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Abstract

Although mammals of the superorder Xenarthra are considered hosts of a wide range

of zoonotic agents, works aiming at investigating the role of these animals as hosts

for bacteria with zoonotic potential are rare. The present study aimed to investi-

gate the occurrence and molecularly characterize Coxiella burnetii and haemoplasma

(haemotropic mycoplasmas) DNA in blood and spleen samples from 397 free-living

Xenarthra mammals (233 sloths, 107 anteaters and 57 armadillos) in five Brazilian

states (Mato Grosso do Sul, São Paulo, Pará, Rondônia and Rio Grande do Sul). All

biological samples from Xenarthra were negative in the qPCR for Coxiella burnetii

based on the IS1111 gene. The absence of C. burnetii DNA in blood and spleen sam-

ples from Xenarthra suggests that these mammals may not act as possible hosts for

this agent in the locations studied. When performed conventional PCR assays for the

endogenous (gapdh) mammalian gene, 386 samples were positive. When screened by

molecular assays based on the 16S rRNA gene of haemoplasmas, 81 samples were

positive, of which 15.54% (60/386) were positive by conventional PCR and 5.44%

(21/386) were positive by real-time PCR; three samples were positive in both assays.

Of these, 39.74% (31/78) were also positive for the 23S rRNA gene and 7.69% (6/78)

for the haemoplasma RNAse P gene. Among the samples positive for haemoplasmas,

25.64% (20/78) were obtained from anteaters (Tamandua tetradactyla and Myrme-

cophaga tridactyla), 39.74% (31/78) from sloths (Bradypus tridactylus, Bradypus sp. and

Choloepus sp.) 34.61% (27/78) from armadillos (Priodontes maximus, Euphractus sexcinc-

tus and Dasypus novemcinctus). A haemoplasma 16S rRNA sequence closely related

and showing high identity (99.7%) to Mycoplasma wenyonii was detected, for the first

time, in B. tridactylus. Based on the low identity and phylogenetic positioning of 16S

rRNA and 23S rRNA sequences of haemoplasmas detected in anteaters and armadil-

los, the present study showed, for the first time, the occurrence of putative new
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Candidatus haemotropic Mycoplasma spp. (“Candidatus Mycoplasma haematote-

tradactyla” and “Candidatus Mycoplasma haematomaximus”) in Xenarthra mammals

fromBrazil.

KEYWORDS

anteaters, armadillos, haemoplasmas, Q-fever, sloths

1 INTRODUCTION

Mammals of the superorder Xenarthra are considered reservoirs for

different zoonotic agents. Although recently Kluyber et al. (2020)

detected Trypanosoma cruzi and Toxoplasma gondi in free-living armadil-

los in the state of Mato Grosso do Sul, there are still few studies

that investigated the occurrence of bacterial agents transmitted by

arthropod vectors in this group of animals. An Ehrlichia sp. genotype

related to Ehrlichia ruminantium was detected in a three-toed sloth

(Bradypus tridactylus) in Pará state, northern Brazil (Soares et al., 2017).

More recently, a new Bartonella Candidatus (“Candidatus Bartonella

washoensis subspecies brasiliensis”), two new Anaplasma Candida-

tus (“Candidatus Anaplasma brasiliensis” and “Candidatus Anaplasma

amazonensis”) and two Ehrlichia species (Ehrlichia canis and Ehrlichia

minasensis) have been described in free-living Xenarthra from Brazil

(Calchi, Vultão, Alves, Yogui, Desbiez, Amaral, et al., 2020; Calchi,

Vultão, Alves, Yogui, Desbiez, Santi, et al., 2020).

Haemotropic mycoplasmas (haemoplasmas), bacteria belonging to

the classMollicutes, familyMycoplasmataceae, and genusMycoplasma,

are characterized by lacking cell wall, high plasticity in the outer mem-

brane (Edward&Freundt, 1967;Razinet al., 1998;Tratchenberg, 2005)

and ability to adhere to the surface of erythrocytes of different ver-

tebrate species (Messick, 2004). These agents emerge as important

pathogens in human and veterinary medicine (Dos Santos et al., 2008;

Hornok et al., 2011; Maggi, Compton, et al., 2013; Maggi, Mascarelli,

et al., 2013; Steer et al., 2011; Yuan et al., 2009). In Brazil, there is an

increasing number of research related to the detection of haemoplas-

mas in wild animals, which has allowed the discovery of new Candida-

tus species of haemotropic mycoplasmas in different hosts (Pontarolo

et al., 2020; Vieira et al., 2021).

Coxiella burnetii is a ɣ-proteobacteria, Gram-negative, obligate intra-

cellular, belonging to the order Legionellales and family Coxiellaceae.

It is responsible for causing the zoonotic disease known as Q-Fever

(Eldin et al., 2017). It has a cosmopolitan distribution, being reported

worldwide except in New Zealand (Eldin et al., 2017). This aetiologic

agent parasitizes different cell types, such as macrophages, mono-

cytes, fibroblasts and epithelial cells, albeit showing higher tropism

for phagocytes (Van Schaik et al., 2013). Its transmission occurs by

inhalation of aerosols, ingestion of contaminated milk and dairy prod-

ucts and contact between infected individuals (Bouvery et al., 2003).

In addition, haematophagous ectoparasites also present great impor-

tance in its transmission (Eldin et al., 2017). Regarding the detection of

C. burnetii in wild animals from Brazil, the agent has been molecularly

detected in spleen of rodents (Rozental et al., 2017) and bats (Ferreira

et al., 2018). Also, Zanatto et al. (2019) reported serological evidence

of exposure to this agent in free-living wild cervids. In Xenarthra, the

agent was molecularly detected in faecal and spleen samples from a

three-toed sloth (B. tridactylus) in French Guiana (Davoust et al., 2014).

