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ARTICLE INFO ABSTRACT

Keywords: The bacterium Rickettsia bellii has been detected in 25 species of ticks in the American continents, but its pa-
Rickettsiae thogenic potential is considered as undetermined. A possible role for this species in the phenomenon of trans-
Ixodidae ovarial exclusion of pathogenic members of the spotted fever group (SFG) of Rickettsia has been suggested and
;ﬁfj;gﬂe co-infections with pathogenic species have been reported infrequently in both North and South America.

Traditional methods for the molecular detection of rickettsial agents in ticks focus largely on the identification of
sequences found in SFG Rickettsia, an approach that may overlook the presence of co-infections with R. bellii.
Two novel, species-specific polymerase chain reaction (PCR) assays, targeting the genes encoding the surface cell
antigen (Sca), autotransporter proteins sca9 and scal4, were developed and validated for the detection of R. bellii
using 150 Amblyomma ticks collected from wild birds in Brazil. Co-infection of R. bellii infected ticks was
evaluated using a novel PCR assay targeting the ompA sequence characteristic of SFG Rickettsia. Preliminary
species-level identification was achieved by restriction fragment length polymorphism (RFLP) analysis and
subsequently confirmed by sequencing of amplicons. Nine out of seventy-three Amblyomma longirostre and one of
two Amblyomma calcaratum ticks were shown to be co-infected with R. bellii and Rickettsia amblyommatis, while
two out of sixty-seven Amblyomma sp. haplotype Nazaré ticks were recorded as co-infected with R. bellii and the
Rickettsia parkeri-like bacterium, strain ApPR. Interestingly, our data represent the first records of R. bellii in
association with A. calcaratum and Amblyomma sp. haplotype Nazaré. The novel PCR-RFLP systems reported
herein, provide an alternative, rapid and cost-efficient (relative to strategies based on sequencing or real-time
PCR), approach to evaluate rickettsial co-infection of ticks, a potentially significant phenomenon that has most
likely been underestimated to date.

1. Introduction symptomology with other febrile illnesses, lack of knowledge con-

cerning Rickettsia among medical professionals and the absence of

The genus Rickettsia comprises a diverse group of Gram-negative
bacteria characterized by an obligate intracellular lifestyle and the
notorious role of some species as arthropod-borne pathogens of man
and animals (Diop et al., 2018; Parola et al., 2013). The true extent of
human infections with Rickettsia, is believed to be underestimated be-
cause of factors including incorrect diagnosis owing to similarities in
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convenient and accessible diagnostic tests (Faccini-Martinez et al.,
2014; Oliveira et al., 2016).

Rickettsia bellii, a member of the ancestral group of Rickettsiae, was
reported for the first time in Brazil in 2004 infecting five species of
Amblyomma ticks (Labruna et al., 2004). It has since been recorded in
an additional seven species of Amblyomma and in Ixodes loricatus, and

Received 30 January 2019; Received in revised form 17 June 2019; Accepted 28 July 2019

Available online 02 August 2019
1877-959X/ © 2019 Elsevier GmbH. All rights reserved.


http://www.sciencedirect.com/science/journal/1877959X
https://www.elsevier.com/locate/ttbdis
https://doi.org/10.1016/j.ttbdis.2019.101266
https://doi.org/10.1016/j.ttbdis.2019.101266
mailto:abreudpb@ufrrj.br
https://doi.org/10.1016/j.ttbdis.2019.101266
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ttbdis.2019.101266&domain=pdf

D.P.B.d. Abreu, et al.

Haemaphysalis juxtakochi ticks (Costa et al., 2017; McIntosh et al., 2015;
Parola et al., 2013). Uncertainty, in relation to the pathogenic potential
of R. bellii, emerged based on the observation that subcutaneous in-
oculation induced the development of eschars in rabbits and guinea
pigs (Ogata et al., 2006), a symptom considered characteristic for a
number of rickettsioses (Faccini-Martinez et al., 2014). In addition,
serological data from Brazilian studies indicated the capacity to cause
natural infections in capybaras (Hydrochoerus hydrochaeris) (Pacheco
et al., 2007), dogs (Spolidorio et al., 2013) and horses (Vieira et al.,
2018), albeit with no evidence to support the use of such animals as
amplifier hosts; a strategy employed by pathogenic SFG Rickettsia, in-
cluding Rickettsia rickettsii and Rickettsia conorii (Parola et al., 2013).
Data acquired from observation of naturally infected colonies of Am-
blyomma dubitatum (Sakai et al., 2014) and L loricatus (Horta et al.,
2006), demonstrated highly efficient transstadial survival and transo-
varian transmission, suggesting that R. bellii is most likely maintained in
nature via those mechanisms.

