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Abstract

Background: Small mammals (rodents and marsupials) have been poorly explored for the occurrence of apicom-
plexan (genus Hepatozoon and genera of the order Piroplasmorida) and Anaplasmataceae agents in Brazil. Thus, this
study investigated the occurrence of Hepatozoon spp., Piroplasmorida, and Anaplasmataceae agents in small mam-
mals in seven forest fragments in Brazil.

Methods: During 2015-2018, small mammals were captured in six forest fragments in the State of S&o Paulo (Cer-
rado and Atlantic Forest biomes) and one fragment in the State of Mato Grosso do Sul (Pantanal biome). Mammal
blood, liver, spleen, and lung samples were tested molecularly for the presence of DNA of Hepatozoon, Piroplasmorida,
and Anaplasmataceae agents.

Results: A total of 524 mammals were captured, comprising seven species of marsupials, 14 rodents, two carnivores,
and one Cingulata. Four novel haplotypes (1, 2, 3, 4) of Hepatozoon spp. were detected in small mammals from dif-
ferent biomes. In Sdo Paulo state, haplotype 1 was detected in rodents from Cerrado and a transition area of Cerrado
and Atlantic Forest biomes, whereas haplotype 2 was detected in rodents from the Atlantic Forest biome. On the
other hand, haplotypes 3 and 4 were restricted to rodents and marsupials, respectively, from the Pantanal biome of
Mato Grosso do Sul. No host species shared more than one haplotype. Despite these distinct geographical and host
associations, our phylogenetic analyses indicated that the four Hepatozoon haplotypes belonged to the same clade
that contained nearly all haplotypes previously reported on rodents and marsupials, in addition to several reptile-
associated haplotypes from different parts of the world. No mammal samples yielded detectable DNA of Piroplas-
morida agents. On the other hand, the Anaplasmataceae-targeted polymerase chain reaction (PCR) assay amplified a
sequence 100% identical to the Wolbachia pipientis endosymbiont of the rodent filarid Litomosoides galizai.

Conclusions: We report a variety of Hepatozoon haplotypes associated with small mammals in three Brazilian
biomes: Cerrado, Atlantic Forest, and Pantanal. Through phylogenetic analyses, the Hepatozoon agents grouped in the
rodent-marsupial-reptile large clade of Hepatozoon spp. from the world. The detection of a W. pipientis associated with
the rodent filarid L. galizai indicates that the rodent was infected by filarial nematodes.
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Hepatozoon spp. are apicomplexan parasites character-
ized by a heteroxenous life-cycle, in which the interme-
diate hosts (vertebrates) become infected primarily
through the ingestion of hematophagous arthropods
(definite hosts such as ticks and mosquitoes) containing
mature oocysts [6]. Alternative routes of transmission,
such as the predation of infected vertebrates containing
Hepatozoon cysts in their tissues, have been described
and seem to be an important infection route for carni-
vore hosts [7, 8]. The order Piroplasmorida comprises
tick-borne agents that infect mammalian blood cells
(mostly erythrocytes), and have a major impact on farm
and pet health-associated costs worldwide, but can also
occur in wildlife [9, 10].

The Anaplasmataceae family includes bacteria of the
genera Anaplasma, Ehrlichia, Neorickettsia, and Wol-
bachia, from which the first two encompass tick-borne
agents of veterinary and public health significance world
widely [11]. All genera except Wolbachia are known
to infect vertebrate cells (mammals or birds). Through
the tick bite, the bacterium enters the bloodstream
and infects specific host cell types, such as neutrophils,
monocytes and macrophages, platelets, erythrocytes, or
endothelial cells depending on the agent [5, 12].

Small mammals such as wild rodents and marsupi-
als are hosts of numerous species of ticks at some stage
(larva, nymph, or/and adult) of their life-cycle [13]. In
Brazil, several species of ticks have been found parasitiz-
ing small mammals [14-16]. Furthermore, these verte-
brates have frugivorous-omnivorous habits, including
the consumption of small vertebrates, invertebrates, and
fruits [17]. Indeed, these habits are likely to increase the
acquisition of these pathogens interspecies, especially in
the case of Hepatozoon spp.

Various studies have reported the occurrence of api-
complexan and Anaplasmataceae agents in wildlife in
Brazil during this century [3, 18-26], but the focus on
small mammals has been much lower, which suggests
that the diversity of these protozoa and bacteria might be
by far underestimated, especially among marsupials. In
this context, the aim of the present study was to investi-
gate the occurrence of Hepatozoon spp., Piroplasmorida,
and Anaplasmataceae agents in small mammals in seven
forest fragments in Brazil.

Methods

Study areas and sampling procedures

Seven forest fragments, six of them located in the State
of Sdo Paulo and one in the State of Mato Grosso do Sul,
were prospected (Fig. 1). Areas Al, A2, A3, and A4 are
located in transition areas of the Cerrado and Atlan-
tic Forest biomes; A5 belongs to the Cerrado biome; A6
is within the Atlantic Forest biome, whereas A7 is in
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the Pantanal biome of the state of Mato Grosso do Sul.
Fieldwork was performed during the years 2015-2018 in
the dry (summer) and wet (winter) seasons of each year.
Small mammals were captured by Tomahawk and Sher-
man-like traps. General characteristics of the study sites,
details on field study, and the protocols for handling the
animals, anesthetic doses, storage, and identification have
been published recently [16]. Briefly, blood samples were
collected from all captured animals, whereas fragments
of internal organs (liver, lung, and spleen) were collected
from those animals that were euthanized. Collected sam-
ples were kept frozen at —20 °C until molecular analyses.

