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Abstract

Human contact with wild animals in synanthropic habits is often mediated by arthropod vectors such as ticks. This is an
important method of spreading infectious agents that pose a risk to human health. Thus, this study aimed to molecularly
detect Ehrlichia spp., Anaplasma spp., Borrelia spp., and protozoa of the order Piroplasmida in ticks collected from coatis
of Iguagu National Park (PNI), Paran4, Brazil. This study involved 553 ticks DNA, including Amblyomma spp. larvae,
Haemaphysalis juxtakochi nymphs, Amblyomma brasiliense, Amblyomma coelebs, and adults of Amblyomma ovale. The
DNA extracted from each sample was subjected to polymerase chain reaction (PCR) targeting the genes 23S rRNA for the
Anaplasmataceae family, 16S rRNA for Anaplasma spp., dsb for Ehrlichia spp., flaB, 16S rRNA, hpt, and glpQ for Borrelia
spp-, and 18S rRNA for Piroplasmid protozoans. DNA from Anaplasma sp. was detected in ticks of the species A. coelebs
(4/553); Borrelia sp. DNA was detected in A. coelebs (3/553), A. ovale (1/553), and Amblyomma larvae (1/553); and Theileria
sp. was detected in A. coelebs (2/553). All tested samples were negative for Ehrlichia spp. Our study constitutes the newest
report in South America of these microorganisms, which remain poorly studied.

Keywords Procyonidae - Tick-borne pathogens - Anaplasma - Borrelia - Piroplasmida - Atlantic Forest

Introduction These ectoparasites parasitize a wide range of hosts, and may
even therefore encompass humans (Barros-Battesti et al. 2006;
Ticks are a group of hematophagous ectoparasites that are of ~ Palomar et al. 2012).
great importance to public health due to their ability to transmit Coatis (Nasua nasua) can be reservoirs of numerous
numerous pathogenic agents, such as viruses, bacteria, and zoonotic agents, such as Leishmania and Trypanosoma
protozoa (Guimaraes et al. 2001; Dantas-Torres et al. 2012). species (Porfirio et al. 2018). Studies have shown the
importance of these procyonids in the epidemiology of
these microorganisms, including those transmitted by ticks,
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such as piroplasmids and rickettsiae (Magalhaes-Matos et al.
2022; Perles et al. 2023).

Iguacu National Park (PNI) is considered a worldwide
reference for nature conservation and sustainable tourism.
It comprises an area of 186,000 ha of protected and
rich biodiverse Atlantic Forest, housing 12 species of
amphibians, 48 species of reptiles, 158 species of mammals,
175 species of fish, 390 species of birds, and more than
800 species of invertebrates (ICMBIO, 2023). Among the
species of mammals in PNI, coatis stand out, as they are
commonly found in flocks and often forage for food of
anthropic origin (ICMBIO, 2023). These animals are highly
resistant to anthropogenic pressures and can easily adapt to
modified areas, mainly because of the high availability of
food (Ferreira et al. 2013). Thus, the presence of people and
the flow of individuals in PNI facilitates the human approach
to synanthropic animals, such as coatis (Magalhdes-Matos
et al. 2017) and, consequently to their ectoparasites and
zoonotic pathogens.

In this context, the present study aimed to conduct
molecular research on Ehrlichia spp., Anaplasma spp.,
Borrelia spp., and protozoans of the order Piroplasmida in
ticks collected from coatis found in PNI, located in Foz do
Iguacu, state of Parana, southern Brazil.

Material and methods
Samples

This study was conducted using DNA samples derived from
ticks collected from coatis native to the Atlantic Forest in
the environmental conservation area of PNI dependencies
located in the municipality of Foz do Iguagu, state of
Paran4, southern Brazil. Samples of ticks were collected in
September 2014 and March and April 2015 from 86 coatis.

Three collection points were chosen in the tourist area
of the INP: points of access to two trails inside the forest
(point [—25° 37" 36" S, 54° 27" 39" W and point II—25°
39" 05" S, 54° 26" 16” W) and the viewpoints of the falls
(point III—25° 41" 03" S, 54° 26' 24" W, with a total length
of approximately 1.2 km).