Studies aiming at assessing the health status of Xenarthra mammals

are needed, since they can bring information for future projects for

conservation of this group of animals, as well as for epidemiological

surveillance and decision making regarding diseases control and pre-

vention.Additionally, given the zoonotic potential of thesebacteria, the

detectionandmolecular characterizationof suchagents inwild animals

contribute to increase the knowledge on the genetic diversity of these

groupsof pathogens. Thepresent studyaimed to investigate themolec-

ular occurrence and characterize DNA of Coxiella burnetii and haemo-

plasmas in free-living Xenarthra mammals sampled in five Brazilian

states.

2 MATERIAL AND METHODS

2.1 Ethics committee

The Xenarthra mammals sampling procedures were previously

approved by the ChicoMendes Institute for Biodiversity Conservation

(SISBIO no. 53798-5; no. 27587-12; no. 53798-13; no. 64752-2) and

by the Ethics Committees on Animal Use (CEUA) of both ICB - USP (no.

98) and the Faculty of Agricultural and Veterinary Sciences – UNESP

Jaboticabal Campus (no. 11. 794).

2.2 Biological samples and Xenarthra species
samples

The Xenarthra mammals’ biological samples were collected in five

Brazilian states: Mato Grosso do Sul, Pará, Rio Grande do Sul, Rondô-

nia and São Paulo. In total, 397 animals were sampled: 194 Pale-

throated sloth (B. tridactylus), 3 Bradypus sp., 5 Linnaeus’s two-toed

sloth (Choloepus didactylus), 31 Choloepus sp., 40 collared anteaters

(Tamandua tetradactyla), 67 giant anteaters (Myrmecophaga tridactyla),

4 southern naked-tailed armadillos (Cabassous unicinctus), 14 long-

nosed armadillos (Dasypus novemcinctus), 14 Six-banded armadillos

(Euphractus sexcinctus) and 25 giant anteaters (Priodontes maximus)

(Figure 1).
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DEOLIVEIRA ET AL. e1879

F IGURE 1 Map of Brazil with the number and origin of Xenarthra mammal species sampled in five Brazilian states

Spleen and blood samples were obtained during necropsy of ani-

mals victims of vehicular collision on highways in the states of Mato

Grosso do Sul, Rio Grande do Sul and São Paulo. The collection of

these samples in the state of Mato Grosso do Sul was performed by

the Wild Animal Conservation Institute (Flags and Roads Project and

the Giant Armadillo Conservation Program), by the Wildlife Pathol-

ogy Service of the Faculty of Agricultural and Veterinary Sciences and

Paulista State University (FCAV/UNESP) in the state of São Paulo and

by the Laboratory of Protozoology and Vector Rickettsioses of Veteri-

nary School of the Federal University of Rio Grande do Sul (UFRGS)

in the state of Rio Grande do Sul. Additionally, blood samples were

obtained from live animals captured in a wildlife rescue area due to

the filling of hydroelectric dams in the states of Pará and Rondô-

nia by the Institute of Biomedical Sciences of the University of São

Paulo (USP).

Between the years 2015 and 2020, in the state of Mato Grosso

do Sul, 76 spleen samples were collected (47 giant anteaters, 13 col-

lared anteaters, 8 six-banded armadillos, 5 long-nosed armadillos, 1

giant armadillo and 2 southern naked-tailed armadillos) in the Cer-

rado biome by the Flags and Roads Project, and 35 blood samples

in the Pantanal, by the Conservation Program of the Tatu-Canastra

in the Nhecolândia region (24 giant armadillos, 6 six-banded armadil-

los, 1 southern naked-tailed armadillo and 4 long-nosed armadillos). In

São Paulo, during the period from 2011 to 2018, the Wildlife Pathol-

ogy Service obtained 40 spleen samples from Xenarthra species (20

giant anteaters, 16 collared anteaters and 4 long-nosed armadillos).

In the year 2019, in the state of Rio Grande do Sul, spleen sam-

ples were collected from four collared anteaters by the Laboratory

of Protozoology and Vector Rickettsioses. Between the years 2010

and 2013, 242 samples of sloths, anteaters and free-living armadil-

los were collected by the Institute of Biomedical Sciences during the

filling process of a hydroelectric power plant in the states of Rondô-

nia (no. = 105 [68 sloths, 31 Choloepus sp., 3 Bradypus sp., 1 col-

lared anteater, 1 long-nosed armadillo and 1 southern naked-tailed

armadillo]) andPará (no.=137 [126 sloths, 5 southern two-toed sloths,

6 collared anteaters]).

The spleen fragments andblood sampleswere conditioned inRNAse

and DNAse-free microtubes (Kasvi®) and stored in freezer −70◦C for

later DNA extraction.

2.3 Molecular analyses

DNA was extracted from 10 mg of each spleen fragment and from

200 µl of each blood sample using the DNeasy Blood & Tissue Kit

(Qiagen, Valencia, CA, USA), following the manufacturer’s instruc-

tions. To assess the presence of amplifiable DNA and absence of

PCR inhibitors, a conventional PCR (cPCR) assay based on the

mammalian endogenous glyceraldehyde-3-phosphatidodesidrogenase

(gapdh) gene (Birkenheuer et al., 2003) was performed. Samples posi-

tive in this assay were submitted to specific PCR assays for C. burnetii

and haemoplasmas.
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e1880 DEOLIVEIRA ET AL.

2.4 Quantitative real-time PCR assay for C.
burnetii

Samples positive in the PCR assays for the gapdh gene were subjected

to a quantitative real-time PCR assay (qPCR) assay for C. burnetii

based on the IS1111 gene, according to the protocol of Klee et al.