Molecular analyses

DNA extractions from blood, liver, lung, and spleen sam-
ples were carried out using the DNeasy Tissue & Blood
Kit (Qiagen, Chatsworth, CA, USA) according to the
manufacturer’s instructions. In order to verify the success
of extraction, an initial polymerase chain reaction (PCR)
targeting the mammalian mitochondrial cytochrome
b gene (cyth) was performed as described [27]. Sub-
sequently, DNA samples were individually tested by a
battery of PCR assays targeting protozoa of the genus
Hepatozoon, protozoa of the order Piroplasmorida (gen-
era Babesia, Cytauxzoon, and Theileria), and bacteria of
the family Anaplasmataceae (Table 1). Samples yielding
amplicons by the initial Hepatozoon genus-specific PCR
were submitted to PCR protocols to amplify a larger
fragment of the 18S ribosomal RNA (rRNA) gene of this
protozoan genus. PCR assays were performed in a total
volume of 25 pl, using DreamTaq Green PCR Master
Mix (Applied Biosystems, Foster City, CA, USA). Prim-
ers, PCR conditions, and positive controls are provided
in Table 1. Negative controls consisted of ultrapure water.
Products were resolved in 1.5% agarose gels and ampli-
cons with the expected size purified and prepared for
sequencing with the BigDye kit (Applied Biosystems,
Foster City, CA, USA). An ABI PRISM 3500 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA)
was employed for sequencing using the same primers to
perform PCRs. Obtained sequences were subjected to
Basic Local Alignment Search Tool nucleotide (BLASTn)
analyses to check identities with congeneric organisms
available in GenBank [28].

Phylogenetic analyses

Partial 18S rDNA sequences of Hepatozoon generated in
the present study were aligned with Clustal X [29] and
manually refined by GeneDoc [30] with corresponding
Hepatozoon sequences available in GenBank. Two phylo-
genetic trees, one for a small fragment (~550 bp) of the
18S rRNA gene (generated from the initial PCR assays),
and one for a larger fragment (=1700 bp) of the 18S
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Study areas (State)

1- Piracicaba (SP)
2- Americana (SP)
3- Araras (SP)

L\/ /

4- Pirassununga (SP)
5- Ribeirdo Preto (SP)
6- Sao Paulo (SP)
7- Corumba (MS)

Fig. 1 Areas in the state of Sao Paulo (SP) and Mato Grosso do Sul (MS) where small mammals were captured in Brazil during 2015-2018. Numbers
11to 7 correspond to areas A1 to A7

Table 1 Details of the PCR primers used in the present study, with the respective positive control DNA used in the reactions

Genes Target organisms Primers Sequence (5'-3") Amplicon References Positive control
size (bp) in the PCR assay
185 rRNA Hepatozoon spp. HEP2 144-169 (F) GGTAATTCTAGAGCTAATACATGAGC 574 [41] Hepatozoon canis
HEP2 743-718 (R) ACAATAAAGTAAAAAACAYTTCAAAG
HAM-1(F) GCCAGTAGTCATATGCTTGTC 1750 [42] H. canis
HPF-2(R) GACTTCTCCTTCGTCTAAG
HEP-1(F) CGCGAAATTACCCAATT®
HEP-2(R) CAGACCGGTTACTTTYAGCAG?
HEP-4(R) TAAGGTGCTGAAGGAGTCGTTTAT®
HPF-1(F) CTATGCCGACTAGAGATTG?
18S rRNA Piroplasmorida BAB2 143-167 (F) CCGTGCTAATTGTAGGGCTAATACA 551 [41] Babesia vogeli
BAB2 694-667 (R) GCTTGAAACACTCTARTTTTCTCAAAG
16S rRNA Anaplasmataceae EHR 16SD (F) GGTACCYACAGAAGAAGTCC 344 [43] Ehrlichia canis
EHR 165D (R) TAGCACTCATCGTTTACAG

? Internal primers used only for DNA sequencing
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rRNA gene were constructed. Both trees were inferred
by using maximum parsimony (MP), as implemented in
PAUP version 4.0b10 [31] with 1000 bootstrap replicates,
and by Bayesian analysis (BA) using MrBayes v3.1.2 [32]
with 1,000,000 replicates. The first 25% of the trees rep-
resented burn-in, and the remaining trees were used to
calculate Bayesian posterior probabilities.

Results

A total of 524 mammals were captured, comprising seven
species of marsupials, 14 rodents, two carnivores, and
one Cingulata (Table 2). Blood samples were collected in
all cases. Among the 524 animals, 277 were euthanized

Page 4 of 11

and samples of liver, lung, and spleen collected. We
tested a total of 1355 samples (524 blood, 277 liver, 277
lung, and 277 spleen). Expected size amplicons for cytb
gene were obtained in all 1355 samples, thus confirming
successful DNA extractions.

Among the 524 sampled animals, 21 (4.0%) yielded
amplicons in the initial Hepatozoon genus-specific PCR
targeting a 574-bp fragment of the 18S rRNA gene. These
21 animals comprised 11 individual rodents from the
state of Sao Paulo (one from A4, one from A5, and nine
from A6), and six individual marsupials and four rodents
from the state of Mato Grosso do Sul (A7) (Table 3).
Only one of the 21 Hepatozoon-infected animals yielded

Table 2 Number of small mammals captured in the present study according to mammal order and species, study area, and type of

collected samples (blood and tissue samples)

Mammals No. captured animals / No. euthanized animals, according to areas® Total (blood Total
samples) (tissue samples)
Al A2 A3 A4 A5 A6 A7
Order Didelmorphia
Didelphis albiventris 18/9 38/14 10/2 24/6 41/7 131 38
Didelphis aurita 1/1 10/2 1 3
Gracilinanus agilis 7/5 3117 19/7 6/2 63 31
Gracilinanus microtarsus 1/1 6/2 5/4 12
Marmosa constantinae 2/2 2/2 4 4
Monodelphis domestica 27/11 27 11
Philander sp. 1/1 1 1
Order Rodentia
Rattus rattus 11 16/14 11/10 28 25
Mus musculus 1/1 1 1
Oecomys aff. marmorae 11 46/13 47 14
Nectomys squamipes 7/4 16/10 23 14
Necromys lasiurus 10/9 11 11 10
Oligoryzomys spp. 8/8 11 18/16 28/24 23/20 78 69
Juliomys cf. ossitenuis 2/2 2 2
Akodon sp. 6/5 3/2 6/6 15 13
Hylaeamys megacephalus 6/3 11 7 4
Euryoryzomys russatus 4/3 9/9 13 12
Cavia sp. 2/2 1/1 3 3
Clyomis laticeps 2/1 2 1
Thrichomys pachyurus 34/6 34 6
Cerradomys sp. 2/ 2 1
Order Cingulata
Dasypus novemcinctus 11 1 1
Order Carnivora
Galictis cuja 1/0 1
Nasua nasua 1/1 2/1 3 2
Not identified (NI)
NI 3/3 1/1 4 4
Total 30 57 61 13 114 27 122 524 277

