Fretwell DL, Pedronia MJ, Mosqueda
J, Mcelwain TF (2010) Genotypic diversity of merozoite surfasse
antigen 1 of Babesia bovis within an endemic population. Mol
Biochem Parasitol 172:107-112

Leigh JW, Bryant D (2015) PopART: full-feature software for haplotype
network construction. Methods Ecol Evol 6(9):1110-1116

Leroith T, Brayton KA, Molloy JB, Bock RE, Hines SA, Lew AE, Mcel-
Wain TF (2005) Sequence variation and immunologic cross-
reactivity among Babesia bovis merozoite surface antigen 1 proteins
from vaccine strains and vaccine break through isolates. Infect
Immun 73:5388-5394

Librado P, Rozas J (2009) DnaSP v5: a software for comprehensive
analysis of DNA polymorphism. Bioinformatics 25:1451-1452

Machado RZ, Montassier HJ, Pinto AA, Lemos EG, Machado MRF,
Valaddo IFF, Barci LG, Malheiros EB (1997) An enzyme-linked
immunosorbent assay (ELISA) for the detection of antibodies
against Babesia bovis in cattle. Vet Parasitol 71:17-26

Martinez ML, Machado MA, Nascimento CS, Silva MVGB, Teodoro
RL, Furlong J, Prata MC, Campos AL, Guimardes MF, Azevedo
AL, Pires MF, Verneque RS (2006) Association of BoLA-DRB3.2
alleles with tick (Boophilus microplus) resistance in cattle. Genet
Mol Res 5:513-524

Matos CA, Gongalves LR, Alvarez DO, Freschi CR, Silva JBD, Val-
Moraes SP, Mendes NS, André MR, Machado RZ (2017)
Longitudinal evaluation of humoral immune response and merozo-
ite surface antigen diversity in calves naturally infected with Babesia
bovis, in Sdo Paulo, Brazil. Rev Bras Parasitol Vet 26:479-449

Miller MA, Pfeiffer W, Schwartz T (2010) Creating the CIPRES Science
Gateway for inference of large phylogenetic trees. In proceedings of
the gateway computing environments workshop (GCE) (New
Orleans, November 14, 2010) p 1-8

Molad T, Fleiderovitz L, Leibovich B, Wolkomirsky R, Erster O, Roth A,
Mazuz ML, Markovics A, Shkap V (2014) Genetic polymorphism
of Babesia bovis merozoite surfaceantigens-2 (MSA-2) isolates
from bovine blood and Rhipicephalus annulatus ticks in Israel. Vet
Parasitol 205:20-27

Mosqueda J, Olivera-Ramirez A, Aguilar-Tipacamu G, Canto GJ (2012)
Current advances in detection and treatment of babesiosis. Curr Med
Chem 19:1504-1518

Nagano D, Sivakumar T, De Macedo AC, Inpankaew T, Alhassan A,
Igarashi I, Yokoyama N (2013) The genetic diversity of merozoite
surface antigen 1 (MSA-1) among Babesia bovis detected from
cattle populations in Thailand, Brazil and Ghana. J Vet Med Sci
75:1463-1470

Nava S, Beati L, Labruna MB, Caceres AG, Mangold AJ, Guglielmone
AA (2014) Reassessment of the taxonomic status of Amblyomma
cajennense (Fabricius, 1787) with the description of three new

@ Springer

species, Amblyomma tonelliae n. sp., Amblyomma interandinum n.
sp. and Amblyomma patinoi n. sp., and reinstatement of Amblyomma
mixtum, and Amblyomma sculptum (Ixodida: Ixodidae). Ticks Tick
Borne Dis 5:252-276

Ramos CA, Aratjo FR, Alves LC, DE Souza IIF, Guedes DS, Soares CO
(2012) Genetic conservation of potentially immunogenic proteins
among Brazilian isolates of Babesia bovis. Vet Parasitol 187:548-552

Ramos VN, Piovezan U, Franco AH, Rodrigues VS, Nava S, Szab6 MP
(2016) Nellore cattle (Bos indicus) and ticks within the Brazilian
Pantanal: ecological relationships. Exp Appl Acarol 68:227-240

Rodrigues A, Rech RR, Barros RR, Fighera RA, Barros CSL (2005)
Babesiose cerebral em bovinos: 20 casos. Ciéncia Rural 35:121-125

Sambrook J, Fritsch EF, Maniatis T (2001) Molecular cloning: a labora-
tory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor

Sanger F, Niklen S, Coulson AR (1977) DNA sequencing with chain
termination inhibitors. Proc Natl Acad Sci 74:5163-5169

