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Abstract: The Anaplasmataceae family encompasses obligate intracellular x-proteobacteria of human
and veterinary medicine importance. This study performed multi-locus sequencing to character-
ize Ehrlichia and Anaplasma in coati’s blood samples in Midwestern Brazil. Twenty-five samples
(25/165—15.1%) were positive in the screening PCR based on the dsb gene of Ehrlichia spp. and
were characterized using 165 rRNA, sodB, groEL, and gltA genes and the 23S-5S intergenic space
region (ITS). Phylogenetic analyses based on all six molecular markers positioned the sequences
into a new clade, with a common origin of Ehrlichia ruminantium. Haplotype analyses of 165 RNA
sequences revealed the presence of two distinct Ehrlichia genotypes. Six samples (6/165, 3.6%) were
positive in the screening nPCR for the 16S rRNA gene of Anaplasma spp. and were submitted to an
additional PCR targeting the ITS for molecular characterization. Phylogenetic analyses based on
both 16S rRNA gene and ITS positioned the Anaplasma sp. detected in the present study in a large
clade with other Anaplasma sp. previously detected in ticks and wild animals and in a clade with
‘Candidatus Anaplasma brasiliensis’, respectively. Based on distinct molecular markers, the present
work described a putative novel Anaplasmataceae agent, namely ‘Candidatus Ehrlichia dumleri’, and
Anaplasma sp. closely related to the previously described ‘Candidatus Anaplasma brasiliensis’.

Keywords: Rickettsiales; Procyonidae; tick-borne agents; wild animals

1. Introduction

The Anaplasmataceae family (Order Rickettsiales) encompasses obligate intracellular
a-proteobacteria that can cause important diseases in humans and animals [1,2]. Wild and
domestic carnivores are considered an important source of tick-borne agents, especially
in anthropized areas, where close contact between domestic/wild animals and humans
can occur. Procyonidae mammals, including ring-tailed coatis Nasua nasua from Brazil, can
easily adapt to peri-urban areas [3,4], favoring the exchange of ectoparasites and vector-
borne pathogens among humans and animals. In the United States, raccoons (Procyon lotor)
are incriminated as important reservoirs of Anaplasma phagocytophilum, a zoonotic agent
transmitted by ticks from Ixodes persulcatus complex [1,5-7]. More recently, an unusual case
of human anaplasmosis was reported in the Amazon, French Guiana, caused by ‘Candidatus
Anaplasma sparouinense’, a putative novel Anaplasma sp. closely related to Anaplasma
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genotypes previously detected in Amblyomma coelebs ticks collected from coatis, rats, and
sloths (‘Candidatus Anaplasma amazonensis’) [2].

Although coatis from urban forest fragments at Campo Grande city, Mato Grosso do
Sul state, Brazil seem to present tick species diversity lower than those from natural areas,
Amblyomma dubitatum, Amblyomma sculptum, and Amblyomma ovale were identified para-
sitizing this gregarious species in [8]. In fact, coatis can be found infected with Trypanosoma
cruzi and Leishmania spp., two zoonoses of extreme importance in Public Health [9,10].
These findings demonstrate the importance of constant surveillance on vector-borne agents in
wild fauna, especially those with zoonotic potential. The present study aimed to detect the
presence of Ehtlichia and Anaplasma spp. in coati’s blood samples molecularly and assess the
phylogenetic positioning of the detected agents based on a multi-locus sequencing approach.

2. Materials and Methods
2.1. Ethical Statement

All experimental procedures were approved by the ‘Instituto Chico Mendes de Biodi-
versidade” (ICMBio) (SISBIO 49662-8) and by the Ethics Committee on Animal Use of the
School of Agricultural and Veterinary Sciences, UNESP (CEUA FCAV /UNESP 06731/19),
Ethics Committee on Animal Use of the Universidade Catélica Dom Bosco (CEUA UCDB
001/2018) and Air Force Cooperation Agreement (N°01/GAP-CG/2018).

2.2. Blood Sampling

Between March 2018 and January 2019, coatis (N. nasua) were sampled every three
months for 10 consecutive nights (with an interval of one day—Saturday) in two Cerrado
areas located in Campo Grande city, Mato Grosso do Sul State, Midwestern Brazil. All captures
and recaptures were performed by convenience, and recapture times were performed by
chance. The first sampling spot, Parque Estadual do Prosa (PEP) (—20.44987, —54.56529)
is a conservation unit of 135 hectares. The second sampling spot was a Brazilian Air
Force Private Area (VBA) (—20.47163, —54.65405), a complex of 197 hectares divided into
a military operational area and a residential area inhabited by at least 730 humans with
domestic animals such as dogs.

All capture procedures were previously described [4,8,11]. After chemical restraint,
animals were marked with numbered colored earrings and had a microchip implanted in
the subcutaneous tissue between the shoulder blades. They were measured, and the age
was estimated according to the reference literature [12]. Blood was sampled from the femoral
vein using tubes containing EDTA (Ethylenediamine tetraacetic acid) and then placed into
RNAse/DNAse free cryotubes and stored in an —80 °C freezer until molecular analyses.

2.3. DNA Extraction from Coatis’ Blood Samples and Conventional PCR (PCR) for Mammalian
Endogenous Control

DNA was extracted from 200 pL of blood using Illustra Blood Mini Kit (GE Healthcare®,
Chicago, IL, USA), according to the manufacturer’s instructions. To evaluate the quality of
the extracted DNA and avoid false negative results, DNA samples were tested by a PCR
targeting the mammalian gapdh [13]. Ultra-pure sterile water (Life Technologies®, Carlsbad,
CA, USA) was used as a negative control in PCR assays.