Sub-adult and adult ring-tailed coatis were attracted with
banana, pineapple, or peanut butter bait and captured with a
hand net (multifilament nylon, 60 X 120 cm) or Tomahawk
traps (90 X 45 x 50 cm and 50 X 21.5 x 20 cm). After being
contained, the ring-tailed coatis received a pre-anesthesia.
Each animal was examined thoroughly to collect ticks, and
the collected specimens were stored in RNAlater® and
frozen at 20 °C until the moment of molecular analysis.

Taxonomic identification of the ticks was conducted
based on morphology, using the specific dichotomous keys
for ixodid ticks developed by Cooley (1946) and Kohls
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(1960) for Haemaphysalis nymphs, Martins et al. (2010)
for Amblyomma nymphs, and Barros-Battesti et al. (2006)
for adults ticks. Larvae from ticks were identified only at
their genus level, since in Brazil there is no literature for
specific identification. DNA extraction was performed indi-
vidually from each tick by the phenol-chloroform method.
Details of the methodology for collection and identification,
conservation, transport, and DNA extraction from ticks are
described in Magalhdes-Matos et al. (2017) and Magalha&s-
Matos et al. (2022).

A total of 553 ticks were used, including larvae of
Amblyomma spp. (n=18); nymphs of Amblyomma coelebs
(n=413), Amblyomma brasiliense (n=72), Haemaphysalis
Jjuxtakochi (n=5), and adults of Amblyomma ovale (n=45).

Polymerase chain reaction (PCR)

PCR assays were performed to detect the presence of DNA
from potentially pathogenic bacteria and protozoa, such as
Ehrlichia spp., Anaplasma spp., Borrelia spp., and protozo-
ans of the order Piroplasmida. Specific primers were used for
each agent following the original protocol for each primer.
Table 1 shows the primers used along with the target genes,
sizes of the amplified products, and reference protocols used.
DNA from Borrelia anserina strain AL (culture), Babesia
bigemina (bovine positive), Anaplasma platys (dog posi-
tive), or Ehrlichia canis (dog positive) were used as positive
controls, and ultrapure water was used as a negative control.

PCR products (10 pL) were applied to a 1.5% agarose
gel, separated using electrophoresis (5 V/cm), stained with
ethidium bromide (0.5 pg/mL), and visualized using an
ultraviolet (UV) light transilluminator.

Sequencing

The material for sequencing was purified from 5 pL of
the PCR product of the positive samples and treated with
Exo-Sap-IT (GE Healthcare), following the manufacturer’s
protocol. The fragments were sequenced in both directions
using an automated genetic analyzer (ABI 3730 DNA
Analyzer, Thermo Fisher Scientific). The obtained sequences
were aligned using the DNA Baser® program and subjected
to a homology search with other sequences deposited in
GenBank using the BLASTn tool.

Phylogenetic analyses

For all phylogenetic analyses, the sequences obtained in
our study were aligned with those in databases using the
MUSCLE tool (Edgar 2004) in the Seaview4 program
(Gouy et al. 2010). Phylogenetic relationships were
estimated using phylogenetic inference with the maximum
likelihood (ML) method, which was implemented using
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Table 1 List of primers used for the PCR analyses in the present study

Gene/primer

Molecular assay Aim

Sequence (5'-3")

Fragment AT

Reference

Anaplasmataceae
23S rRNA gene
Ana23S-212f
Ana23S-723r
Anaplasma spp.
16S r RNA gene
EE-1
EE-2
EE-3
EE-4
Ehrlichia spp.
Dsb gene
DSB-330
DSB-380
DSB-720
Borrelia spp.
flaB gene
FlaLL
FlaRL
FlaLS
FlaRS
flaB gene
BorFlaF1
BorFlaR1
BorFlaF2
BorFlaR2
16S rRNA gene
16S-Finl adapt
16SLDPR2
hpt gene
hptf
hptR
glpQ gene
8lp0+1
8lpQ-1