@ Areas A1 to A7 are indicated in Fig. 1
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Table 3 Data of the 21 small mammals that were shown to contain Hepatozoon DNA by two PCR protocols, one targeting a small
fragment (540 bp) and the other targeting a large fragment (~1700 bp) of the Hepatozoon 185 RNA gene

Mammal individual ~ Area® Mammal species

Results of PCR targeting the 18S rRNA gene

Code Positive samples Small fragment Large fragment haplotype®

haplotype® [GenBank accession
number]

PR0O65 A4 Nectomys squamipes Spleen 1d

RPO33 A5 Oligoryzomys sp. Lung 1

HF006 A6 Akodon sp. Lung, liver, spleen 2

HF010 A6 Akodon sp. Liver 2

HFO15 A6 Akodon sp. Liver 2 HF015 [OM033663]

HF025 A6 Akodon sp. Blood 2

HF027 A6 Akodon sp. Lung 2

HF005 A6 Akodon sp. Lung, liver, spleen 2 HF005 [OM033660]

HF009 A6 Euryoryzomys russatus Lung 2 HF009 [OM033661]

HF014 A6 E. russatus Lung 2 HF014 [OM033662]

HF021 A6 E. russatus Lung 2

PS003 A7 Gracilinanus microtarsus Liver 4

PS001 A7 Monodelphis domestica Lung, spleen 4 PS001 [OM033664]

PS063 A7 M. domestica Lung, liver, spleen 4

PS082 A7 M. domestica Liver, spleen 4

PS113 A7 M. domestica Lung, liver, spleen 4

PS130 A7 M. domestica Lung, spleen 4

PS085 A7 Oecomys marmorae Lung 3 PS085 [OM033665]

PS119 A7 O. marmorae Lung, spleen 3

PS125 A7 O. marmorae Lung, liver, spleen 3

PS022 A7 Thrichomys pachyurus Lung 3

2 Areas A4, A5, A6, and A7 are indicated in Fig. 1;

b see Fig. 2;

¢seeFig. 3;

4 GenBank accession number for haplotype 1 is OM033659; haplotypes 2, 3, and 4 are within the respective large fragment haplotypes, for which GenBank accession

numbers are provided in the last column of the Table

amplicons from blood. The remaining 20 infected mam-
mals yielded amplicons from the lung only (7 animals),
liver only (3), spleen only (1), lung and spleen (4), and
lung, liver, and spleen (5). Amplicons from the 21
PCR-positive small mammals were submitted to DNA
sequencing, resulting in four 18S rRNA new haplotypes
(1, 2, 3, and 4) of the genus Hepatozoon. Haplotypes 1
and 2 were restricted to rodents of the state of Sdo Paulo,
whereas the other two haplotypes were found only in
the state of Mato Grosso do Sul, being haplotype 3 on
rodents, and haplotype 4 on marsupials (Table 3).
Considering the closest identities under 100% query-
cover through BLAST analysis, the Hepatozoon-haplo-
type 1, detected in the rodents Nectomys squamipes and
Oligoryzomys nigripes, was 98.7% (532/539 bp) identical
to Hepatozoon sp. detected in the tick Ixodes sp. from
Chile (MH174345) and Hepatozoon sp. detected in the
rodent Phyllotis darwini from Chile (MW881034). The
Hepatozoon-haplotype 2, detected in the rodents Akodon

sp. and Euryoryzomys russatus, was 99.8% (543/544 bp)
identical to the same two Hepatozoon sp. sequences
from Chile (MH174345, MW881034). Similarly, the
Hepatozoon-haplotype 3, detected in the rodents Oeco-
mys mamorae and Thrichomys pachyurus, was 98.2%
(532/542 bp) identical to the same two Hepatozoon sp.
sequences from Chile (MH174345, MW881034). Finally,
the Hepatozoon-haplotype 4, detected in the marsupi-
als Gracilinanus microtarsus and Monodelphis domes-
tica, was 98.0% (532/543 bp) identical to Hepatozoon sp.
detected in the reptile Caiman crocodilus from Brazil
(KJ413132, KY684007).

Based on the above samples that generated four distinct
haplotypes, we attempted to generate a larger sequence
(1700 bp) of the Hepatozoon 18S rRNA gene from at
least one small mammal of each haplotype. Although
no larger fragment was generated from haplotype 1-rep-
resentatives, we did generate it from four haplotype
2-representatives, from which their identical 18S rRNA
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sequences, here designated as Hepatozoon sp. HF005,
HF009, HF014, and HFO015, were by BLAST analysis
99.2% (1715/1729 bp) identical to Hepatozoon ayorgbor
from the snake Python regius from Ghana (EF157822)
(Table 3). A larger 18S rDNA fragment of a haplotype
3-representative (designated as Hepatozoon sp. PS085)
was 98.2% (1710/1741 bp) identical to the same H. ayor-
gbor sequence mentioned above (EF157822). Similarly,
from a haplotype 4-representative (designated as Hepato-
zoon sp. PS001), its larger 18S rDNA fragment was 98.2%
(1692/1723 bp) identical to H. ayorgbor (EF157822)
(Table 3).

In the phylogenetic tree inferred from short partial
sequences (540 bp) of the 185 rRNA gene of Hepato-
zoon spp., haplotypes 1, 2, 3, and 4 branched within a
large clade composed by many Hepatozoon haplotypes
associated with rodents and reptiles from different parts
of the world. This large clade was sister to another large
clade that contained Hepatozoon haplotypes associated
with canids (Hepatozoon canis) and felids (Hepatozoon
felis) under 66 (MP) and 0.8 (BA) bootstrap supports
(Fig. 2). This topology was somewhat similar in the
phylogenetic tree inferred from long partial sequences
(1700 bp) of the 18S rRNA gene of Hepatozoon spp.,
in which the sequences of the present study branched
within a large clade containing many haplotypes associ-
ated with rodents and a few reptiles under 84 (MP) and
1.0 (BA) bootstrap supports (Fig. 3).