2.4. Screening and Characterization of Anaplasmataceae Agents

Screening for Ehrlichia spp. was performed using a PCR targeting the dsb gene (~409 bp) [14].
Positive samples were submitted to the following PCR or nested PCR (nPCR) protocols for
additional molecular characterization: 165 rRNA (~1470 bp) [15], groEL (~680 bp) [16], sodB (~
600 bp) [17], gltA (~800 bp) [18] and ITS 23S-5S (~300 bp) [19]. Screening for Anaplasma spp.
was performed using an nPCR targeting the 16S rRNA gene (~546 bp) [20]. Positive samples
were submitted to PCR protocols for additional molecular characterization targeting the ITS
235-5S (~300 bp) [19] and groEL (~340 bp) [21]. The PCR reactions contained 10X PCR buffer
(Life Technologies®, Carlsbad, CA, USA), 1 mM MgCl, (Life Technologies®, Carlsbad, CA,
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USA), 0-2 mM deoxynucleotide triphosphate (ANTPs) mixture (Life Technologies®, Carls-
bad, CA, USA), 1-5 U Taq DNA Polymerase (Life Technologies®, Carlsbad, CA, USA), and
0-5 uM of each primer (Integrated DNA Technologies®, Coralville, IA, USA) (Table S1).
Ehrlichia canis (Jaboticabal strain) and Anaplasma phagocytophilum (Webster strain) DNA
were used as positive controls. Ultra-pure sterile water (Life Technologies®, Carlsbad, CA,
USA) was used as a negative control in all PCR assays.

The amplicons obtained from PCR and nPCR assays were subjected to 1% ethidium
bromide-stained agarose gel electrophoresis and results were visualized in UV transillu-
minator (ChemiDoc MP Imaging System, Bio Rad®, Hercules, CA, USA). Amplicons that
presented high intensity on agarose gel (size of the amplicon matching the control, unique
and strong bands) were purified using Exosap Life Technologies®, Carlsbad, CA, USA) and
subjected to sequencing. The sequencing of amplicons was realized by the Sanger method [22]
using ABI PRISM 3730 DNA Analyzer (Applied Biosystems) at Human Genome and Stem Cell
Research Center, ‘Instituto de Biociéncias’, University of Sao Paulo (USP), Sao Paulo, SP, Brazil.
All obtained sequences were submitted to GenBank under the following accession numbers:
Ehrlichia sp. dsb (OP819944-0OP819946), Ehrlichia sp. 165 rRNA (OM530509-OM530517),
Ehrlichia sp. groEL (OP819939), Ehrlichia sp. sodB (OP903236-OP903238), Ehrlichia sp. 235-55
(OM717254-OM717255), Ehrlichia sp. gltA (OP819935-OP919938, OP819940-OP819941),
Anaplasma sp. 165 rRNA (OP279731-OP279734), and Anaplasma sp. 235-55 (OP918134).

2.5. Bioinformatic Analyses

Electropherograms were submitted to a quality-screening test using Phred-Phrap
software (version 23) [23,24] to obtain consensus sequences from the alignment of sense
and antisense sequences. BLASTn tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi accessed
on 4 October 2022) [25] was used to compare the obtained sequences with those previously
deposited in the GenBank database to obtain Query-coverage%, E-value, and % identity. For
phylogenetic inferences, sequences from the present study were aligned with those retrieved
from GenBank using MAFFT software version 7 [26]. The best evolutionary model was
chosen using the iqTREE software (available at: http:/ /igtree.cibiv.univie.ac.at/ accessed
on 4 October 2022), under the Akaike Information Criterion (AIC) [27,28]. The phylogenetic
analyses were based on Bayesian inference (BI) and performed using MrBayes version
3.1.2[29] via the CIPRES Science Gateway. Markov chain Monte Carlo simulations were run
for 10° generations with a sampling frequency of every 100 generations and a 25% burn-in.
The phylogenetic tree edition and rooting (outgroup) were performed using TreeGraph 2.0
beta software [30].

Additionally, an analysis of nucleotide polymorphisms of the sequences obtained in
the present study was performed. The number of haplotypes, haplotype diversity (Hd), and
nucleotide diversity (Pi) were determined using the program DnaSP 5, version 5.10.01 [31].
Also, the pairwise distance matrix among sequences detected at the present study and other
Anaplasmataceae species was estimated using the Mega-X software version 10.1.8 [32].

3. Results

In total, 165 blood samples were collected (63 in PEP and 102 in VBA). In PEP, blood
samples were obtained from 47 different individuals (27 females and 20 males; seven
infants, 2 subadults and 38 adults). In VBA, samples were obtained from 57 different
individuals (32 females and 25 males; 11 infants, 8 sub-adults, and 38 adults) (Table 1). All
recapture procedures are previously described [11].
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Table 1. Identification of ring-tailed coatis (Nasua nasua) sampled and recaptured in two areas, namely
Parque Estadual do Prosa and Vila da Base Aérea, city of Campo Grande, State of Mato Grosso do
Sul, Midwestern Brazil, with the identification number, sex, age and positivity in the screening PCR
to Ehrlichia sp. (dsb gene) during subsequent recaptures.