Piroplasmida
18S rRNA gene
Bcommon-F
Bcommon-R
18S rRNA gene
BT-F3
BT-R3

cPCR

nPCR

snPCR

nPCR

nPCR

cPCR

cPCR

cPCR

cPCR

cPCR

Screening

Characterization

Screening

Screening

Characterization

Characterization

Screening

Screening

Screening

Characterization

ATAAGCTGCGGGGAATTGTC
TGCAAAAGGTACGCTGTCAC

TCCTGGCTCACGAACGCTGGCGGC

AGTCACTGACCCAACCTTAAATGGCTG
GTCGAACGGATTATTCTTTATAGCTTGC
CCCTTCCGTTAAGAAGGATCTAATCTCC

GATGATGCTTGAAGATATSAAACAAAT
ATTTTTAGRGATTTTCCAATACTTGG
CTATTTTACTTCTTAAAGTTGATAWATC

ACATATTCAGATGCAGACAGAGGT
GCAATCATAGCCATTGCAGATTGT
AACAGCTGAAGAGCTTGGAAT
CTTTGATCACTTATCATTCTAATAGC

TACATCAGCTATTAATGCTTCAAGAA
GCAATCATWGCCATTGCRGATTG
CTGATGATGCTGCTGGWATGG
TCATCTGTCATTRTWGCATCTT

CCAACACCTCACAGCACGAGCTGA
AGCAGCTAAGAATCTTCCGCAATGG

GCAGAYATTACAAGAGARATGG
CYTCRTCACCCCATTGAGTTCC

GGGGTTCTGTTACTGCTAGTGCCATTAC

CAATTTTAGATATGTCTTTACCTTGTT
GTTTATGCC

GCATTTGCGATGGACCATTCAAG

CCTGTATTGTTATTTCTTGTCACTACCTC

TGGGGGGAGTATGGTCGCAAG
CTCCTTCCTTTAAGTGATAAG

515 bp

1433 bp

926 bp

349 bp

665 bp

354 bp

740 bp

733 bp

433 bp

817 bp

200 bp

650 bp

55°C

50°C

50°C

50 °C

52°C

55°C

55°C

55°C

55°C

58 °C

53°C

53°C

55°C

57°C

Dahmani et al. (2015)

Barlough et al. (1996)

Almeida et al. (2013)

Stromdahl et al. (2003)

Blanco et al. (2017)

Aratijo et al. (2022)

Mccoy et al. (2014)

Schwan et al. (2005)

Qurollo et al. (2017)

Seo et al. (2013)

c¢PCR, conventional PCR; nPCR, nested PCR; snPCR, semi-nested PCR; AT, annealing temperature

PhyML (Guindon and Gascuel 2003) under a sequence
evolution model chosen after hierarchical testing of
alternative models based on the Bayesian information
criterion in MEGA version 7 (Kumar et al. 2016).

(Rambaut 2012).

Statistical support for clades was assessed using a heuristic
search with 1000 bootstrap replicates. Phylogenetic
relationships were visualized using FigTree v.1.4 software
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Table 2 Tick species and frequency of positive samples for Anaplasma spp., Borrelia spp., and agents of the Order Piroplasmida, by tick species

Anaplasma spp. Borrelia spp. Piroplasmida order
Tick species No. No. pos. (%) 23StRNA and /6S rRNA No. pos. (%) flaB and 16SrRNA  No. pos. (%) 18S rRNA
Amblyomma spp. 18 0 - 1(5.6) Borrelia sp. 0
Haemaphysalis juxtakochi 5 0 - 0 0
Amblyomma brasiliense 72 0 - 0 0
Amblyomma coelebs 413 4 (1.0) Anaplasma sp. 3(0.7) Borrelia sp. 2(0.5) Theileria sp.
Amblyomma ovale 45 0 - 12.2) Borrelia sp. 0
Total 553 4(1.0) 5(0.9) 2(0.4)

No, tick number; No. pos., number of positives

Results

Of the total number of ticks analyzed using PCR (553),
1.99% (11/553) amplified DNA from at least one of
the tested groups (Anaplasma spp., Borrelia spp., or

100

100

Piroplasmida), and all samples were negative for Ehrli-
chia spp. The frequencies of the positive tick species are
listed in Table 2.