Silveira JAG, de Oliveira CHS, Silvestre BT, Albernaz TT, Leite RC,
Barbosa JD, Oliveira CMC, Ribeiro MFB (2016) Molecular assays
reveal the presence of Theileria spp. and Babesia spp.in Asian water
buffaloes (Bubalus bubalis, Linnaeus, 1758) in the Amazon region
of Brazil. Ticks Tick-Borne Dis 7:1017-1023

Simking P, Saengow S, Bangphoomi K, Sarataphan N, Wongnarkpet S,
Inpankaew T, Jittapalapong S, Munkhjargal T, Sivakumar T,
Yokoyoma N, Igarashi I (2013) The molecular prevalence and
MSA-2b gene based genetic diversity of Babesia bovis in dairy
cattle in Thailand. Vet Parasitol 197:642—648

Sivakumar T, Kazuhiro Okubo K, Igarashi I, DE Silva WK, Kothalawala
H, Silva SS, Vimalakumar SC, Meewewa AS, Yokoyama N (2013)
Genetic diversity of merozoite surface antigens in Babesia bovis
detected from Sri Lankan cattle. Infect Genet Evol 19:134-140

Spickett AM, De Klerk D, Enslin CB, Scholtz MM (1989) Resistance of
Nguni, Bonsmara and Hereford cattle to ticks in a Bushveld region
of South Africa. Onderstepoort J Vet Res 56:245-250

Stamatakis A, Hoover P, Rougemont J (2008) A rapid bootstrap algo-
rithm for the RAXML Web servers. Societ Syst Biol 57:758-771

Stevenson M (2005) An introduction a veterinary epidemiology.
EpiCentre, IVABS Massey University, Palmerston North, New
Zealand, p 60—66

Stover BC, Muller KF (2010) Tree graph 2: combining and visualizing
evidence from different phylogenetic analyses. BMC
Bioinformatics 11:1-9

Tattiyapong M, Sivakumar T, Ybanez RH, Perez ZO, Guswanto A,
Igarashi I, Yokoyama N (2014) Diversity of Babesia bovis merozo-
ite surface antigen genes in the Philippines. Parasitol Int 63:57-63

Tattiyapong M, Sivakumar T, Takemae H, Simking P, Jittapalapong S,
Igarashi I, Yokoyama N (2016) Genetic diversity and antigenicity
variation of Babesia bovis merozoite surface antigen-1 (MSA-1) in
Thailand. Infection, Genetics and Evolution 41:255-261

Taylor MA, Coop RL, Wall R (2010) Parasitologia Veterinaria 3a edigdo,
Rio de Janeiro: Guanabara-Koogan, 768:89—124

Timms P, Stewart NP, De Vos AJ (1990) Study of virulence and vector
transmission of Babesia bovis by use of cloned parasite lines. Infect
Immun 58:2171-2176

Trindade HI, Silva GRA, Teixeira MCA, Sousa MG, Machado RZ, Freitas
FLC, Almeida KS (2010) Detection of antibodies against Babesia
bovis and Babesia bigemina in calves from the region of Araguina,
State of Tocantins, Brazil. Rev Bras Parasitol Vet 19:169-173

Verissimo CJ, D'Agostino SM, Pessoa FF, de Toledo LM, de Miranda
Santos IKF (2015) Length and density of filiform tongue papillae:
differences between tick-susceptible and resistant cattle may affect
tick loads. Parasit Vectors 8:594

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Genetic diversity of Babesia bovis in beef cattle in a large wetland in Brazil
	Abstract
	Introduction
	Material and methods
	Research authorization
	Study site and blood sampling
	Molecular assays
	DNA extraction and endogenous reaction control
	PCR screening for Babesia bovis based on the sbp-2 (spherical body protein) gene
	Babesia bovis amplification reactions directed to the msa-2b and msa-2c (merozoite surface antigen) genes
	Cloning and sequencing reactions

	Sequence analysis
	Phylogenetic inferences

	Genetic diversity
	Identity analysis between sequences
	Entropy of amino acids
	Haplotype diversity
	Accession numbers


	Results
	Quality of extracted DNA samples and PCR of the mammalian gapdh gene
	Occurrence of Babesia bovis in sampled cattle
	Amplification reactions for Babesia bovis based on the msa-2b and msa-2c genes
	Analysis of the sequence identity by BLASTn
	Phylogenetic analysis
	Phylogenetic analysis of msa-2b gene sequences
	Phylogenetic analysis of msa-2c gene sequences

	Identity analysis of the sequences
	Identity of the Babesia bovis msa-2b nucleotide sequences
	Identity of Babesia bovismsa-2c nucleotide sequences
	Entropy analysis of MSA-2B and MSA-2C amino acids
	Analysis of Babesia bovis haplotypes detected in the Brazilian Pantanal
	Analysis of haplotypes based on the msa-2b and msa-2c genes of Babesia bovis sequences detected in Brazil and worldwide


	Discussion
	Conclusion
	References