Captures
D Sex Age Local Samlpling Samzpling San?pling San:lpling Samspling Sanfpling
PEP05 M1 A3 PEP © Negative Positive Negative NR NR NR
PEP32 M A PEP Negative Positive NR NR NR NR
PEP43 M A PEP Negative Positive NR NR NR NR
PEP49 M I PEP Positive NR NR NR NR NR
VBAO1 M A VBA7 Positive Negative NR NR NR NR
VBAO3 F2 A VBA Negative Positive Positive Negative Positive Positive
VBAO4 F A VBA Positive NR NR NR NR NR
VBAO8 F A VBA Negative Negative Positive NR NR NR
VBAQO9 M SA 4 VBA Positive Negative Negative Negative NR NR
VBAI1l M A VBA Negative Negative Positive NR NR NR
VBA16 F A VBA Negative Negative Negative Positive NR NR
VBA19 F A VBA Positive Negative NR NR NR NR
VBA21 M 1% VBA Negative Negative Negative Negative Positive Positive
VBA23 F A VBA Positive Negative NR NR NR NR
VBA29 M F VBA Negative Positive NR NR NR NR
VBA32 F A VBA Positive NR NR NR NR NR
VBA34 M A VBA Positive NR NR NR NR NR
VBA43 M A VBA Positive NR NR NR NR NR
VBA44 M A VBA Positive Positive Positive NR NR NR
VBA57 F A VBA Positive NR NR NR NR NR

1. male; 2. female; 3. adult; . sub-adult °. infant; °. Parque Estadual do Prosa; 7. Vila da Base Aérea; NR.
Non-recaptured animal.

3.1. PCR Assays for Ehrlichia spp. Screening and Characterization

All DNA samples obtained from coati blood (n = 165) were positive in the PCR
targeting the gapdh endogenous gene. Out of 165 coatis’ blood samples, 25 (15.1%) were
positive in the screening PCR for the dsb gene of Ehrlichia spp. [4/63 samples—6.3% from
PEP area (from 4 different coatis) and 21/102 samples—20.6% from VBA (obtained from 16
different coatis). No recaptured animal showed positivity in more than one collection time
at PEP, while coatis from VBA showed positivity in more than one recapture (Table 1).

Transiently positive PCR results were detected in three animals from VBA: VBA03 was
positive in four out of six samplings; VBA21 was positive in 2/6 samplings, and VBA44 in
3/3 samplings. No animal from PEP showed PCR positive results for more than one sampling
(Table 2). Animal VBAQ3 remained PCR positive after 276 days after the first positive PCR (18
June 2018-20 March 2019); animal VBA21 after 28 days (21 March 2019-23 April 2019); and
VBAA44 after 174 days (7 November 2018-30 April 2019).
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Table 2. Identification of sampling date (day, month, and year) during subsequent recaptures of
ring-tailed coatis (Nasua nasua) positive to Ehrlichia sp. sampled and recaptured in two areas, namely
Parque Estadual do Prosa and Vila da Base Aérea, city of Campo Grande, State of Mato Grosso do
Sul, Midwestern Brazil. All dates when positive PCR results were found are bolded.

1° Sampling

2° Sampling 3° sampling 4° Sampling 5° Sampling 6° Sampling

VBAO3 2 May 2018 18 June 2018 28 August 2018 23 October 2018 23 January 2019 20 March 2019
VBA21 25 June 2018 24 August 2018 29 October 2018 21 January 2019 21 March 2019 23 April 2019
VBA44 7 November 2018 21 March 2019 30 April 2019 NR NR NR

NR. non-recaptured animal.

Out of 25 positive samples in the dsb-based PCR screening for Ehrlichia spp., three
were properly sequenced, nine were positive in the PCR targeting the near-complete 165
rRNA gene, one for groEL gene, three for sodB gene, two for 235-5S ITS, and six for gltA
gene. Results from Blast analyses, including sequence size, query coverage, E-value, and %
of identity, are shown in Table S1—Supplementary Materials.

Phylogenetic analysis inferred by the Bayesian method (BI) and TIM2+I evolutionary
model and based on the dsb gene (alignment of 395 bp) grouped the three sequenced sam-
ples in a new clade separated (100% posterior probability) from other Ehrlichia genotypes
previously detected in wild animals from Brazil and Amblyomma ticks from Brazil and
Argentina (Figure 1). The genetic divergence between sequences obtained in the present
study and those closely related and retrieved from GenBank ranged from 0.05 to 0.18
(Supplementary Materials—Table S2).

OP819944 'Candidatus Ehrlichia dumleri' host Nasua nasua - Brazil Mato Grosso do Sul
OP819945 'Candidatus Ehrlichia dumleri' host Nasua nasua - Brazil Mato Grosso do Sul
OP819946 'Candidatus Ehrlichia dumleri' host Nasua nasua - Brazil Mato Grosso do Sul
MH236883 Ehrlichia sp. sloth Brazil
MH236882 Ehrlichia sp. Peccary Brazil
OM863958 Ehrlichia sp. Amblyomma sculptum Brazil
KY413807 Ehrlichia sp. Amblyomma tigrinum Argentina
KY207546 Ehrlichia sp. Didelphis albiventris Brazil
KM458249 Ehrlichia ewingii
MT659902 Ehrlichia sp. Rhipicephalus sanguineus ltaly
MK783026 Ehrlichia canis
JX629808 Ehrlichia minasensis
MT212418 Ehrlichia sp. sloth Brazil
KT314243 Ehrlichia sp. Brazil
MT135766 Ehrlichia sp. Rhipicephalus microplus Brazil
R KX595269 Ehrlichia sp. Bos indicus Brazil
KM458246 Ehrlichia chaffeensis
MH261375 Ehrlichia sp. Amblyomma parvum Argentina
AY236484 Ehrlichia muris

Figure 1. Phylogenetic tree inferred by the Bayesian method and based on the dsb gene from Ehrlichia
spp. sequences obtained from blood from ring-tailed coatis (Nasua nasua) sampled in Campo Grande
city, Mato Grosso do Sul state, Brazil. Sequences detected in the present study are highlighted in bold
pink (VBA).