The four samples positive for Anaplasma spp. in A. coe-
lebs nymphs were identical and had a similarity of 94.7%

Anaplasma marginale strain Paimeira CP023730
Anaplasma centrale strain Israel NRO76686
Anaplasma marginale strain Jaboticabal CP023731
Anaplasma marginale strain Dawn CP006847
Anaplasma ovis strain Haibei CP015994

Candidatus Anaplasma mediterraneum strain OVCF0215 KY498330

Anaplasma phagocytophilum strain Norway CP015376

Anaplasma phagocytophilum strain Dog2 CP006618

Candidatus Anaplasma corsicanum strain OVCF81 KY498328

Anaplasma platys strain ChieCal05 KM021425

Anaplasma sp. isolate AC191
Anaplasma sp. isolate AC240
81 | Anaplasma sp. isolate AC401
Anaplasma sp. isolate AC548

Anaplasma sp. Paresseux78 KM021413

[— Ehrlichia chaffeensis strain West Paces CP007480

0.04

Fig. 1 Phylogenetic tree illustrating the relationships among Ana-
plasma species identified in this study (highlighted in bold). The tree
is constructed based on 23S rRNA gene sequences, employing the
maximum likelihood (ML) method. The numbers (>70%) presented
above the branches represent bootstrap values. The scale bars corre-
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; Ehrlichia muris strain AS145 CP006917

spond to an evolutionary distance of 0.03 substitutions per sequence
position, and the branch labels contain GenBank accession numbers.
Ehrlichia chaffensis (CP007480) and Ehrlichia muris (CPO06917)
were used as outgroup
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(447/472) and 98.09% (820/836) with the 23S and 16S
ribosomal genes of Anaplasma marginale cepa Florida
(CP001079), respectively. The partial sequences of the
flaB and 16S rRNA genes of Borrelia spp. present in ticks
of the species Amblyomma sp. larvae, A. coelebs nymphs,
and A. ovale adult female exhibited little difference (99.65
to 100% identity) and an identity 87.7% (556/634) and
99.1% (500/505), respectively, with spirochetes from the
relapsing fever group (RFG) (MG944997 and KT364340,
respectively). Finally, the partial sequences of the piro-
plasmid 18S rRNA gene in two ticks of the A. coelebs
specie showed 97.60% (447/458) similarity with Theileria
cervi (MWO008518).

Samples positive for Borrelia spp. were not amplified
in the PCR assays for the hpt and glpQ genes, and two of

77

100

[ 98

them did not amplify for the 16STRNA gene. This was
likely due to the sensitivity of the primers used and/or the
fact that the samples did not have sufficient DNA concen-
tration for amplification.

GenBank accession numbers for the partial sequences
obtained in the present study are as follows: MT018000
(Borrelia sp. strain AC129, flaB), MT018001 (Borrelia
sp. strain AC425, flaB), MT018002 (Borrelia sp. strain
AOL17, flaB), MT018003 (Borrelia sp. strain AC444, flaB),
MTO018004 (Borrelia spp. strain AC549, flaB), MT019342
(Borrelia sp. AC129, 16S rRNA), MT019525 (Borrelia sp.
strain AC425, 16S rRNA), MT019528 (Borrelia sp. strain
AC129, 16S rRNA), MT022490 (Anaplasma sp. isolate
AC240, 23S rRNA), MT019664 (Anaplasma sp. isolate
AC458, 23S rRNA), MT019625 (Anaplasma sp. isolate

Anaplasma centrale isolate ZHC-Z1 MH588232
Anaplasma marginale strain Palmeira CP023730
Anaplasma marginale strain Jaboticabal CP023731
Anaplasma capra KWD-35 LC432126
Anaplasma marginale isolate Sistan MK016525
Anaplasma sp. isolate AC191
99 Anaplasma sp. isolate AC548
Anaplasma sp. isolate AC240