None of the 1355 samples yielded amplicons by the
Piroplasmorida-PCR protocol. One blood sample from
an Oligoryzomys sp. from Piracicaba (A1) yielded ampli-
cons by the Anaplasmataceae-PCR protocol. These
amplicons generated a DNA sequence 100% (306/306 bp)
identical to the Wolbachia pipientis endosymbiont of the
rodent filarid Litomosoides galizai (A]J548800).

Discussion

In the present study, four different haplotypes (1, 2, 3,
4) of Hepatozoon spp. were detected in small mammals
from different biomes among two Brazilian states, Sao
Paulo and Mato Grosso do Sul. In S&o Paulo state, hap-
lotype 1 was detected in rodents from Cerrado and a
transition area of Cerrado and Atlantic Forest biomes,
whereas haplotype 2 was detected in rodents from the
Atlantic Forest biome. On the other hand, haplotypes 3
and 4 were restricted to rodents and marsupials, respec-
tively, from the Pantanal biome of Mato Grosso do Sul.
No host species shared more than one haplotype. Despite
these distinct geographical and host associations, our
phylogenetic analyses indicated that the four Hepatozoon
haplotypes belonged to the same clade that contained
nearly all haplotypes previously reported on rodents
and marsupials, in addition to several reptile-associated
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haplotypes from different parts of the world. This general
topology was confirmed by our analysis inferred from
nearly complete sequences (1700 bp) of the 185 rRNA
gene of Hepatozoon spp.

Previous molecular detections of Hepatozoon spp. on
small rodents and marsupials in Brazil are restricted to
six studies [20, 25, 33-36]. Indeed, the vast majority of
these records were on small rodents (at least 12 rodent
species), in contrast to only two records on marsupials:
Hepatozoon sp. PCR165 on one Thylamys macrurus [35],
and H. canis on two Didelphis albiventris [34]. Except for
this later record of H. canis, all previous records on small
rodents and marsupials in Brazil demonstrated that the
Hepatozoon spp. haplotypes belonged to the large clade
composed of haplotypes associated with rodents, mar-
supials, and reptiles, in agreement with the results of
the present study. Unfortunately, many of the sequences
from previous studies were from regions of the 185 rRNA
gene different from the present study (in the case of our
Fig. 2) or much shorter than 1700 bp (in the case of our
Fig. 3); for this reason, they were not included in our phy-
logenetic analysis.

We retrieved rodent-associated-Hepatozoon haplo-
types (only those>500 nucleotides) from previous Bra-
zilian studies [20, 25, 33—-36] from GenBank and aligned
them with the 18S rRNA long haplotypes (~1700-hap-
lotypes) of the present study (data not shown), in order
to determine whether any of them matched 100% to any
part of the long haplotypes. As shown in Table 4, hap-
lotypes HF005, HF009, HF014, and HF015 (all from the
rodents Akodon sp. and E. russatus of the state of Sdo
Paulo) had internal regions that were 100% identical to
516—1007-bp haplotypes of Hepatozoon sp., previously
reported on the rodents Akodon montensis, Akodon cur-
sor, and Galea spixii from three Brazilian states, includ-
ing Sdo Paulo [25, 33]. Haplotype PS085 (from the rodent
O. mamorae from the Pantanal biome of Mato Grosso do
Sul) had regions that were 100% identical to 573-625-bp
haplotypes of Hepatozoon sp., previously reported on this
same rodent species and the same Brazilian biome [35],
indicating that PS085 might be primarily related to O.
mamorae in the Pantanal. On the other hand, no Hepa-
tozoon sequence >500 bp from GenBank matched 100%
to haplotype PS001, which was detected in the marsupial
M. domestica in the Pantanal biome. This result points
PS001 as a novel Hepatozoon haplotype associated with
marsupials in the Pantanal biome of Mato Grosso do Sul
state, where other closely related haplotypes seem to be
associated primarily with rodents and reptiles.

Vertebrate hosts acquire Hepatozoon infection
through the ingestion of a hematophagous arthropod
containing mature oocysts. Alternatively, infection
can be acquired by intrauterine transmission or by
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Babesia annae [KT580785]
Hepatozoon sp. European pine marten [EF222257]
Hepatozoon sp. MT456 [LC169076]

Hepatozoon sp. I35 [LC169077]
H. martis [MG136687]

H. martis [MG136688]
H. ursi EU041717]
10011 10011 | H, ursi [HQ829437]

Hepatozoon sp. Curupira 2 [AY461377]
10011 E H. americanum Belem 03 [KU729739]
H. americanum [AF176836]

100/1 i
830.8 H. felis CR2 [MK621310]
H. felis clone 1 [KC138534]
H. felis 8533 [KC138533]

690.8 _I H. felis Spain 2 [AY628681]
- H. felis Spain 1 [AY620232] L

Hepatozoon sp.1 JM_2013 Oceanodroma melania [KF022102]

Felids

H. canis Case 2 [LS453287]
%1 H. canis K6 [MG209584]

H. canis K22 [MG209590] )
H. canis haplotype 3 [KJ605146] Canids

I~ H. canis Venezuela 2 [DQ439540]

H. canis Curupira 3 [AY461375]

H. canis K4 [MG209582] U
Hepatozoon sp. BT-2018 A [MG787243] M
Hemolivia stellata [KP881349]

Hepatozoon sp. NHUMAR 7 [KX776334]

Hepatozoon sp. NHUMAR 32 [KX776337]

Hepatozoon colubri [MN723844]

Hepatozoon sp. Haplotype 4

Hepatozoon sp. BT-2016 [KU680464]
Hepatozoon sp. BT-2016 B [KU680466]
Hepatozoon sp. BT-2016 B DB978 [KU680465]
Hepatozoon sp. MRA-2014b [KJ413132]
Hepatozoon sp. PZAC003 [MW246123)]
Hepatozoon sp. [KY684007]