Phylogenetic analysis inferred by the Bayesian method (BI) and HKY+I+G evolution-
ary model and based on the 165 rRNA gene (alignment of 1201 bp) grouped the sequences
detected in the present study in a new large clade (92% posterior probability) (Figure 2).
The genetic divergence between the Ehrlichia genotypes detected in coatis from PEP and
‘Candidatus Ehrlichia occidentalis” and Ehrlichia sp. Eira barbara ranged from 1.2 to 1.7%
(Supplementary File—Table S3).
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100 — Candidatus Ehrlichia hydrochoerus host Hydrochoerus hydrochaeris (MW785880) - Brazil

" Candidatus Ehrlichia hydrochoerus host Hydrochoerus hydrochaeris (MW785879) - Brazil
100 — Candidatus Ehrlichia khabarensis host Mus musculus (KR063138)

 Candidatus Ehriichia khabarensis host Myodes rufocanus (FJ966352)

Candidatus Ehriichia occidentalis host Amblyomma triguttatum (KY425523) - Australia

— "Candidatus Ehrlichia dumleri’' host Nasua nasua (OM530509) - Brazil Mato Grosso do Sul
— "Candidatus Ehrlichia dumleri’ host Nasua nasua (OM530510) - Brazil Mato Grosso do Sul
— 'Candidatus Ehrlichia dumleri’ host Nasua nasua (OM530511) - Brazil Mato Grosso do Sul
‘— 'Candidatus Ehrlichia dumleri’ host Nasua nasua (OM530512) - Brazil Mato Grosso do Sul

— 1didatt host N 530513 o Gros lo Sul

Enrilichi

1did

1dli¢

‘— Ehrlichia sp. host Eira barbara (MZ130191) - Brazil

Ehrlichia sp. host Amblyomma americanum (DQ324367) - USA
Ehrlichia ruminantium (DQ647616)

Ehrlichia ruminantium (DQ647615)

Ehrlichia sp. host Amblyomma sculptum (MT514732) - Brazil
Ehrlichia chaffeensis (AF147752)

Candidatus Ehrlichia Pampeana (MZ733620) - Uruguay
Candidatus Ehrlichia Pampeana (MZ733621) - Uruguay

Ehrlichia ewingii host dog (U96436) - USA

Ehrlichia sp. host Haemaphysalis flava (MT258401) - Japan
Ehrlichia sp. host Haemaphysalis longicornis (MT258398) - Japan
Ehrlichia canis host domestic dog (EF195135) - Brazil

Ehrlichia canis host domestic dog (EU439944) - Italy

Ehrlichia sp. host Neochen jubata (KX891553) - Brazil

Ehrlichia minasensis host Rhipicephalus microplus (JX629805)
Candidatus Ehrlichia regneryi host Camelus dromedarius (KF843826) - Saudi Arabia
Ehrlichia sp. host Cerdocyon thous - Brazil

Ehrlichia sp. host Haemaphysalis longicornis (MT258395) Japan
Ehrlichia sp. host Haemaphysalis longicornis (MT258396) - Japan
Ehrlichia muris (AB013009) - Japan

Ehrlichia muris (AB013008) - Japan

Ehrlichia sp. host Apodemus latronum (GU227701) - China
Ehrlichia sp. host Ixodes ovatus (AB178793) - Japan

Candidatus Ehrlichia shimanensis (AB074459) - Japan
0 [— Ehrlichia sp. Ixodes auritulus (MW628646) - Uruguay

L Ehrlichia sp. Ixodes auritulus (MW628650) - Uruguay
Ehrlichia sp. host Ixodes uriae (MK049840) - Chile

00

Candidatus Neoehrlichia mikurensis (AB213021)

Figure 2. Phylogenetic tree inferred by the Bayesian method and based on the 16S rRNA gene from
Ehrlichia spp. sequences obtained from blood from ring-tailed coatis (Nasua nasua) sampled in Campo
Grande city, Mato Grosso do Sul state, Brazil. Sequences detected in the present study are highlighted
in bold blue (PEP—genotype 1) and pink (VBA—genotype 2).

Phylogenetic analyses inferred by the Bayesian method (BI) on the groEL gene (align-
ment of 530 bp and HKY+G4 as an evolutionary model) (Figure 3), sodB gene (alignment
of 592 bp and TPM2+G4 as an evolutionary model) (Figure 4), and 235-5S intergenic re-
gion (alignment of 401 bp and HKY+G4 as an evolutionary model) (Figure 5) grouped the
sequences detected in the present study in a new clade sharing the same origin with E. rumi-
nantium, with posterior probabilities ranging from 78 to 98%. The genetic divergence between
Ehrlichia genotypes detected in coatis from the present study and E. ruminantium ranged from
0.02 to 0.16 for groEL, sodB, and 235-55 molecular markers (Supplementary Materials).

Phylogenetic analysis inferred by the Bayesian method (BI) and TN+G4 evolutionary
model and based on the gltA gene (alignment of 650 bp) showed similar topology to 16S
rRNA-based phylogenetic inference, positioning sequences from the present study in a
new large clade (92% posterior probability) divided into two sub-clades (Figure 6). The
genetic divergence between sequences from these two sub-clades ranged from 0.01 to 0.16
(Supplementary Materials).
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78 OP819939 'Candidatus Ehrlichia dumleri’' host Nasua Nasua - Brazil Mato Grosso do Sul
78 — KY425416 Ehrlichia sp. Amblyomma tigrinum Argentina
GQ457107 Ehrlichia ruminantium
97 LC565631 Ehrlichia sp. Amblyomma nitidum Japan
KY425516 Candidatus Ehrlichia occidentalis Amblyomma tigrinum Australia
MNG609911 Ehrlichia muris Myodes glareolus Russia
MN216188 Ehrlichia canis domestic dog Senegal
53 MH722252 Ehrlichia sp. China
JQO085941 Ehrlichia chaffeensis Blastocerus dichotomus Brazil
JX092091 Ehrlichia sp. Haemaphysalis concinna Russia
AF195273 Ehrlichia ewingii human USA
% MZ779099 Candidatus Ehrlichia pampeana Mazama gouazoubira Uruguay
MWO054558 Ehrlichia sp. Rhipicephalus microplus Guinea
AF222735 Neorickettsia risticii USA
[

Figure 3. Phylogenetic tree inferred by the Bayesian method and based on the groEL gene from
Ehrlichia spp. sequences obtained from blood from ring-tailed coatis (Nasua nasua) sampled in Campo
Grande city, Mato Grosso do Sul state, Brazil. Sequences detected in the present study are highlighted
in bold pink (VBA).