Anaplasma sp. isolate AC401

‘ﬁ Anaplasma bovis isolate G1 JN558822
S Anaplasma bovis AY144729

Anaplasma sp. isolate AC121
Anaplasma sp. Mymensingh isolate BSH1-3 MF576175
N Anaplasma sp. isolate AC521

Anaplasma platys isolate AK-Rm-403 MH762081

/k Anaplasma platys isolate D33-4 MK814421

Anaplasma platys isolate D35 KX792089

\\_[ Anaplasma phagocytophilum isolate D-GB-8 MK239931

— 100

Candidatus Anaplasma boleenses isolate WHANSA-29 KU586169

r—— Ehrlichia chaffeensis strain West Paces CP007480

0.02

Fig.2 Phylogenetic tree depicting the phylogenetic relationships
between Anaplasma species detected in this investigation (highlighted
in bold). The tree is constructed using 16S rRNA gene sequences
and the maximum likelihood (ML) method. The numbers (>70%)
displayed above the branches indicate the bootstrap values. The

; Ehrlichia muris strain AS145 CP006917

scale bars indicate an evolutionary distance of 0.02 substitutions per
sequence position, and the branch labels include GenBank acces-
sion numbers. Ehrlichia chaffensis (CP007480) and Ehrlichia muris
(CP006917) were used as outgroup
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AC401, 23S rRNA), MT019564 (Anaplasma sp. isolate
ACI191, 23S rRNA), MT019536 (Anaplasma sp. isolated
AC191, 16S rRNA), MT019537(Anaplasma sp. isolated
AC240, 16S rRNA), MT019545 (Anaplasma sp. isolated
AC401, 16S rRNA), MT019560 (Anaplasma sp. isolated
AC548, 16S rRNA), MT019670 (Theileria sp. isolate A.
coelebs 74), and MTO019669 (Theileria sp. isolate A. coe-
lebs 262).

Phylogenetic analyses clustered the sequences detected
in A. coelebs with A. marginale, Anaplasma centrale, and
Anaplasma capra (16S rRNA - Bootstrap 88%), and Ana-
plasma sp. Paresseux78 (Figs. 1 and 2) previously detected
in Bradypus tridactylus (23S rRNA - Bootstrap 99%)
(Fig. 1). For the flagellin B (Fig. 4) and 16S rRNA (Fig. 3)
genes for Borrelia spp., the phylogenetic analyses clustered
the sequences detected in A. coelebs and A. ovale with Bor-
relia turcica isolated from the hard tick Hyalomma aegyp-
tium, which infests tortoises (Testudo graeca), and others

———— Borrelia turcica CP028884

Borreliae of Reptilian (REP) group with 92% (flaB) and
100% (16SrRNA) of bootstrap (Figs. 3 and 4). Regarding
18S rRNA for piroplasmids, the phylogenetic analysis indi-
cated that the generated sequences were close to the T. cervi
sequences available in GenBank (Fig. 5).

Discussion

The results of our study add to those of Magalhies-Matos
et al. (2022), who detected DNA from Rickettsia spp. in
ticks of coatis, reinforcing the importance of these animals
as dispersers of ticks and agents transmitted by ticks in both
forest and synanthropic areas of the PNI. An important find-
ing of this study was the detection of DNA from Anaplasma
sp. in the four positive samples of A. coelebs. Phylogenetic
analysis revealed that they occur in the same group as A.
marginale, A. centrale, and A. capra (Figs. 1 and 2).

— Candidatus Borrelia africana strain TCI22 KT364339

P
e s Candidatus Borrelia ivorensis TCI140 KT364340
~— o Borrelia sp. AC444

I — | Borrelia sp. strain AC425
;/_ 'Borrelia sp. strain AC129
‘w NG _————————— Borrelia japonica isolate IKA2 L46695

-
T 100 \

Ve —

\E ——

——— Borrelia burgdorferi U44938

L Borrelia yangtzensis strain Okinawa CW62 NR145665
| Borrelia valaisiana strain QSDS4 EU135594
_——— Borrelia spielmanii strain PAnz AM182230