(2006). The qPCR assays were performed in 10 µl of full volume,

containing 1 µl of DNA sample, 0.3 µM of each primer oligonu-

cleotide (Cox-For [5′-GTCTTAAGGTGGGCTGCGTG-3′]; Cox-Rev

‘[5′-CCCCGAATCTCATTGATCAGC-3′]) and TaqMan hydrolysis probe

(Cox-TM = FAM 5′-AGCGAACCATTGGTATCGGACGTT-TAMRA-

TATGG-3′) (Table S1), 5, 0 µ; of 2 × Master Mix buffer (GoTaq™
Probe qPCR Master Mix, Promega Corporation, Madison, WI, USA),

and ultra-pure sterile water (Nuclease Free, Promega Corporation)

q. s.p. 3.1 µl. The standard curve was constructed with dilutions of

Gblock (gBlocks® – Integrated DNA Technologies, Coralville, IA, USA)

(2.0 × 107–2.0 × 100 copies/ml), which has a 295 bp insert of the

IS1111 gene. The G-block copy number was determined according to

the formula: (XG/µL of DNA/[gBlocks size (bp)× 660])× 6, 22× 1023 ×

Gblock copies/µl). All DNA samples were tested in duplicate.

2.5 qPCR and conventional PCR assays for
haemoplasmas

To detect and quantify haemoplasma DNA, DNA samples posi-

tive in PCR assays for the gapdh gene were submitted to a qPCR

assay based on 16S rRNA gene using Sybr Green as DNA inter-

calant, following the protocol established by Willi et al. (2009). For

this, the primers SYBR-For(5′-AGCAATRCCATGTGAACGATGAA-3′)
and SYBR-Rev (5′-TGGCACATAGTTWGCTGTCACTT −3′) were used

(Table S1). Each DNA sample was subjected to this qPCR in dupli-

cate. Amplification efficiency was calculated from the standard curve

in each run using the following formula (E = 10−1/slope). All analyses

were performed according to the standards established byMIQE (Min-

imumInformation forPublicationofQuantitative real-timePCRExper-

iments) (Bustin et al., 2009). Sterile ultrapure water was purchased

fromNuclease-FreeWater (Promega®,Madison,WI, USA).

Additionally, all sampleswere subjected toa conventionalPCRassay

for haemoplasmas as describedbyMaggi, Chitwood, et al. (2013) based

on the 16S rRNA gene, using the primers HemMycop16S-41s (5′-
GYATGCMTATAAYACATGCAAGTCGARCG-3′) and HemMyco16S-

938as (5′-CTCCACCACTTGTTCAGGTCCCCGTC-3′), which flank

a 1380 bp fragment (Table S2). The positive samples in this cPCR

assay were subjected to a cPCR assay also based on the 16S rRNA

gene, which amplifies a ∼900 bp fragment, overlapping to the

previous fragment. The primers HemMycop16S-322s (5′-GCCCA
TATTCCTACGGGAAGCAGCAGT-3′) and HemMycop16S-1420as

(5′-GTTTGACGGGCGGTGTGTACAAGACC-3′) were used to amplify

this second fragment of the 16S rRNA gene (Table S2).

In order to obtain amplicons with higher band intensity for purifi-

cation, the positive samples in the previous assays were submitted

to a semi-nested PCR based on the 16S rRNA gene, according

to the protocol described by Di Cataldo et al. (2020). This assay

amplifies approximately 1400 bp and was performed using the

primers HemoF1 (5′-AGTTTGATCCTGGCTCAG-3′), HemoR2 (5′-
TACCTTGTTACGACTTAACT-3′) in the first reaction, and HemoF2

(5′-ATATTCCTACGGGAAGCAGC-3′) and HemoR2 in the second

reaction. Samples positive in qPCR and conventional PCR assays

based on the 16S rRNA gene were subjected to PCR assays based

on the 23S rRNA and RNaseP genes, which amplify fragments

of 800 bp and 165 bp, respectively. The reagent concentrations

used were the same as those described for the 16S rRNA gene-

based PCR assays for haemoplasmas. The PCR assay based on the

23S rRNA gene was performed using the primers 23S_Haemo_F

(5′-TGAGGGAAAGAGAGCCCAGAC-3′) and 23S_Haemo_R (5′-
GGACAGAATTTACCTGACAAGG-3′) (Mongruel et al., 2020). In the

PCR based on the RNaseP gene, the primers HemoMycoRNaseP30S

(5′-GATKGTGYGAGYATYATATAAAAATAAARCTCRAC-3′) and

HemoMycoRNaseP200as (5′-GMGGRGTTTACCGCGTTTCAC-3′)
were used (Table 2) (Maggi, Compton, et al., 2013). Mycoplasma suis

DNA (Gatto et al., 2019) and ultrapure autoclaved sterile water were

used as positive and negative controls, respectively, in all PCR assays

for haemoplasmas.

The amplified products in the cPCR assays were subjected to hori-

zontal electrophoresis on 1.0% agarose gel stained with ethidium bro-

mide (0.5 µl/ml) in TEB pH 8.0 running buffer (44.58 M Tris-base;

0.44 M boric acid; 12.49 mM EDTA). Electrophoresis was performed

at 90 V/150 mA for 60 min. A 100 base pair molecular weight marker

(LifeTechnologies®)wasused todetermine theamplifiedproducts. The

results were visualized and analysed using an ultraviolet light transillu-

minator (ChemiDocMP Imaging System, BIORAD®).

2.6 Purification of amplicons and sequencing

The amplified products in the PCR assays were purified with Wizard®

SV Gel and PCR Clean-Up System (Promega Corporation, Madison,

USA), according to the manufacturer’s recommendations. Quantifica-

tion of total genomicmaterial of the purified productwas performed in

a spectrophotometer (Nanodrop, Thermo Scientific®).

The sequencing of the amplified products was performed by the

dideoxynucleotide chain termination method (Sanger et al., 1977) and

conducted in the sequencer ABI 3730 DNA Analyzer, a 48 capillary

DNA analysis system with Life Technologies – Applied Biosystems

technology in the Center for Human Genome and Stem Cell Studies

at USP and in the sequencer ABI PRISM 3700 DNA Analyzer (Applied

Biosystems) in the Center for Biological Resources and Genomic Biol-

ogy (CREBIO-FCAV/UNESP).