Hepatozoon sp. MRA-2014b ¢l23 [KJ413113] Reptiles
Hepatozoon ophisauri [MN723845] and
Hepatozoon cf. ophisauri [MW256822] Rodents

69/0.8 |

98/1

Hepatozoon sciuri [MN104640]
~ Hepatozoon sp. AS-15 [FJ719816]
Hepatozoon sp. Rodent SP-2 [KU667309]

4'_7[ Hepatozoon sp. Haplotype 3

Hepatozoon sp. Haplotype 1
66/0.8 E Hepatozoon ayorghor [EF157822]

Hepatozoon griseisciuri [MK452252]

- Hepatozoon sp. DMA-2015 [KP757838]
Hepatozoon sp. BFJ69 [MW881034]

Hepatozoon sp. Heplxo 281 [MH174345]

Hepatozoon sp. Rodent SP-1 [KU667308]
Hepatozoon sp. Haplotype 2 L

Fig. 2 Maximum parsimony and Bayesian tree inferred from 185 rRNA gene partial sequences (566 characters, 77 informative sites) of Hepatozoon
spp., with Babesia annae as outgroup. Numbers at nodes are the support values for the major branches (bootstrap/posterior probability). The
sequences obtained in this study are in bold. Numbers in brackets correspond to GenBank accession numbers

predation of infected vertebrates containing merozo- Hepatozoon meronts in the liver or lungs (reviewed by
ites (intermediate hosts) or cystozoites (paratenic host)  [33]). Regarding the infection by Hepatozoon milleri in
[37]. Previous studies with wild rodents have detected the rodent A. montensis in Brazil, Demoner et al. [33]
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Hemolivia stellata [KP881349]

| Dactylosoma kermiti AE171119A7 [MN879397]

100110 | Dactylosoma kermiti AE160913A6 [MN879392]

Hepatozoon felis Etawah [KX017290]
1001.0 Hepatozoon felis Spain 2 [AY628681]
Hepatozoon felis Spain 1 [AY620232]

Hepatozoon sp. Curupira 2 [AY461377]
Hepatozoon canis 9992-5 [MK091087]
Hepatozoon canis 9992-6 [MK091088]
Hepatozoon canis 9992-4 [MK091086]
Hepatozoon canis Venezuela 2 [DQ439540]
Hepatozoon canis HZtick60 [MT107095]

1001.0 Hepatozoon canis Curupira 3 [AY461375]
Hepatozoon canis fox 6 [KU89I3123]
Hepatozoon canis dog 4 [KU893127]
Hepatozoon sp. PS001 [OM033664]
Hepatozoon sp. MRA-2014b [KJ413132)
Hepatozoon sp. HF005 [OM033660]
‘ Hepatozoon sp. HF009 [OM033661]

1001 .0‘ Hepatozoon sp. HF014 [OM033662]
Hepatozoon sp. HF015 [OM033663]

Hepatozoon sp. PS085 [OM033665]

Hepatozoon sp. AOS [FJ719818]
9911.0| — Hepatozoon sp. AST [FJ719819]
Hepatozoon sp. AS16 [FJ719816]
Hepatozoon sp. AO12 [FJ719815)

Hepatozoon griseisciuri Genotype B [MK452253)

58/0.7
100/1.0
56/0.7
76/0.9
100/1.0
84/1.0
65/0.8
88/1.0
88/1.0
99/1.0

Hepatozoon sp. squirrel [EF222259]
Hepatozoon sp. KR-2012 HEPS [JX644997] 56/0.7

"_— Hepatozoon sp. KR-2012 HEP8 [JX644998]
88/1.0 Hepatozoon sp. BV1 [AY600626]

Hepatozoon griseisciuri Genotype A [MK452252)
Hepatozoon sp. HepBICM001 [AB181504]
Hepatozoon ayorgbor [EF157822)

Hepatozoon ophisauri [MN723845]
Hepatozoon catesbianae MGF [MN244528]

10010 Hepatozoon clamatae [MN244529]

Hepatozoon catesbianae clone A [HQ224954]

Fig. 3 Maximum parsimony and Bayesian tree inferred from 18S rRNA gene partial sequences (1676 characters, 113 informative sites) of
Hepatozoon spp., with Hemolivia stellata as outgroup. Numbers at nodes are the support values for the major branches (bootstrap/posterior
probability). The sequences obtained in this study are in bold. Numbers in brackets correspond to GenBank accession numbers

detected meronts only in the liver, whereas cystozoites
were detected in the spleen, lungs, and kidneys. Since
only one of the 21 infected hosts yielded amplicon in
the blood (i.e., gamont detection), we infer that the
small mammals of the present study contained mer-
onts and/or cystozoites, hence, they might be acting

as intermediate or paratenic hosts to Hepatozoon spp.
in the studied areas. As previously stated [35, 36, 38],
rodents might play a role in the epidemiological cycle
of reptile-associated Hepatozoon spp. rather than the
Carnivora-associated species (e.g., H. canis, H. felis), as
indicated by ours and previous phylogenetic analyses.
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Table 4 List of short haplotypes (at least 500 bp long) previously reported in Brazil that were 100% identical to parts of the 18S rRNA
long haplotypes (=1700-haplotypes) of the present study

Long haplotypes of the present study (Brazilian state)

Hepatozoon short haplotypes from GenBank that were 100% identical to regions of the long
~21700 bp Hepatozoon haplotypes of the present study

GenBank accession Host Brazilian state References
number (No. nucleotides)?