E ﬂBorreIia tanukii D67020

— Borrelia afzelii strain VS461 NR104748
———————— Borrelia bissettii isolate 12-0438 MH781138

— Candidatus Borrelia tachyglossi strain Bc-F10-1268 CP025785

Borrelia lonestari AY166715
Borrelia theileri U38375

o Borrelia johnsonii strain 15-3581 MF062083
Borrelia turicatae strain BRP1a MH503950

/4 Borrelia venezuelensis strain RMA01 MG651649

p
|

.‘/7 k""" — H ]

0.02

Fig.3 Phylogenetic tree presenting the phylogenetic relationships
among the Borrelia species identified in this study (highlighted in
bold). The tree is constructed based on 16S rRNA gene sequences,
utilizing the maximum likelihood (ML) method. The numbers
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_— Borrelia coriaceae strain Co53 NR121718

Borrelia parkeri isolate 6230 AF307099
— Borrelia hermsii DAH NR102957

— Borrelia sp. strain Acalc110*
—— Borrelia duttonii AB113315
————————————Borrelia anserina strain Es CP013704

Borrelia miyomotoi strain CZ-F1E CP046389

‘ Borrelia hispanica isolate 25280283 KY285287
Borrelia duttonii strain 1120K3 GU250711

~——— Borrelia recurrentis isolate 107 AY604978

—— Borrelia microti strain IR-1 JF803950
Borrelia crocidurae isolate CR2A AY604977

70 LBorreIia persica isolate HL2610 HM161646
— Borrelia caucasica strain INH MK367713

(>70%) indicated above the branches represent the bootstrap values.
The scale bars correspond to an evolutionary distance of 0.02 substi-
tutions per sequence position, and the branch labels contain GenBank
accession numbers
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B — Borrelia bissetti KF422807
/_,_,. L Borrelia burgdorferi KF422799
‘r Borrelia turcica KF422815
100
’ Borrelia turcica strain 33NM1854_LC MG944997
- 92 Borrelia turcica isolate LB1573_12 MK604332
Borrelia sp. strain AC425 (Amblyomma coelebs)
100 Borrelia sp. strain AC549 (Amblyomma coelebs)
Borrelia sp. strain AC129 (Amblyomma coelebs)
[100 Borrelia sp. strain AO17(Amblyomma ovale)
h Borrelia sp. strain AC444 (Amblyomma sp. larvae)
Borrelia anserina CP013704
o Borrelia hermsii MF066949

Borrelia parkeri CP005851
Borrelia johnsonii MF062084
Borrelia turicatae CP015629

Borrelia venezuelensis MG651650

Borrelia sp. strain Acalc 100*

Borrelia miyamotoi CP017126
100 — Borrelia lonestari AY850064

S — Borrelia theileri KF569936

Borrelia coriaceae CP005745

Borrelia persica KP763870
r Borrelia hispanica GU357612
- Borrelia microti JF708951

97 71 Borrelia crocidurae X75204
y Borrelia duttonii GU357618
Borrelia duttonii D82859

Borrelia recurrentis CP000993

0.07

Fig.4 Phylogenetic tree demonstrating the phylogenetic relation-
ships between the Borrelia species detected in this study (highlighted
in bold). The tree is constructed using flaB gene sequences and the
maximum likelihood (ML) method. The numbers (>70%) presented

Other studies seeking the amplification of the Anaplas-
mataceae 16STRNA gene found high similarity with the find-
ings of the present study. Benevenute et al. (2017) detected
Anaplasma sp. B173 (KY391803) in a spleen fragment of a
Rattus rattus in the state of Ceara-Brazil with 100% identity
(467/467). When searching for Anaplasma spp. in the blood
of the same group of coatis evaluated in our study, Perles
et al. (2023) determined that 14.4% (7/49) were positive.
The similarity of 97.78% (440/450) of the 16S rRNA gene
fragment of the sequences described in coatis blood (Gen-
Bank OM811667) with those found in our study indicated
that these were from two different species. However, new
studies that present larger fragments and other genes are
required to confirm this.