2.7 Phylogenetic analyses

Analyses of the electropherograms generated by the Sanger sequenc-

ing were performed by observing the quality of the peaks corre-

sponding to each sequenced base using Bioedit v. 7.0.5.3 software
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DEOLIVEIRA ET AL. e1881

(Hall, 1999). To build consensus sequences, the program Phred-Phrap

version 23 (Ewing & Green, 1998; Ewing et al., 1998) was used to anal-

yse both “forward” and “reverse” strands sequenced from the same

sample, respecting theminimumquality value of 20 for eachnucleotide

to determine the nucleotide sequence. After building the consensus

sequence of each sample, it was submitted to the BLAST analysis

(Altschul et al., 1990), in order to compare with those sequences pre-

viously deposited in GenBank database (http://www.ncbi.nlm.nih.gov/

genbank).

The sequences saved “FASTA” format were aligned with other

homologous sequences of the same sequenced gene retrieved from

GenBank using the Clustal/W software (Thompson et al., 1994) via

Bioedit v. 7.0.5.3 (Hall, 1999). They were then transformed in Nexus

andPhylipmode by the “Alignment Transformation Environment”web-

site (Glez-Peña et al., 2010). Analysis methods for phylogeny were

maximum likelihood, which was performed using W-IQ-Tree software

(available online: http://iqtree.cibiv.univie.ac.at/) (Nguyen et al., 2015;

Trifinopoulos et al., 2016). Clade supports for the maximum likelihood

analyses were evaluated using bootstrap analyses (Felsenstein, 1985)

of 1000 repetitions, with the evolutionarymodel TIM3+F+I+G4. Edit-

ing of the phylogenetic trees, as well as rooting (via external group),

was performed using Treegraph 2.13.0 beta software (Stover &Muller,

2010).

2.8 SplitsTree distance analysis

The software SplitsTree4 provides a framework for computing phy-

logenetic networks through mathematical concepts, for more com-

plex models of evolution that are eventually not evaluated by

other phylogenetic inference methods. In these approaches, the

evolution of a gene is modelled through events such as spe-

ciation and mutations. SplitsTree allows for inference, based on

distance analysis, of more complex events that have occurred through-

out evolution, such as gene loss and duplication, horizontal trans-

fer and others (Huson & Bryant, 2006). For this purpose, the

parameters “Neighbor – Joining” and “Uncorrected p-distance” were

used.

3 RESULTS

3.1 Conventional PCR for the endogenous
mammalian gapdh gene

Among the 397 samples collected, 386 (97.22%) were cPCR positive

for the endogenous gapdh gene.

3.2 qPCR for C. burnetii based on the IS1111 gene

The efficiency of the qPCR for C. burnetii ranged from 100.7% to

104.3% (mean = 102.5%), the r2 from 0.978 to 0.984, the slope from

−3.305 to −3.224 and Y-intercept ranged from 44.267 to 45.247. All

sampleswere negative in the qPCR assays based on the IS1111 gene of

C. burnetii.

3.3 qPCR for haemoplasmas based on the 16S
rRNA gene and sequencing of the obtained amplicons

The qPCR parameters ranged from: 90.1% to 103% for efficiency;

0.966 to 0.993 for r2;−3.245 to−3.586 for slope and 29.680 to 33.108

for Y-intercept. In qPCR analyses for haemoplasmas, 5.44% (21/386)

of samples were positive (Table 1) but not amenable to quantifica-

tion due to the low amount of initial agent DNA in the tested sample

(“Monte Carlo effect”) (Bustin et al., 2009). A variation in the melting

temperature (Tm) of the positive samples varied according to thediffer-

ent haemoplasma species detected in sloths (Tm = 79◦C) and armadil-

los (Tm = 77◦C). After the evaluation of the electropherograms of the

amplicons obtained in qPCR, few were the 16S rRNA sequences that

presented good quality.

A haemoplasma 16S rRNA sequence obtained by qPCR and

detected in a blood sample from a sloth (Choloepus sp.) that had a

melting temperature of 79.5◦C showed identity of 87.59% (68% query

coverage; E-value of 0) with sequences of haemotropic Mycoplasma

spp. detected in a crab-eating fox (Cerdocyon thous) (KY00267676)

and a coati (Nasua nasua) (KY002668) from the Pantanal wetlands,

state of Mato Grosso do Sul, central-western Brazil (De Sousa et al.,

2017). Also, the haemoplasma 16S rRNA sequence detected by qPCR

in a blood sample from a giant armadillo (P. maximus) blood that pre-

sented amelting temperature of 77◦C showed identity of 83.39% (50%

query coverage; E-value of 1–72) with a sequence of haemotropic

Mycoplasma spp. detected in a coati (KY002672) from the Brazilian

Pantanal (De Sousa et al., 2017).

3.4 Conventional PCR for haemoplasmas

Out of the 386 DNA samples positive in the PCR for the endoge-

nous gapdh gene, 60 (15.54%) were positive in the cPCR assay for

haemoplasmas based on the 16S rRNA gene and using the primers

HemMycop16S-41s and HemMyco16S-938as. Of these, 18 were from

the speciesB. tridactylus, 1Bradypus sp., 8T. tetradactyla, 4Choloepus sp.,

12M. tridactyla, 14 P. maximus, 2 E. sexcinctus and 1 D. novemcinctus. Of

the 60positive samples, 19.23% (15/78)were positive in thePCRassay

using the primers HemMycop16S-322s and HemMycop16S-1420as,

which amplifies a 900 bp fragment of the 16S rRNA gene, with an over-

lapping to the first amplified fragment.Of these, four samples belonged

to animals of the speciesT. tetradactyla, oneCholoepus sp., oneE. sexcinc-

tus, oneD. novemcinctus and eightM. tridactyla (Table 2).

Additionally, out of the 78 samples positive in the qPCR and cPCR

screening assays based on the 16S rRNA gene, 37.17% (29/78) were

positive in the semi-nested PCR assay based on the 16S rRNA gene.

Among the positive samples, 2 were from M. tridactyla, 1 E. sexcinctus,

6 B. tridactylus, 5 T. tetradactyla and 15 P. maximus.
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e1882 DEOLIVEIRA ET AL.