HF005, HF009, HFO14, and HFO15 (Sao Paulo) KU667308 (1007) Akodon montensis Séo Paulo [33]
MH111405 (517) Akodon cursor Rio de Janeiro [25]
MH111407 (528) Galea spixii Bahia [25]
MH111408 (564) A. montensis Rio de Janeiro [25]
MH111409 (516) A. cursor Rio de Janeiro [25]
MH111410 (535) A. montensis Rio de Janeiro [25]
MH111417 (520) A. montensis Sao Paulo [25]

PS085 (Mato Grosso do Sul) KX776336 (625) Oecomys mamorae Mato Grosso do Sul [35]
KX776347 (575) O. mamorae Mato Grosso do Sul [35]
KX776348 (607) O. mamorae Mato Grosso do Sul [35]
KX776353 (573) O. mamorae Mato Grosso do Sul [35]

PS001 (Mato Grosso do Sul) None

2 None of these sequences was included in the phylogenetic trees of the present study because they were from regions of the 18S rRNA gene different from the
alignment used in Fig. 2 or they were much shorter than the ~1700-bp alignment of Fig. 3

Among the seven sampled areas of the present study,
Hepatozoon spp. infection was detected only in areas
A4, A5, A6, and A7. According to previous analyses [16],
these four areas presented significantly higher diversity of
small mammals than areas Al, A2, and A3. Higher bio-
diversity could favor the transmission of Hepatozoon by
interspecies predation, a likely important transmission
route of this protozoan [35]. In addition, higher diversity
of ticks could also facilitate Hepatozoon transmission.
Again, it is noteworthy that areas A4, A5, A6, and A7 pre-
sented higher diversity of ticks than the remaining areas
[16], suggesting that the life-cycle of small mammal-asso-
ciated Hepatozoon spp. is under a complex interaction of
vertebrate and invertebrate hosts.

Regarding the other PCR assays of the present study,
none of the samples yielded detectable DNA to Piroplas-
morida agents. This result contrasts with previous studies
that reported different Piroplasmorida haplotypes among
small mammals from other regions of Brazil, includ-
ing studies that employed the same PCR protocol of the
present study [3, 20, 24, 39]. Therefore, these contrasting
results could be related to uneven distribution of Piro-
plasmorida agents among the populations of small mam-
mals along different geographical regions of Brazil, due to
reasons yet to be determined.

The PCR assay targeting Anaplasmataceae bacteria
yielded amplicons from the blood of an Oligoryzomys sp.:
a 16S rRNA partial sequence 100% identical to W. pipi-
entis associated with the rodent filarid L. galizai. This is
indirect evidence that this rodent was infected by filar-
ial nematodes. In previous studies, similar PCR assays

amplified Wolbachia fragments from wild mammals
(monkeys and opossums) and domestic dogs, leading the
authors to conclude that these animals were infected by
filarial parasites [22, 40].

Conclusions

We report a variety of Hepatozoon haplotypes associ-
ated with small mammals in three Brazilian biomes:
Cerrado, Atlantic Forest, and Pantanal. Through phy-
logenetic analyses, the Hepatozoon agents grouped in
the rodent-marsupial-reptile large clade of Hepatozoon
spp. from the world. Our phylogenetic analyses suggest
that small mammals might play a role in the epidemiol-
ogy cycle or reptile-associated Hepatozoon spp. rather
than the Carnivora-associated Hepatozoon species. Since
the Hepatozoon detections were restricted to areas with
higher diversity of small mammals and ticks, this condi-
tion could facilitate Hepatozoon transmission. Finally,
the detection of a W, pipientis associated with the rodent
filarid L. galizai indicates that the rodent was infected by
filarial nematodes.

Acknowledgements

This work is dedicated to Danilo Gongalves Saraiva, who left us prematurely in
January 2016, while doing fieldwork for this project. Fieldwork that generated
samples for the present study was possible thanks to Prof. Katia Ferraz and
Prof. Alexandre R. Percequillo and their research team from Piracicaba, Prof.
Vlamir Rocha and his research team from Araras, Dr. José Brites Neto and his
team from Americana, Prof. Patricia F. Monticelli and her research team from
Ribeirdo Preto, and Prof. Maria Estela G. Moro and her students from Piras-
sununga. We are also very grateful to Embrapa Pantanal, and Alegria and Sdo
José Farms (Corumbd) for their logistic support during our fieldwork in the
Pantanal areas, and to the “Departamento de Agua e Esgoto de Americana
(DAE)"for allowing us to work at the “Estacao de Tratamento de Esgoto (ETE)
de Carioba’, Americana municipality.



Weck et al. Parasites & Vectors (2022) 15:87

Authors’ contributions

BCW, VNR, UP, FSK, SM-L, and MBL conceived and designed the study, and
critically revised the manuscript. BCW, MCAS, AM, SM-L, and MBL performed
the experiment, analyzed the data, and drafted the manuscript. BCW, MCAS,
VNR, HRL, FBC, DGR, HRB, UP, FSK, and MPJS helped in the implementation and
execution of the study. BCW, MCAS, VNR, AM, FSK, SM-L, and MBL performed
and interpreted the laboratory analyses. All authors read and approved the
final manuscript.

Funding
Project financial support was provided by the Fundacdo de Amparo a Pesquisa
do Estado de Sao Paulo (Grants Nos. 2013/18046-7 and 2017/04249-4).

Availability of data and materials

The datasets supporting the findings of this article are included or indicated
within the article. The nucleotide sequences were deposited in GenBank
under the accession numbers OM033659 to OM033665 for the Hepatozoon
spp. haplotypes, and OM044588 for Wolbachia sp.