In Brazil, Anaplasma species are mostly detected in ticks
of the genus Rhipicephalus, such as A. marginale, which
infects cattle and has the tick Rhipicephalus microplus as

above the branches indicate the bootstrap values. The scale bars indi-
cate an evolutionary distance of 0.07 substitutions per sequence posi-
tion, and the branch labels include GenBank accession numbers

its main biological vector (Vieira et al. 2019). The arthro-
pod vectors involved in the transmission cycle of Anaplasma
spp. among wild mammals in Brazil remain unknown (Sousa
et al. 2017; Sousa et al. 2018). However, previous studies
conducted in the Brazilian Pantanal detected DNA from
Anaplasma spp. in different Amblyomma species collected
from wild felines and carnivores, such as Amblyomma sculp-
tum, Amblyomma triste, Amblyomma parvum, and A. ovale
(Widmer et al. 2011; Sousa et al. 2017; Sousa et al. 2018).
Our study extends the detection of Anaplasma to another
tick species, A. coelebs. However, it must be considered that
this positivity for Anaplasma sp. in ticks parasitizing ani-
mals may be related to the remains of the blood meal of the
arthropod in the infected host (Sousa et al. 2018).

A recent study described a possible new species named
“Candidatus Anaplasma sparouinense,” suspected of
an atypical case of human anaplasmosis in an Amazon

@ Springer
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Theileria velifera isolate MT7 KU206307
f{; Theileria mutans AF078815

Theileria ovis FJ603460

Theileria parva L28999

Theileria luwenshuni KC854408

Theileria orientalis HM538202

Theileria buffeli strain Xiaogan17 HQ840966
Theileria sinensis KF559355

Theileria capreoli isolate JH77 JX134577

Theileria annulata isolate West Bengal 4 MF287952
Theileria annulata isolate Tamil Nadu 4 MF287940
Theileria annulata isolate Punjab 4 MF287936

Theileria separata AY260175
100 [E Theileria uilenbergi JF719835

Theileria taurotragi L19082
Theileria cervi isolate Wisconsin elk_3 AY735129
Theileria cervi isolate Oklahoma WTD_81 AY735122
Theileria cervi isolate Oklahoma WTD_181 AY735117
Theileria cervi isolate Wisconsin AY735135

Theileria sp. isolate A. coelebs 74
Theileria sp. isolate A. coelebs 262

Theileria tachyglossi isolate JS1244 KY953259

Theileria lestoquardi AF081135
Theileria lestoquardi AJO06446

100 Babesia divergens LC477143
Babesia capreoli KX839234

0.05

Fig. 5 Phylogenetic tree illustrating the relationships among the Thei-
leria species identified in this study (highlighted in bold). The tree
is constructed based on 18S rRNA gene sequences, employing the
maximum likelihood (ML) method. The numbers (>70%) shown
above the branches represent the bootstrap values. The scale bars cor-

rainforest region of French Guiana. The 16S rRNA sequence
(GenBank ON513878) from “Ca. A. sparouinense” showed
high similarity (99.8%) to the Anaplasma sequences detected
in A. coelebs in our study (Duron et al. 2022). Although
more data are needed, this similarity raises the possibility
that our Anaplasma isolates pose a risk to human health.
DNA from Borrelia spp. was detected in ticks of the species
A. ovale, A. coelebs, and Amblyomma sp. larvae. Phylogenetic
analysis showed that the five isolates of Borrelia spp. detected
in this study are genetically close to B. turcica and two strains
that have been detected in Amblyomma variegatum collected
from cattle in Cote d’Ivoire, “Candidatus Borrelia ivorensis”
and “Candidatus Borrelia africana” (Ehounoud et al. 2016).
They join a clade of the REP Borreliae, a new phylogenetic
RGF’s subgroup, which is also vectored by ticks of the genus
Amblyomma and was initially associated with reptile hosts
(Takano et al. 2010). Santos et al. (2020) described a new potential

@ Springer

respond to an evolutionary distance of 0.05 substitutions per sequence
position, and the branch labels contain GenBank accession numbers.
Babesia divergens (LC477143) and Babesia capreoli (KX839234)
were used as outgroup

species of Borrelia phylogenetically close to Borrelia spp. from
Ethiopia and Cote d’Ivoire that was detected in a nymph of A.
brasiliense (MN650844) and, its sequence, although shorter, is
100% identical to the Borrelia spp. described in this study.