OP903236 Candidatus Ehrlichia dumleri Nasua nasua - Brazil Mato Grosso do Sul
OP903237 Candidatus Ehrlichia dumleri Nasua nasua - Brazil Mato Grosso do Sul
OP903238 Candidatus Ehrlichia dumleri Nasua nasua - Brazil Mato Grosso do Sul
AB625856 Ehrlichia ruminantium

DQ647026 Ehrlichia ruminantium

OK236545 Ehrlichia sp. Capybar

KC778986 Ehrlichia ewingii

MH517657 Ehriichia muris

MH517656 Ehriichia muris

CP000236 Ehrlichia chaffeensis

CP007476 Ehrlichia chaffeensis

CP025749 Ehrlichia canis

CP000235 Anaplasma phagocytophilum

CP046391 Anaplasma platys

KM587715 Anaplasma marginale

Figure 4. Phylogenetic tree inferred by the Bayesian method and based on the sodB gene from Ehrlichia
spp. sequences obtained from blood from ring-tailed coatis (Nasua nasua) sampled in Campo Grande
city, Mato Grosso do Sul state, Brazil. Sequences detected in the present study are highlighted in bold
pink (VBA).

OM717254 ‘Candidatus Ehrlichia dumleri’ host Nasua nasua - Brazil Mato Grosso do Sul
OM717255 'Candidatus Ehrlichia dumleri’ host Nasua nasua - Brazil Mato Grosso do Sul
CP063045 Ehrlichia ruminantium

CR925677 Ehrlichia ruminantium

CP007480 Ehrlichia chaffeensis

CPO007478 Ehrlichia chaffeensis

CP007474 Ehrlichia sp.

CP006917 Ehrlichia muris

CP085276 Ehrlichia canis

CP025749 Ehrlichia canis

OK763039 Ehrlichia sp. Didelphis albiventris Brazil

CP066557 Candidatus Neoehrlichia mikurensis

CP060793 Candidatus Neoehrlichia mikurensis

Figure 5. Phylogenetic tree inferred by the Bayesian method and based on the 235-5S intergenic
region from Ehrlichia spp. sequences obtained from blood from ring-tailed coatis (Nasua nasua)
sampled in Campo Grande city, Mato Grosso do Sul state, Brazil. Sequences detected in the present
study are highlighted in bold pink (VBA) and blue (PEP).
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LC545962 Ehrlichia canis

100 — MF069157 Ehrlichia sp. Ixodes omithorhynchi Australia
% KR063140 Candidatus Ehrlichia khabarensis Russia
OK763036 Ehriichia sp. Didelphis albiventris Brazil

DQ513397 Ehrlichia ruminantium

0P819935 ‘Candidatus Ehrlichia dumleri* host Nasua nasua - Brazil Mato Grosso do Sul
0P819936 ‘Candidatus Ehrlichia dumleri* host Nasua nasua - Brazil Mato Grosso do Sul
0OP819937 'Candidatus Ehrlichia dumleri' host Nasua nasua - Brazil Mato Grosso do Sul
0P819938 ‘Candidatus Ehrlichia dumleri* host Nasua nasua - Brazil Mato Grosso do Sul
OP819940 ‘Candidatus Ehrlichia dumleri' host Nasua nasua - Brazil Mato Grosso do Sul
0P819941 'Candidatus Ehrlichia dumleri' host Nasua nasua - Brazil Mato Grosso do Sul
OMO055650 Ehrlichia sp. Eira barbara Brazil

LC565632 Ehrlichia sp. Amblyomma geoemydae Japan

KY425525 Candidatus Ehrlichia occidentalis Amblyomma trigrinum Australia

KY046304 Ehrlichia sp. H: physalis bispinosa Malaysi:

DQ365879 Ehrlichia ewingii

AF304144 Ehrlichia muris

AF304142 Ehrlichia chaffeensis

AF304149 Neorickettsia helminthoeca

Figure 6. Phylogenetic tree inferred by the Bayesian method and based on the gltA gene from Ehrlichia
spp. sequences obtained from blood from ring-tailed coatis (Nasua nasua) sampled in Campo Grande
city, Mato Grosso do Sul state, Brazil. Sequences detected in the present study are highlighted in bold
pink (VBA) and blue (PEP).

In order to evaluate the genetic distance between the two Ehrlichia sp. sub-clades
detected in the present study (PEP x VBA), median joining network (MJN) and haplotype
analyses with fourteen 165 rRNA sequences that clustered together or in a clade near those
sequences detected in coatis (Table 3, Figure 7) was performed. As a result, seven genotypes
were found with 34 variable sites. In the MJN analysis, sequences detected in coatis from
VBA and the one detected in E. barbara, Mato Grosso, Brazil (MZ130191) were represented
by the same haplotype (haplotype #4). On the other hand, sequences detected in PEP
clustered in two different genotypes (haplotype #1 and #2), also apart from haplotype 3,
which was represented by ‘Ca. Ehrlichia occidentalis’ (KY425523). Sequences positioned in a
clade near sequences detected in coatis (E. ruminantium DQ647615, DQ647616, and Ehrlichia
sp. DQ324367) in the BI were represented by different genotypes (#5, #6, and #7) (Figure 7).
The genetic distance (p-distance) between the two detected haplotypes detected from coatis
(VBA xPEP) ranged from 0.010 to 0.012 (Supplementary Materials).