Declarations

Ethics approval and consent to participate

This study has been approved by the Brazilian Government—IBAMA/ICMBio
(SISBIO 43259-3), the Séo Paulo Forestry Institute (Cotec permit 260108-
000.409/2015), and the Institutional Animal Care and Use Committee (IACUC)
of the Faculty of Veterinary Medicine of the University of Sdo Paulo (protocol
numbers 5948070314, 6162060317,9531121015).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Departamento de Medicina Veterinaria Preventiva E Satide Animal, Faculdade
de Medicina Veterindria E Zootecnia, Universidade de Sao Paulo, S&o Paulo,
Brazil. 2Laboratdrio de Ixodologia, Faculdade de Medicina Veterindria, Universi-
dade Federal de Uberlandia, Uberlandia, MG, Brazil. *Departamento de Patolo-
gia, Programa de Pds Graduagdo Em Biotecnologia Do Renorbio, Ponto Focal
Maranhao, Universidade Federal Do Maranhao, Sao Lufs, MA, Brazil. “Departa-
mento de Patologia, Faculdade de Medicina Veterinaria, Universidade Estadual
Do Maranhao, Sao Lufs, MA, Brazil. >Embrapa Tabuleiros Costeiros, Aracaju, SE,
Brazil. °Programa de Pés-Graduacdo Em Medicina E Bem-Estar Animal E Satide
Unica, Universidade Santo Amaro, S&o Paulo, SP, Brazil. /Setor de Medicina Vet-
erinaria Preventiva, Escola de Veterinaria E Zootecnia, Universidade Federal de
Goias, Goiania, Brazil. Departamento de Ciencia Animal, Facultad de Ciencias
Veterinarias, Universidad de Concepcion, Chillan, Nuble, Chile.

Received: 30 December 2021 Accepted: 21 February 2022
Published online: 15 March 2022

References
1. Dantas-Torres F. Canine vector-borne diseases in Brazil. Parasit Vectors.
2008;8:25.

2. O'Dwyer LH. Brazilian canine hepatozoonosis. Rev Bras Parasitol Vet.
2011;20:181-93.

3. Soares HS, Marcili A, Barbieri ARM, Minervino AHH, Moreira TR, Gennari
SM, et al. Novel piroplasmid and Hepatozoon organisms infecting the
wildlife of two regions of the Brazilian Amazon. Int J Parasitol Parasites
Wildl. 2017,6:115-21.

4. Copat B, Bastiani PV, Jaconi FC, Damarem WW, Streck AF, de Oliveira EC,
et al. Presentation of hemolytic and hemorrhagic rangeliosis in Cerdocyon
thous. Ticks Tick Borne Dis. 2019;10:690-3.

5. Maggi RG, Krdmer F. A review on the occurrence of companion
vector-borne diseases in pet animals in Latin America. Parasit Vectors.
2019;12:145.

20.

AR

22.

23.

24.

25.

26.

Page 10 of 11

Smith TG. The genus Hepatozoon (Apicomplexa: Adeleina). J Parasitol.
1996;82:565-85.

Johnson EM, Allen KE, Panciera RJ, Ewing SA, Little SE, Reichard MV. Field
survey of rodents for Hepatozoon infections in an endemic focus of
American canine hepatozoonosis. Vet Parasitol. 2007;150:27-32.
Johnson EM, Panciera RJ, Allen KE, Sheets ME, Beal JD, Ewing SA, et al.
Alternate Pathway of Infection with Hepatozoon americanum and the
Epidemiologic Importance of Predation. J Vet Int Med. 2009,23:1315-8.
Clark K, Savick K, Butler J. Babesia microti in rodents and raccoons from
Northeast Florida. J Parasitol. 2012;98:1117-21.

. Barbosa C, Garcia JR, Fava NMN, Pereira DA, Cunha M, Nachum-Biala V,

et al. Babesiosis caused by Babesia vogeli in dogs from Uberlandia, State
of Minas Gerais. Brazil Parasitol Res. 2020;119:1173-6.

. Dumler JS, Barbet AF, Bekker CP, Dasch GA, Palmer GH, Ray SC, et al.

Reorganization of genera in the families Rickettsiaceae and Anaplasmata-
ceae in the order Rickettsiales: unification of some species of Ehrlichia
with Anaplasma, Cowdria with Ehrlichia and Ehrlichia with Neorickettsia,
descriptions of six new species combinations and designation of Ehrlichia
equi and 'HGE agent’as subjective synonyms of Ehrlichia phagocytophila.
Int J Syst Evol Microbiol. 2001;51:2145-65.

. Pruneau L, Emboule L, Gely P, Marcelino I, Mari B, Pinarello V, et al. Global

gene expression profiling of Ehrlichia ruminantium at different stages of
development. FEMS Immunol Med Microbiol. 2012;64:66-73.

. Horak IG, Camicas JL, Keirans JE. The Argasidae, Ixodidae and Nuttal-

liellidae (Aari: Ixodida); a world list of valid tick names. Exp Appl Acarol.
2002;28:27-54.

. Barros-Battesti DM, Arzua M, Bechara GH. Carrapatos de importancia

meédico-veterindria da regido neotropical: um guia ilustrado para identifi-
cacao de espécies. Sdo Paulo, Brazil: Vox/ICTTD-3/Butantan; 2006.

. Saraiva DG, Fournier GF, Martins TF, Leal KP., Vieira FN, Camara EM,

et al. Ticks (Acari: Ixodidae) associated with small terrestrial mam-
mals in the state of Minas Gerais, southeastern Brazil. Exp Appl Acarol.
2012;58:159-66.

. Serpa MCA, Luz HR, Costa FB, Weck BC, Benatti HR, Martins TF, et al. Small

mammals, ticks and rickettsiae in natural and human-modified land-
scapes: Diversity and occurrence of Brazilian spotted fever in Brazil. Ticks
Tick-Borne Dis. 2021;12: 101805. https://doi.org/10.1016/j.ttbdis.2021.
101805.

. Reis NR, Peracchi AL, Pedro WA, Lima IP. Mamiferos do Brasil. Londrina,

Brazil: Nélio R. Reis, 2006.

. Merino S, Vasquez RA, Martinez J, Celis-Diez JL, Puente J, Marin-Vial P, et al.

A Sarcocystid misidentified as Hepatozoon didelphydis: molecular data
from a parasitic infection in the blood of the Southern mouse opossum
(Thylamys elegans) from Chile. J Eukaryot Microbiol. 2008;55:536-40.

. Widmer CE, Azevedo FC, Almeida AP, Ferreira F, Labruna MB. Tick-borne

bacteria in free-living jaguars (Panthera onca) in Wetland. Brazil Vector
Borne Zoonotic Dis. 2011;2011:1001-5.