TABLE 1 Melting temperature (T m) of haemoplasma 16S rRNA gene fragments detected in Xenarthra blood samples in SYBR® green-based
qPCR assays

ID Species

Biological

sample Localization T m
*

Mean of

Cq

Average copy

quantification of a

fragment of the 16S

rRNA gene of

haemoplasmas/µl

BM1 Bradypus tridactylus Blood PA 79.50 30.39 4.411× 100

BM24 Bradypus tridactylus Blood PA 79.50 29.80 4.981× 100

BM58 Bradypus tridactylus Blood PA 79.50 30.01 9.262× 101

BM84 Bradypus tridactylus Blood PA 79.50 29.91 1.782× 100

BM100 Bradypus tridactylus Blood PA 79.50 32.07 1.474× 100

BM111 Bradypus tridactylus Blood PA 79.00 30.48 3.848× 100

PV40 Bradypus tridactylus Blood RO 79.50 29.38 1.327× 100

PV175 Bradypus tridactylus Blood RO 79.50 22.51 1.348× 102

PV642 Bradypus tridactylus Blood RO 79.50 31.10 5.881× 101

PV938 Choloepus sp. Blood RO 79.50 32.06 3.053× 101

PV1252 Bradypus sp. Blood RO 79.50 32.39 4.056× 101

135 Priodontes maximus Blood MS 77.00 21.07 4.096× 102

140 Priodontes maximus Blood MS 77.00 18.90 1.84× 103

142 Priodontes maximus Blood MS 77.00 17.66 4.37× 103

143 Priodontes maximus Blood MS 77.00 22.29 1.75× 102

151 Priodontes maximus Blood MS 77.00 16.76 8.21× 103

155 Priodontes maximus Blood MS 77.00 18.97 1.75× 103

156 Priodontes maximus Blood MS 77.00 17.35 5.43× 103

157 Priodontes maximus Blood MS 77.00 23.03 1.04× 102

160 Priodontes maximus Blood MS 77.00 20.61 5.62× 102

161 Priodontes maximus Blood MS 77.00 23.16 9.52× 101

Abbreviations: MS,Mato Grosso do Sul; PA, Pará; RO, Rondônia; *Tm,Melting temperature

We obtained 39.74% (31/78) positive samples in the cPCR assay

based on the 23S rRNA gene, including 8 M. tridactyla, 1 E. sexcinctus,

3B. tridactylus, 4 T. tetradactyla and 15 P.maximus (Figure 2).When sub-

jected to cPCR based on the RNAseP gene, 7.69% (6/78) of the sam-

ples were positive, including 2 T. tetradactyla, 1 B. tridactylus, 1 Choloe-

pus sp., 1 D. novemcinctus and 1M. tridactyla (Table 3). One sample of T.

tetradactyla fromParáwaspositive for all cPCRassays (three fragments

of the 16S rRNA gene, one fragment of the 23S rRNA gene and one of

the RNAseP gene).

3.5 BLASTn analysis of sequences obtained from
cPCR assays for haemoplasmas

Sequencing was performed for samples showing high intensity bands

in the conventional and semi-nested PCR assays. We obtained 4

sequences for the 16S rRNA gene and 1 for the 23S rRNA gene from

collared anteaters, 2 sequences for the 16S rRNA gene and 4 for

the 23S rRNA gene from giant armadillos, and only 1 sequence for

the 16S rRNA gene from a sloth. BLAST analysis was performed with

sequences obtained from two fragments of 16S rRNA (∼1380 bp and

∼1400 bp) and 23S rRNA (800 bp) (Table 4). All 16S rRNA sequences

obtained from the Xenarthra mammals were deposited into Gen-

bank under the following accession numbers: OK584814, OK584815,

OK584816,OK584817,OK584818,OK584819 andOK584820. Also,

the obtained 23S rRNA sequences were deposited under the following

accession numbers: OK569852, OK569853, OK569854, OK569855

andOK569856.

3.6 Phylogenetic analyses

Phylogenetic analyses were performed by the Maximum Likelihood

method and TIM3+F+I+G4 evolutionary model based on two genes,

namely 16S rRNA and 23S rRNA, ofMycoplasma spp. In the phylogeny

based on the 16S rRNA gene (990 bp alignment), the haemoplasma

sequences detected in T. tetradactyla were positioned into a sin-

gle clade, sister to the clade comprising haemoplasma sequences
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DEOLIVEIRA ET AL. e1883

TABLE 2 Results obtained in cPCR assays for haemoplasmas based on two overlapping fragments of the 16S rRNA gene in spleen and blood
samples fromXenarthra mammals sampled in Brazil

Positive cPCR screening for the∼900 bp fragment of the 16S rRNA

gene (primers HemMycop16S-41s e HemMyco16S-938as)

Positivity in the cPCR for the∼900 bp fragment of the 16S rRNA gene

(primers HemMycop16S-322s e HemMycop16S-1420as)a

Species

Biological

sample

State (no. of

positives/total) Species

Biological

sample

State (no. of

positives/total)

B. tridactylus Blood PA (13/126) B. tridactylus Blood PA (0/13)

Blood RO (5/68) Blood RO (0/5)

Bradypus sp. Blood RO (1/3) Bradypus sp. Blood RO (0/1)

Blood PA (2/6) Blood PA (1/2)

T. tetradactyla Blood MS (3/7) T. tetradactyla Blood MS (3/3)

Blood RO (1/1) Blood RO (0/1)

Spleen SP (1/16) Spleen SP (0/1)

Spleen RS (1/4) Spleen RS (0/1)

M. tridactyla Spleen MS (8/33) M. tridactyla Spleen MS (7/8)

Blood MS (2/14) Blood MS (0/2)

Spleen SP (2/20) Spleen SP (1/2)

Choloepus sp. Blood RO (4/31) Choloepus sp. Blood RO (1/4)

E. sexcinctus Spleen MS (1/8) E. sexcinctus Spleen MS (1/1)

Blood MS (1/6) Blood MS (0/1)

D. novemcinctus Spleen SP (1/4) D. novemcinctus Spleen SP (1/1)

P. maximus Blood MS (14/24) P. maximus Blood MS (0/14)

aThis protocol was used only for the samples previously positive in the 16S rRNA gene-based screening cPCR (primers HemMycop16S-41s and

HemMyco16S-938as).