Table 3. Polymorphisms and diversity of 16Sr RNA sequences of Ehrlichia spp. obtained from coatis
(Nasua nasua) sampled in the city of Campo Grande, Mato Grosso do Sul state, Brazil.

Gene bp

N VS GC% H dh (Mean + SD) 7 (Mean + SD) K

16S rRNA 1066

14 34 49.4 7 0.802 & 0.094 0.001168 + 0.00170 12.37363

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

Ehriichia ruminantiom (DQEATE16)
Hap_7

Ehrlichiasp (DQ324367)
Hap_6

Hap 5

Ehrlichia numinantiom (DQBATE1S)

@ Brazil
@ Sudan
Hap_3 @ Kenya

Ca. Ehvlichia occidentalis' (KYA25523) OAustralia
@USA

Hap 1
PEP (OMS530510)

Hap 4

VBA and MZ130191

Figure 7. Median joining network containing Ehrlichia 165 rRNA sequences representatives of the
two clades where sequences detected in coatis were positioned in the Bayesian Inference. While the
lines between haplotypes represent mutational steps, the black circles indicate median vectors.
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3.2. PCR Assays for Anaplasma sp. Screening and Characterization

Out of 165 coati blood samples, six (3.6%) were positive in the screening nPCR for
the 16S rRNA gene of Anaplasma spp. [1/63 samples—1.6% from PEP area and 5/102
samples—4.9% from VBA (obtained from five different coatis). No recaptured animal showed
positivity in more than one sampling time. Co-positivity for Ehrlichia spp. and Anaplasma spp.
was not found in the sampled animals. Four samples were properly sequenced, and Blast
analyses showed 100% of query coverage, 0.0 E-value, and 100% of identity with Anaplasma
spp- sequences previously detected in ticks and wild animals from Brazil (KY499191;
KY391804; KY499201; KY499183). Only one sample amplified for the 235-55 ITS and Blast
results showed 100% of query coverage, 0.0 E-value, and 100% of identity with ‘Candidatus
Anaplasma brasiliensis’. All six samples failed to amplify the groEL gene fragment.

Phylogenetic analysis inferred by the Bayesian method (BI) and TPM2+I+G evolution-
ary model and based on the 165 rRNA gene (alignment of 698 bp) grouped the sequences
detected in the present study in a large clade (100% posterior probability) with other
sequences of Anaplasma sp. detected in ticks and wild animals from Brazil (KY499191;
KY391804; KY499201; KY499183) (Figure 8). Phylogenetic analysis inferred by the Bayesian
method (BI) and evolutionary model K3P+G4 and based on the 235-5S ITS region (align-
ment of 384 bp) grouped the sequences detected in the present study in a large clade (70%
posterior probability) with ‘Candidatus Anaplasma brasiliensis’ (Figure 9).

OP279731 Anaplasma sp. host Nasua nasua - Brazil Mato Grosso do Sul
OP279732 Anaplasma sp. host Nasua nasua - Brazil Mato Grosso do Sul
OP279733 Anaplasma sp. host Nasua nasua - Brazil Mato Grosso do Sul
100— OP279734 Anaplasma sp. host Nasua nasua - Brazil Mato Grosso do Sul
KY499191 Anaplasma sp. Amblyomma ovale Brazil
70 KY391804 Anaplasma sp. Sphigurrus vilosus Brazil
KY499201 Anaplasma sp. Amblyomma sculptum Nasua nasua Brazil
KY499183 Anaplasma sp. Leopardus pardalis
—— MT199830 Candidatus Anaplasma brasiliensis
——— MT019560 Anaplasma sp. Nasua nasua Brazil
100 KY391803 Anaplasma sp. Rattus rattus Brazil
ON513878 Candidatus Anaplasma sparouinense
55 a8 1_00C MT199810 Candidatus Anaplasma amazonensis
| MT199813 Candidatus Anaplasma amazonensis
MT799937 Anaplasma capra
M60313 Anasplasma marginale
EF520688 Anaplasma centrale
AF309865 Anasplasma ovis
LC269822 Anaplasma platys
100 E HQ629921 Anaplasma phagocytophilum
= MF288941 Anaplasma sp. domestic cat Brazil
MH255932 Anaplasma bovis
100 JX876644 Anaplasma odocoilei
100 — MW785881 Anaplasma sp. Hydrochoerus hydrochoeris Brazil
MW785882 Anaplasma sp. Hydrochoerus hydrochoeris Brazil
MK760558 Neorickettsia risticii

68

0.0

Figure 8. Phylogenetic tree inferred by the Bayesian method and based on the 16S rRNA gene from
Anaplasma spp. sequences obtained from blood from ring-tailed coatis (Nasua nasua). Sequences
detected in the present study are highlighted in bold pink (VBA) and blue (PEP).
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— OP918134 Anaplasma sp. host Nasua nasua - Brazil Mato Grosso do Sul
L ‘—MT267344 Anaplasma brasiliensis
——MT267343 Anaplasma brasiliensis
a7 — CP023731 Anaplasma marginale
— CP001759 Anaplasma centrale
CP015994 Anaplasma ovis
MT267353 Anaplasma amazonensis
53— MT267350 Anaplasma amazonensis
‘—MT267354 Anaplasma amazonensis
KU589001 Anaplasma phagocytophilum
— NR121968 Ehrlichia muris
‘— CP007480 Ehrlichia chaffeensis

Figure 9. Phylogenetic tree inferred by the Bayesian method and based on the 235-5S ITS region
from Anaplasma spp. sequences obtained from blood from ring-tailed coatis (Nasua nasua). Sequences
detected in the present study are highlighted in bold pink (VBA) and blue (PEP).