Wolf RW, Aragona M, Murnoz-Leal S, Pinto LB, Melo ALT, Braga IA, et al.
Novel Babesia and Hepatozoon agents infecting non-volant small mam-
mals in the Brazilian Wetland, with the first record of the tick Orithodoros
guaporensis in Brazil. Ticks Tick-Borne Dis. 2016;7:449-56.

Almeida AP, Souza TD, Marcili A, Labruna MB. Novel Ehrlichia and
Hepatozoon agents infecting the crab-eating fox (Cerdocyon thous) in
southeastern Brazil. ) Med Entomol. 2013;50:640-6.

Soares HS, Marcili A, Barbieri ARM, Minervino AHH, Malheiros AF, Gennari
SM, et al. Novel Anaplasma and Ehrlichia organisms infecting the wildlife
of two regions of the Brazilian Amazon. Acta Trop. 2017;174:82-7.
Mongruel AC, Benevenute JL, André MR, Carrasco AO, Machado RZ, Seki
MC. Molecular characterization of Anaplasma sp. in free-living gray brock-
ets (Mazama gouazoubira). Vector-Borne Zoonotic Dis. 2017;17:165-71.
Colle AC, Mendonga RFB, Maia MO, Freitas LDC, Witter R, Marcili A, et al.
Molecular survey of tick-borne pathogens in small mammals from Brazil-
ian Amazonia. Rev Bras Parasitol Vet. 2019,28:592-604.

Perles L, Roque ALR, D'Andrea PS, Lemos ERS, Santos AF, Morales AC,

et al. Genetic diversity of Hepatozoon spp. in rodents from Brazil. Sci Rep.
2019;9:10122.

de Oliveira GMB, da Silva IWG, Evaristo AMCF, Serpa MCA, Campos ANS,
DutraV, et al. Tick-borne pathogens in dogs, wild small mammals and
their ectoparasites in the semi-arid Caatinga biome, northeastern Brazil.
Ticks Tick Borne Dis. 2020;11:101400.


https://doi.org/10.1016/j.ttbdis.2021.101805
https://doi.org/10.1016/j.ttbdis.2021.101805

Weck et al. Parasites & Vectors

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2022) 15:87

Steuber S, Abdel-Rady A, Clausen P. PCR-RFLP analysis: a promising
technique for host species identification of blood meals from tsetse flies
(Diptera: Glossinidae). Parasitol Res. 2005,97:247-54.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic Local Alignment
Search Tool. J Mol Biol. 1990;215:403-10.

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG.

The CLUSTAL_X windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids Res.
1997,25:4876-82.

Nicholas KB, Nicholas HB Jr, Deerfield DW Il. GeneDoc: analysis and visu-
alization of genetic variation. EMBNEW NEWS. 1997;4:14.

Swofford DL. PAUP*: Phylogenetic analysis using parsimony (*and other
methods), beta version 4.0b10. Sunderland, MA: Sinauer and Associates;
2002.

Ronquist F, Huelsenbeck JP. MrBayes 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics. 2003;19:1572-4.

Demoner LC, Silva MRL, Magro NM, O'Dwyer LH. Hepatozoon milleri sp.
nov. (Adeleorina: Hepatozoidae) in Akodon montensis (Rodentia: Criceti-
dae: Sigmodontinae) from southeastern Brazil. Parasitol. 2019;146:662-9.
Silva MRL, Fornazari F, Demoner LC, Teixeira CR, Langoni H, O'Dwyer LH.
Didelphis albiventris naturally infected with Hepatozoon canis in south-
eastern Brazil. Ticks Tick-Borne Dis. 2017;8:878-81.

Sousa KC, Fernandes MP, Herrera HM, Benevenute JL, Santos FM, Rocha
FL, et al. Molecular detection of Hepatozoon spp. in domestic dogs and
wild mammals in southern Pantanal, Brazil with implications in the trans-
mission route. Vet Parasitol. 2017,237:37-46.

Demoner LC, Magro NM, da Silva MRL, de Paula Antunes JMA, Calabuig
CIP, O'Dwyer LH. Hepatozoon spp. infections in wild rodents in an area of
endemic canine hepatozoonosis in southeastern Brazil. Ticks Tick Borne
Dis. 2016;7:859-64.

Modry D, Beck R, Hrazdilova K, Baneth G. A review of methods for detec-
tion of Hepatozoon infection in carnivores and arthropod vectors. Vector
Borne Zoonotic Dis. 2017;17:66-72.

Alabi AS, Monti G, Otth C, Sepulveda-Garcia P, Perles L, Machado RZ,

et al. Genetic diversity of Hepatozoon spp. in rodents from Chile. Rev Bras
Parasitol Vet. 2021;30:e012721.

Vieira FT, Acosta ICL, Martins TF, Filho JM, Krawczak FDS, Barbieri ARM,

et al. Tick-borne infections in dogs and horses in the state of Espirito
Santo Southeast Brazil. Vet Parasitol. 2018;249:43-8.

Soares HS, Camargo LM, Gennari SM, Labruna MB. Survey of canine
tick-borne diseases in Labrea, Brazilian Amazon:‘accidental’ findings of
Dirofilaria immitis infection. Rev Bras Parasitol Vet. 2014;23:473-80.
Almeida AP, Marcili A, Leite RC, Nieri-Bastos FA, Domingues LN, Martins JR,
et al. Coxiella symbiont in the tick Ornithodoros rostratus (Acari: Argasidae).
Ticks Tick Borne Dis. 2012;3:203-6.

Criado-Fornelio A, Ruas JL, Casado N, Farias NAR, Soares MP, Mller G,

et al. New molecular data on mammalian Hepatozoon species (Apicompl-
exa: Adelorina) from Brazil and Spain. J Parasitol. 2006;92:93-9.

Inokuma H, Raoult D, Brouqui P. Detection of Ehrlichia platys DNA in
brown dog ticks (Rhipicephalus sanguineus) in Okinawa Island, Japan
2000). J Clin Microbiol. 2000;38:4219-21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Novel genotypes of Hepatozoon spp. in small mammals, Brazil
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study areas and sampling procedures
	Molecular analyses
	Phylogenetic analyses

	Results
	Discussion
	Conclusions
	Acknowledgements
	References