In South America, the first Borrelia spp. detected in ticks
of the genus Amblyomma was genetically closer to the species
that comprise the Borrelia REP group (Pacheco et al. 2019).
Since then, new strains of Borrelia have been identified
in these ixodid species. In Argentina, a species of Borrelia
was found to infect Amblyomma aureolatum collected from
wild birds (Cicuttin et al. 2019). In Brazil, a new strain called
Borrelia sp. strain Acalc110 was also recently discovered in
DNA of Amblyomma calcaratum genetically close to two
species of Borrelia pathogenic to humans, Borrelia miyamotoi
and Borrelia venezuelensis (Aratjo et al. 2022). Therefore, the
present study contributes to the knowledge of Borrelia spp. in
ticks of the genus Amblyomma.
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Adults of A. coelebs have a parasitic preference for
tapirs (Tapirus terrestris) (Guglielmone et al. 2014), and
in its immature stages have been found in other mammals
and birds (Ogrzewalska et al. 2010; Lopes et al. 2016). In
contrast, A. ovale is more commonly recorded in wild and
domestic carnivores (Guglielmone, 2003; Magalhaes-Matos
et al. 2017), and small rodents are also hosts for immature
stages (Guglielmone, 2003). In addition, it is important to
highlight the occurrence of infestation in humans by both
species of ticks (Guimaraes et al. 2001; Szab6 et al. 2006;
Garcia et al. 2015; Ito et al. 2017). However, until now, only
A. ovale is considered a competent transmitter of pathogens,
such as Rickettsia parkeri strain Atlantic rainforest, which
causes human rickettsiosis (Szabd et al. 2013).

None of the tick samples were amplified to Babesia spp.
Although we did not use specific primers, Hepatozoon
procyonis appears to be a protozoan of the Order
Piroplasmida frequent in Nasua nasua blood, unlike Babesia
spp. (Silva et al. 2018; Perles et al. 2023). We detected DNA
from Theileria sp. in two ticks of the A. coelebs specie closed
to the 7. cervi sequences (MWO008518) detected from white-
tailed deer (Odocoileus virginianus). However, the nucleotide
difference in a highly conserved gene led us to believe that it
is a species that has not yet been described or that at least no
molecular data have been deposited in GenBank. In Brazil,
DNA from Theileria spp. has been detected in several wild
animals such as brown deer (Mazama gouazoubira), pampas
deer (Ozotoceros bezoarticus), nine-banded armadillo
(Dasypus novemcinctus), agouti (Dasyprocta sp.), paca
(Cuniculus paca), and tapir (T. terrestris), including in
animals with synanthropic habits such as coatis (N. nasua)
(Silveira et al. 2013; Sousa et al. 2018; Gongalves et al. 2020).
It is notable that animals from the same groups also occur
in PNI; however, additional investigations are necessary to
obtain more specific information on other host species and to
characterize the detected agent.

None of the samples amplified DNA from hemoparasites
of the genus Ehrlichia. Previous studies performed in the
Brazilian Pantanal have detected Ehrlichia spp. in several
species of ticks of the genus Amblyomma collected from
wild carnivores (Widmer et al. 2011; Melo et al. 2016; Sousa
et al. 2018); however, the amplification of these samples may
be related to the remains of the arthropod blood meal in the
infected host (Sousa et al. 2018). Thus, there is no evidence
of transmission of this pathogen in Amblyomma spp. and in
coatis in Brazil to date (Gruhn et al. 2019).

Bioagents of the genera Borrelia, Anaplasma, and
Theileria were found in ticks collected from coatis at the
PNI in Parana. Our study constitutes the newest report in
South America of these microorganisms, which remain
poorly studied. Further studies are required to clarify which
species are circulating in the park and their possible hosts.
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