4. Discussion

Previous studies conducted in Brazil indicated the occurrence of putative new geno-
types of Ehrlichia spp. and Anaplasma spp. in different orders of wild animals [1,33—42].
These epidemiological studies indicate an abundant diversity of Anaplasmataceae agents
circulating in wild mammals, pointing out the occurrence of putative new species. Regard-
ing this aspect, constant surveillance of Anaplasmataceae agents in biological samples from
wild animals shows great importance.

Herein, we were able to detect Ehrlichian DNA in 25 (15.1%) blood samples from coatis
using a dsb-based PCR screening. Such findings represent a higher percentage of positivity
when compared with two previous studies performed in Brazil. In the Brazilian Pantanal, a
previous study reported the occurrence of antibodies to E. canis in one coati (1/31, 3.2%) (titer
of 640) as well as the molecular detection of a Ehrlichia 165 rDNA genotype phylogenetically
related to multiple Ehrlichia spp. previously detected in ticks and wild rodents from
Brazil [39]. Moreover, Ehrlichia/Anaplasma 16S rDNA was detected in 1/18 coati blood
sampled in Iguazu National Park, southern Brazil, albeit without sequencing [43]. In the
present study, we were able to sample a higher number of animals when compared with the
two above-mentioned studies from Brazil (165 blood samples analyzed herein, in contrast
with 31 blood samples performed by Sousa et al. [39] and 18 by Collere et al. [43]). This
higher number of sampling procedures might explain the higher percentage of positive
animals found in the present study. The two previous studies and the present one were
performed in different biomes: while the study conducted by Sousa et al. [39] took place
in Pantanal, the latter performed by Collere et al. [43] was carried out in the Atlantic
forest. The present study was conducted in the Cerrado biome, an area characterized by
grassland to a nearly closed canopy of medium-height trees overlying grass with a tropical
savanna climate [4]. Although these three studies were performed with the same animal
species, it is known that tick diversity changes according to the studied biome [3,8,39,44,45].
Animals from the present study were found parasitized by non-identified Amblyomma sp.
larvae, Amblyomma dubitatum, and Amblyomma sculptum nymphs, and A. sculptum and
Amblyomma ovale adults [8]. Since the vector of the detected Ehrlichia sp. is not known
yet, the studied biome and, consequently, tick diversity, together with the higher number
of sampled animals, might have influenced the higher percentage of positive animals in
the Cerrado biome. It is also worth mentioning that the applied technique might have
influenced the percentage of positive animals. For instance, nested PCR is highly sensitive,
and in the case of E. canis detection, it is capable of detecting 0.2 pg of purified DNA, while
a conventional PCR can only detect values above 20 pg [46]. Quantitative PCR (qQPCR) can
also be used to increase the sensibility of the diagnostic tests and screening, and in some
cases, showed a higher sensitivity compared to previously described gel-based PCR, RNA,
PCR-ELISA, and hybridization assays [47]. However, the ability of previously standardized
qPCR protocols to catch novel Anaplasmataceae agents should be further investigated. In



Microorganisms 2022, 10, 2379

110f15

a previous study, a multiplex qPCR based on the groEL gene and validated for the main
Ehrlichia and Anaplasma species of medical and veterinary importance [37] was unable to
catch putative novel Ehrlichia and Anaplasma genotypes described in mammals from the
Superorder Xenarthra in Brazil [41].

We observed a different prevalence of positive animals according to the sampling spot
[4/63 samples—6.3% from the PEP area (from four different coatis) and 21/102 samples—
20.6% from VBA (obtained from 16 different coatis). Although sampling areas are in Campo
Grande city, Cerrado biome, they present very different characteristics. PEP is a preserved
forest area, being an important refuge for wildlife, where many species of mammals can
be found, such as ring-tailed coatis, anteaters, capybaras, opossums, bats, and also many
species of birds and reptiles [4,48-51]. Contrary, VBA is a more anthropized area (residential
area), surrounded by three forest fragments and one area used for military training. There
is a residential complex inhabited by many families and domestic animals. The houses are
not fenced, and they all have a trash can at the front. Coatis have access to the outside of the
houses, and they were observed during field activities walking around the houses and also
searching for food in the dumpsters [8]. This difference in the prevalence between the two
areas may be explained by a phenomenon called ‘dilution effect’ [52-54]. Preserved areas
(e.g., PEP) are characterized by high species richness of different hosts for ectoparasites
and pathogens or are likely to contain a high proportion of hosts that are inefficient in
transmitting the disease agent to a feeding vector. With a higher abundance of weakly
competent reservoir species, the stronger the dilution effect is, which may decrease the
probability of disease transmission [54].

Interestingly, the present study shows, for the first time, transient positivity for
Ehrlichia sp. in coati blood samples. Three animals sampled at VBA were PCR-positive at
different times of sampling. All three animals were positive in March 2019 and two animals
were in April 2019. Due to the small number of recaptured/positive animals, and since
the captures were performed by chance on different days, it is not possible to infer any
type of correlation according to the sampling period and PCR positivity. Besides that, the
results found herein are influenced by the limit of the detection of the PCR protocols used.
Nevertheless, these data indicate that N. nasua may play a role in the maintenance of this
new Anaplasmataceae agent in the wild environment.

Phylogenetic analyses positioned Ehrlichia sp. detected from coatis in the present
study in a new clade, originated as a sister clade to E. ruminantium. It is noteworthy that all
phylogenetic inferences based on different molecular markers showed the same topology,
with the establishment of a new distinct clade. Interestingly, two branches were observed
on the phylogenetic inferences based on 16S rRNA and gltA genes and 235-5S intergenic
region, according to the sampling spot (PEP and VBA). These findings may indicate the
occurrence of distinct genotypes of a unique putative novel Anaplasmataceae agent, which
is proposed here as ‘Candidatus Ehrlichia dumleri’, in honor of Dr. John Stephen Dumler
and his great contribution to the knowledge of this group of proteobacteria. Indeed, while
the genetic divergence between these two genotypes ranged from 0.010 to 0.013, values
ranging from 1.2 to 1.3% were found when comparing the newly described genotypes
and ‘Candidatus Ehrlichia occidentalis’. Moreover, the haplotype analyses based on the 16S
rRNA sequences corroborate the presence of two distinct genotypes, also according to the
sampling spot.