Abbreviations: MS,Mato Grosso do Sul; PA, Pará; RO, Rondônia; RS, Rio Grande do Sul; SP, São Paulo.

F IGURE 2 Flowchart with the number of positive and negative animals obtained in the PCR assays for screening andmolecular
characterization of Coxiella burnetii and haemotropic mycoplasmas

obtained in the present study in P. maximus and a sequence previously

detected in P. maximus from Brazil (OK093397; unpublished data),

with a clade support of 99. Genetic distance analyses showed a vari-

ation of 3.6% to 31.3% between sequences amplified in the present

study and those previously deposited in GenBank, reinforcing the

hypothesis that the amplified haemoplasma sequences belong to a

new species (Table S3). The haemotropic Mycoplasma sp. sequence

obtained from B. tridactylus was closely related to Mycoplasma
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e1884 DEOLIVEIRA ET AL.

TABLE 3 Results obtained in semi-nested and conventional PCR assays for haemoplasmas based on the 16S rRNA, 23S rRNA and RNAseP
genes in biological samples from Xenarthra mammals previously positive in 16S rRNA gene-based screening cPCR assays

Positivity in semi-nested PCR based on 16S

rRNA gene

Positivity on cPCR based

on 23S rRNA gene

Positivity in cPCR based

on RNAse P gene

Species

Biological

sample

State (No. of

positives/total)

State (No. of

positives/total)

State (No. of

positives/total)

B. tridactylus Blood PA (6/13) PA (3/ 13) PA (0/13)

Blood RO (0/5) RO (0/5) RO (1/5)

T. tetradactyla Blood PA (2/2) PA (1/2) PA (1/2)

Blood MS (2/2) MS (1/2) MS (0/2)

Spleen SP (0/1) SP (1/1) SP (1/1)

RS (1/1) RS (1/1) RS (0/1)

M. tridactyla Blood MS (2/14) MS (2/14) MS (0/14)

Spleen MS (0/8) MS (6/8) MS (0/8)

Spleen SP (0/2) SP (0/2) SP (1/2)

E. sexcinctus Spleen MS (0/1) MS (1/1) MS (0/1)

Blood MS (1/6) MS (0/6) MS (0/6)

D. novemcinctus Spleen SP (0/2) SP (0/2) SP (1/2)

Choloepus sp. Blood RO (0/4) RO (0/4) RO (1/4)

P. maximus Blood MS (15/24) MS (15/15) MS (0/15)

Abbreviation: MS,Mato Grosso do Sul; PA, Pará; RO, Rondônia; RS, Rio Grande do Sul; SP, São Paulo.

wenyonii (EU367964) previously detected in cattle from Japan

(Figure 3).

The 16S rRNA haemoplasma sequences detected in anteaters from

the state of Pará showed an identity of 100% (E-value of 0 and

Query coverage of 99%) to each other. When compared the 16S rRNA

sequences obtained from anteaters from the states ofMato Grosso do

Sul andRioGrandedoSul, identity valuesof100% (E-value0andQuery

coverage of 95%) and 99.87% (E value 0 and Query coverage of 86%),

respectively, were found. 16S rRNA haemoplasma sequences detected

in armadillos showed 100% identity (E-value 0 and Query coverage

of 100%) to each other. The only 16S rRNA haemoplasma sequence

obtained from a sloth showed identity of 93% (E-value 0 and Query

coverage of 93%) to the haemoplasma sequences detected in anteaters

from the states of Mato Grosso do Sul and Pará; on the other hand, it

showed identity of 92% (E-value 0 and Query coverage of 79%) with

the haemoplasma sequence detected in a anteater fromRio Grande do

Sul.Whencomparing thehaemoplasmasequencesdetected in armadil-

los fromMatoGrosso do Sulwith the haemoplasma sequence detected

in a sloth from Pará, an identity of 92% (E-value 0 and query coverage

of 91%) was found.

In 23S rRNAgene-based phylogenetic inference (810bp alignment),

the sequence obtained from a T. tetradactyla was positioned in a sin-

gle clade, close to the sequences obtained from P. maximus in the

present study, with a clade support of 92. Genetic distances ranging

from 7.9% to 42.9% were observed between the 23S rRNA haemo-

plasma sequences detected in Xenarthra in the present study to those

previously detected in other wild animals (Table S4). The sequences

obtained from Xenarthra were closely related to haemoplasma geno-

types previously detected in marsupials from Brazil (MN442084;

MN442081; MN442082; MN442085; MN442083), with a clade sup-

port of 77 (Figure4). Thearmadillo-associated23S rRNAhaemoplasma

sequences from Mato Grosso do Sul state showed 100% identity (E-

value of 0 and Query coverage of 100% and 94%) with each other

and 93% (E-value 0 and Query coverage of 96%) with the anteater-

associated haemoplasma sequence from Pará state.

3.7 SplitsTree distance analysis

In the SplitsTree distance analysis, the 16S rRNA haemoplasma

sequences detected in anteaterswere positioned closely to each other.

In turn, the sequences obtained from giant armadillos were positioned

in the samebranchas the sequenceof haemotropicMycoplasma sp. pre-

viously detected in an armadillo fromBrazil (OK093397; unpublished).

Anteater and armadillo-associated sequences were closely related to

M. suis (AB610849). Additionally, the sloth-associated haemoplasma

sequences showed to be closely related toM. wenyonii detected in cat-

tle from Japan (EU367964) (Figure 5).

The 23S rRNA haemoplasma sequences detected in giant armadil-

los and anteater grouped in two unique clades, albeit close to “Ca.

Mycoplasma haematoalbiventris” detected in D. albiventris from Brazil

(M442085) (Figure 6).