Recently, several ‘Candidatus Ehrlichia” have been proposed and detected in biological
samples from wild animals by using different molecular target genes. For instance, ‘Candi-
datus Ehrlichia regneryi’ was detected in spleen samples of dromedary camels (Camelus
dromedarius) in Saudi Arabia using two genetic markers (165rRNA and groEL) [55]. ‘Candi-
datus Ehrlichia pampeana’ was detected in Haemaphysalis juxtakochi and in gray Brocket
Deer (Mazama gouazoubira) from Uruguay using three loci (165 rRNA, dsb, and groEL) [56].
‘Candidatus Ehrlichia hydrochoerus” was detected in blood samples from capybaras (Hydro-
choerus hydrochaeris) from Brazil, using four loci (165 rRNA, dsb, groEL and sodB) [57]. In the
present study, we were able to perform the molecular characterization using six different
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molecular targets, including a large fragment of 165 rRNA, dsb, sodB, groEL, gltA genes and
the 235-55 intergenic space region (ITS). Phylogenetic analyses based on all six molecular
markers showed the same topology, supporting the description of the new ‘Candidatus
Ehrlichia dumleri” presented herein.

The present work describes a low percentage of positive animals for Anaplasma spp.
(6/165—3.6%) by using a screening nPCR based on the 165 rRNA gene. Sousa et al. [39]
detected Anaplasma spp. in 22% (7/31) coatis sampled in the Brazilian Pantanal, using an
nPCR also based on the 165 rRNA gene. Phylogenetic inferences grouped the sequences de-
tected in coatis from Pantanal in two different clades: one clade related to A. phagocytophilum
and another one clustering with Anaplasma sp. previously detected in different wild animal
species, including rodents, marsupials, and carnivores [39]. The present work showed
the detection of an Anaplasma sp. closely related to ‘Candidatus Anaplasma brasiliensis’,
which was previously detected in anteaters in the state of Sao Paulo [41], and Anaplasma sp.
detected in other wild animals from Brazil. Recently, an unusual case of human anaplas-
mosis caused by ‘Candidatus Anaplasma sparouinense’, which was genetically related to
‘Candidatus Anaplasma amazonensis’ was recently described in sloths from the Brazilian
Amazon [41], was reported in the Amazon of French Guiana [2]. Future studies should be
performed in order to check if wild animals may represent a source of infection by these
novel neotropical Anaplasma to humans.

5. Conclusions

Anaplasmataceae agents were detected in blood samples from free-ranging coatis sam-
pled in Midwestern Brazil. A higher positivity for Ehrlichia spp. was found in the sampled
coatis when compared to that one found for Anaplasma spp. Phylogenetic analyses based
on six molecular markers (16S rRNA, dsb, sodB, groEL, gltA, and the 235-5S ITS) positioned
the novel Ehrlichia sp. detected in the sampled coatis into a new clade and supported the
description of ‘Candidatus Ehrlichia dumleri’, a putative novel Anaplasmataceae species
that appeared as a sister clade to E. ruminantium. Phylogenetic analyses based on both 16S
rRNA gene and 235-55 intergenic region grouped the Anaplasma sp. detected in coatis with
the previously described ‘Candidatus Anaplasma brasiliensis’.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microorganisms10122379/s1, Table S1: Blast results from positive
animals for Ehrlichia sp., with GenBank accession number from the present study, localization, gene,
fragment size, organism, % of query coverage, E-value, % of identity and GenBank accession number
of the pathogen; Table S2: Pairwise genetic distances matrix among Ehrlichia sp. that clustered
close to sequences detected at the present study at based on dsb gene. Pairwise genetic distances
were obtained using the p-distance method in MEGA X. Sequences detected at the present study
are highlighted in bold pink (Air Force Private Area); Table S3: Pairwise genetic distances matrix
among Ehrlichia sp. that clustered close to sequences detected at the present study at based on
large fragment of 165rRINA gene. Pairwise genetic distances were obtained using the p-distance
method in MEGA X. Sequences detected at the present study are highlighted in bold blue (Parque
Estadual do Prosa) and pink (Air Force Private Area); Table S4: Pairwise genetic distances matrix
among Ehrlichia sp. sequence that clustered close to sequence detected at the present study at based
on groEL gene. Pairwise genetic distances were obtained using the p-distance method in MEGA X.
Sequence detected at the present study is highlighted in bold pink (Air Force Private Area); Table S5:
Pairwise genetic distances matrix among Ehrlichia sp. sequences that clustered close to sequences
detected at the present study at based on sodB gene. Pairwise genetic distances were obtained
using the p-distance method in MEGA X. Sequences detected at the present study are highlighted
in bold pink (Air Force Private Area); Table S6: Pairwise genetic distances matrix among Ehrlichia
sp. sequences that clustered close to sequences detected at the present study at based on 23S-55
intergenic region. Pairwise genetic distances were obtained using the p-distance method in MEGA X.
Sequences detected at the present study are highlighted in bold pink (Air Force Private Area); Table
S7: Pairwise genetic distances matrix among Ehrlichia sp. sequences that clustered close to sequences
detected at the present study at based on gltA gene. Pairwise genetic distances were obtained using
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the p-distance method in MEGA X. Sequences detected at the present study are highlighted in bold
blue (Parque Estadual do Prosa) and pink (Air Force Private Area).
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