4 DISCUSSION

Currently, several studies have shown infection by haemoplasmas and

C. burnetii in differentwild animal species (Millan et al., 2020; Pontarolo
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DEOLIVEIRA ET AL. e1885

TABLE 4 BLASTn results of the haemotropicMycoplasma spp. sequences obtained in the semi-nested and conventional PCR assays based on
the 16S rRNA and 23S rRNA genes, respectively

ID Species/state Gene Size (bp) QC (%) E-value Identity (%)

Host/location/Genbank

accession number

BM179 T. tetradactyla/PA 16S rRNA ∼1380 100% 0.0 96.49 Mycoplasma sp. em
Tatu-canastra, Brasil

(OK093397)

BM43 T. tetradactyla/PA 16S rRNA ∼1400 100 0.0 96.30 Mycoplasma sp. em
Tatu-canastra, Brasil

(OK093397)

BM51 B. tridactylus/PA 16S rRNA ∼1400 100 0.0 99.79 Mycoplasma wenyonii em
búfalos e bovinos de leite,

Cuba (MG948624)

67 T. tetradactyla/RS 16S rRNA ∼1400 100 0.0 96.09 Mycoplasma sp. em
Tatu-canastra, Brasil

(OK093397)

153 P. maximus/MS 16S rRNA ∼1400 100 0.0 100 Mycoplasma sp. em
Tatu-canastra, Brasil

(OK093397)

108 T. tetradactyla/MS 16S rRNA ∼1400 100 0.0 96.5 Mycoplasma sp. em
Tatu-canastra, Brasil

(OK093397)

159 P. maximus/MS 16S rRNA ∼1400 100 0.0 100 Mycoplasma sp. em
Tatu-canastra, Brasil

(OK093397)

BM179 T. tetradactyla/PA 23S rRNA ∼800 96 0.0 90.58 Mycoplasma haemomalae
Alpacas e Lhamas, EUA

(NR_076983)

154 P. maximus/MS 23S rRNA ∼800 99 0.0 89.01 Mycoplasma suis, EUA
(NR_103970)

138 P. maximus/MS 23S rRNA ∼800 100 0.0 88.45 Mycoplasma suis, EUA
(NR_103970)

156 P. maximus/MS 23S rRNA ∼800 98 0.0 89.51 Mycoplasma suis, EUA
(NR_103970)

160 P. maximus/MS 23S rRNA ∼800 100 0.0 89.05 Mycoplasma suis, EUA
(NR_103970)

et al., 2020; Vieira et al., 2021; Zanatto et al., 2019). Such works high-

lighted the importance of these animals in the maintenance of such

pathogens in the environment and in the emergence of haemoplasmo-

sis andQ fever.

Herein, all biological samples from Xenarthra mammals were nega-

tive in the qPCR assay for C. burnetii based on the IS1111 gene. Indeed,

blood and spleen samplesmight not have been the ideal biological sam-

ples for performing the screening forC. burnetii in Xenarthra. Nonethe-

less, Davoust et al. (2014) detected C. burnetii in stool samples from a

three-toed sloth in French Guyana, using the same quantitative real-

time PCR protocol. On the other hand, C. burnetii was detected in

spleen samples fromwild rodents (Rozental et al., 2017) and bats (Fer-

reira et al., 2018) by nested PCR assays based on the IS1111 gene.

Although the results of the present study suggest that Xenarthra

mammals may not participate in the epidemiological cycle of Q fever

in Brazil, studies aiming to detect C. burnetii in other biological samples

(e.g., faeces) from Xenarthra in other geographical regions are needed.

The role of wild animals in the epidemiology of this agent should be

better investigated, since molecular and serological evidence of C. bur-

netii infection has been reported in humans from Brazil (Brenner et al.,

2021; Davoust et al., 2014; Lamas et al., 2016).

Free-living wild animals show a higher prevalence of haemoplasmas

when compared to those kept in captivity, due to a higher exposure

to potential arthropod vectors, frequent involvement in disputes with

other animals and aggressive behaviour (Willi et al., 2007). Although

little is known about the origin, evolution, transmission and disper-

sion of haemoplasmas in the environment, several studies have shown

their presence in different animal species as well as in humans (Maggi,

Compton, et al., 2013;Millan et al., 2020).

The present study demonstrated the presence of DNA of

haemotropic mycoplasmas in blood and spleen samples of Xenarthra

mammals from different Brazilian states. For the first time, the occur-

rence of haemoplasma DNAwas reported in anteaters, armadillos and

sloths.
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e1886 DEOLIVEIRA ET AL.

F IGURE 3 Phylogenetic analysis of 16S rRNA sequences ofMycoplasma spp. (990 bp alignment) generated by theMaximum Likelihood
method and TIM3+F+I+G4 evolutionary model.Mycoplasma pneumoniaewas used as an outgroup

F IGURE 4 Phylogenetic analysis of 23S rRNA sequences ofMycoplasma spp. (810 bp alignment) generated by theMaximum Likelihood
method and TIM3+F+I+G4 evolutionary model.Mycoplasma pneumoniaewas used as an outgroup

In conventional PCR analyses based on the 16S rRNA gene, 15.54%

of the sampled animalswere positive for haemoplasmas. The low inten-

sity of the amplified products verified in the present study, and conse-

quently, the difficulty in sequencing these samples, is probably related

to the chronic nature of haemoplasma infections in wild animals, which

generally present very low or undetectable bacteraemia. This low bac-

teraemia might be related to the low pathogenicity of the involved

haemoplasmas in this group of animals, or even to the more effective
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F IGURE 5 Distance analysis by SplitsTree4 software with the parameters “Neighbor – Net” and “Uncorrected p-distance” for the 16S rRNA
gene

F IGURE 6 Distance analysis by SplitsTree4 software with the parameters “Neighbor – Net” and “Uncorrected p-distance” for the 23S rRNA
gene

immune response of this group of animals to haemotropic mycoplas-

mas. Such difficulty has already been reported in the molecular detec-

tion and sequencing of haemoplasmas in wild carnivores and bats

(Carneiro et al., 2020; Ikeda et al., 2021).

The phylogenetic positioning of both 16S rRNA and 23S rRNA

haemoplasma sequences detected in the present study associated

with the low identity values obtained by BLASTn analysis of the

obtained 16S rRNA sequences (<97%) (Drancourt & Raoult, 2005;
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e1888 DEOLIVEIRA ET AL.

Hanage et al., 2006) suggests the circulation of possible new

haemotropic Mycoplasma species in T. tetradactyla and P. maximus.

The provisional names “CandidatusMycoplasma haematotetradactyla”

and “CandidatusMycoplasma haematomaximus” are proposed herein.

Nonetheless, future studies aiming at fully characterized these puta-

tive novel species should be performed usingWhole genome sequenc-

ing approaches in order to compare the average nucleotide identity

(ANI) of these novel putative species with closely related taxa (Goris

et al., 2007; Jain et al., 2018). Interestingly, the16S rRNAhaemoplasma

sequence detected in B. tridactylus showed high identity (99.7%) to

M. wenyonii. Considering the cut-off proposed for 16S rRNA sequence

similarities for species discrimination by Drancourt and Raoult (2005)

associated to the lack of phylogenetic inferences based on other gene

sequences and ANI comparison (Hanage et al., 2006; Goris et al., 2007;

Jain et al., 2018), it is unclear the real identity of the haemoplasma

detected in B. tridactylus.

Herein, the obtained 16S rRNA sequences were phylogenetically

positioned within the large “suis” clade and grouped into three dif-

ferent clusters, one for each Xenarthra species (anteater, armadillo

and sloth) and supported by high bootstrap values. A single clade was

observed for 16S rRNA sequences obtained from collared anteaters,

separated from giant armadillo-associated haemoplasmas with 99%

support. The giant armadillo sequenceswere also positioned in a single

clade and grouped to aMycoplasma spp. sequence previously detected

in an armadillo from Brazil (OK093397; unpublished data). M. suis

showed to be an ancestral group for the large clade comprising giant

armadillo and collared anteater-associated haemoplasma sequences,

with support of 85%. The haemoplasma 16S rRNA sequence detected

in a sloth was closely positioned toM. wenyonii previously detected in

cattle from Japan (EU367964) (Tagawa et al., 2008).

The 23S rRNA sequences obtained in the present study also clus-

teredwithin the large “suis” clade, corroboratingwith the phylogenetic

findings for the 16S rRNA gene. Based on the 23S rRNA gene frag-

ment, two unique clades were found: one for the collared anteater-

associated haemoplasma sequence and the other sister clade for the

giant armadillo haemoplasmasequences,with abootstrapof92%sepa-

rating these two clades. Sequences of “CandidatusMycoplasma haema-

toalbiventris” previously detected in Didelphis albiventris from Brazil

(MN442084) (Pontarolo et al., 2020) were closely positioned to the

sequences obtained in the present study, albeit separated under 77%

bootstrap. SplitsTree distance analyses corroborated the findings of

the phylogenetic analyses based on theMaximum Likelihoodmethod.

The qPCR protocol for haemoplasmas based on the 16S rRNA gene

using SYBR® Green as DNA intercalant uses universal primers for

haemoplasmas,whichweredesigned todetected several haemoplasma

species. However, such a technique shows lower specificity when com-

pared to TaqMan PCR assays (Willi et al., 2009). Although qPCR assays

are considerably more sensitive than conventional PCR assays (Sykes,

2010), the present study found a high number of positive samples by

conventional PCR assays. Such a finding may be due to the inability of

the primers used in the qPCR assay to amplify DNA from genetically

diverse haemoplasmas, such as those found in the present study. Thus,

we suggest caution in the use of this assay in the identification and

screening for haemoplasmas when it comes to biological samples from

wild animals.

Melting curve analysis showed different melting temperature (Tm)

values for Xenarthra-associated haemoplasmas: while a Tm = 79.5◦C

was observed for haemoplasmas detected in sloths’ biological samples,

a Tm = 77.0◦C was observed for haemoplasmas detected in armadil-

los’ biological samples. In fact, Willi et al. (2009) found different Tm
values for different haemoplasma species, which ranged from 73.0◦C

to 77.5◦C. Besides that, nonspecific amplification was found to occur

due to the primers annealing to host DNA, with Tm ranging from 80◦C

to 83.05◦C (data not shown). Therefore, positive results obtained in

this qPCR should be confirmed by sequencing in order to rule out the

occurrence of false-positive results due to nonspecific amplification.

Vieira et al. (2015) suggest that specific TaqMan PCR assays for newly

described species should be designed. Furthermore, PCR assays based

on at least two molecular markers followed by sequencing and phylo-

genetic analyses have proven to be a valuablemethod in the identifica-

tionof newhaemoplasma species circulating inwild animals fromBrazil

(Collere et al., 2021; Pontarolo et al., 2020).

Given the zoonotic potential of haemoplasmas, the occurrence of

these agents in wild animals should be better investigated, so that con-

trol and prevention measures can be established. The recent detec-

tion of Mycoplasma haematohominis, the causative agent of fever and

haemolytic anemia in humans (Hattori et al., 2020; Steer et al., 2011) in

bats in NewCaledonia (Descloux et al., 2021), emphasizes the need for

studying the genetic diversity of haemoplasmas in wild reservoirs.

5 CONCLUSION

Based on the low identity and phylogenetic positioning of 16S rRNA

and 23S rRNA sequences of haemoplasmas detected in anteaters and

armadillos, the present study showed the occurrence of putative novel

haemotropic “CandidatusMycoplasma spp.” (“CandidatusMycoplasma

haematotetradactyla” and “Candidatus Mycoplasma haematomax-

imus”) in free-living mammals of the superorder Xenarthra in Brazil.

A haemoplasma 16S rRNA sequence closely related and showing high

identity (99.7%) toM. wenyoniiwas detected, for the first time, in B. tri-

dactylus. On the other hand, the absence ofC. burnetiiDNA in blood and

spleen samples from Xenarthra suggests that these mammals may not

act as hosts for this agent in the studied locations.
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