The term rickettsial exclusion was proposed by Burgdorfer et al.
(1981), based on epidemiological observations and experimental eva-
luation of transovarian transmission, to describe the phenomenon
whereby primary infection by one rickettsial agent (Rickettsia peacockii)
served to impede ovarian infection by a second species (R. rickettsii) in
Dermacentor andersoni ticks in the USA (Burgdorfer et al., 1981). Ad-
ditional examples of this exclusion effect were subsequently reported
for Rickettsia rhipicephali by Rickettsia montanensis in Dermacentor var-
iabilis (Macaluso et al., 2002), and were alluded to for R. rickettsii by R.
bellii in A. dubitatum (Sakai et al., 2014). This phenomenon has also
been suggested as the most plausible explanation for the apparent ex-
clusion of Rickettsia parkeri sensu stricto (s. s.) in populations of adult A.
maculatum ticks in some states of the USA with a high prevalence of
“Candidatus Rickettsia andeanae” (Lee et al., 2017; Paddock et al.,
2015). In contrast, the absence of such exclusion has been demon-
strated in a recently published study by Levin et al. (2018).

Rickettsia bellii has been reported, albeit sporadically, in natural co-
infections with other rickettsial agents; R. rhipicephali in D. variabilis
collected in the state of Arkansas, USA (Wikswo et al., 2008), R. mon-
tanensis and R. rickettsii in D. variabilis collected in the state of Ohio, USA
(Carmichael and Fuerst, 2010), and with R. parkeri in Amblyomma ovale
in Brazil (Szabd et al., 2013). In all three cases, the initial evidence for co-
infections was encountered fortuitously based on the observation of dual
peaks at multiple base positions throughout sequencing electro-
pherograms, obtained from PCR amplicons of genus-specific gene targets
i.e. citrate synthase (Szabd et al., 2013; Wikswo et al., 2008), or the 17-
kDa antigen (Carmichael and Fuerst, 2010). Confirmation of the presence
of R. bellii was subsequently achieved by PCR using primers specific for
the citrate synthase gene (gltA) of R. bellii (Carmichael and Fuerst, 2010;
Szabo et al., 2013). In an attempt to facilitate the differential detection of
R. bellii in ticks, Hecht et al. (2016), reported the development and va-
lidation of a real-time PCR assay for the specific detection of R. bellii
using, once again, the gltA gene sequence as the target.

The current work reports the development and evaluation of a novel,
rapid and cost-effective approach to investigate the phenomenon of co-
infection of ticks with R. bellii and SFG rickettsial agents. The application
of this strategy to ticks collected from wild birds, captured in different
regions of Atlantic rainforest in Brazil, demonstrated that co-infections
with R. bellii can be conveniently and differentially detected during the
first round of molecular screening, reducing the requirement for more
expensive techniques including sequencing or real-time PCR.

2. Material and methods
2.1. Development of species-specific PCR assays for R. bellii
The targets chosen for the development of R. bellii specific primers

were four genes (sca3, sca8, sca9 and scal4) encoding surface cell
antigen (Sca), autotransporter proteins (Sears et al., 2012). Sequences
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Table 1
Primers used in this study.

Target  Primer Primer Sequence (5°-3") Amplicon size (bp)

sca3 Forward  CCA CTA TTA ATT TTA ACG GGG CA 654
Reverse TAC CCG TAC CAC CGC TAA AC

sca8 Forward  ACG ATT GAA AGA GCA GAC GG 723
Reverse ACC ACC GGA AGT ATG ACC TC

sca9 Forward CAG CAG CCT TTC ACG TTT CT 727
Reverse ACT CCA ATG TCA GCA ATA CTA GG

scal4 Forward  CCA CAG AAT TTG CAC CAC GT 724
Reverse TTT GTT TGA GCA CTC GGT ATT TT

htrA Forward GGA ACC AGG CGG TAT GAA TAA 407
Reverse ACT TGC CAT AGT CCG TCA GG

ompA Forward  GCT TTA TTC ACC TCA AC 357
Reverse GCC GGC AGT AAT AGT AAC AG

of the full-length genes were obtained from the GenBank
(Accession numbers; AY973495, AY973496, AY973497 and AY970512)
and primers were designed (Table 1), to generate amplicons of ap-
proximately 700 base pairs (bp), using the program Primer3
(Untergasser et al., 2012). Primer specificity was examined in silico, via
primerBLAST, with comparison to sequences in the nucleotide collec-
tion (nt) database. This was deemed necessary since the template DNAs
to be examined were obtained from complex environmental samples
derived from tick homogenates, many of which contained avian blood
and diverse microbiotas. The composition of the PCR master-mixes and
the cycling conditions were optimized using three concentrations of
MgCl, (2.0 mM, 2.5 mM and 3.0 mM) and a temperature gradient
ranging from 50 °C to 60 °C, using DNA from R. bellii (strain Mogi;
kindly provided by Dr. Marcelo B. Labruna, Department of Preventative
Veterinary and Animal Health, Faculty of Veterinary Medicine, Uni-
versity of Sdo Paulo, Brazil), as the template. The R. bellii control DNA
was derived from infected Vero cell cultures and as such, it could not be
accurately quantified without the use of real-time PCR methods. Thus,
to estimate the quantity of rickettsial DNA in the sample we used a
limiting dilution approach, whereby dilutions were prepared from 10 ~*
to 10 in AE buffer (10 mM Tris-Cl, 0.5 mM EDTA; pH 9.0). Determi-
nation of the last dilution containing detectable rickettsial DNA was
assessed by amplifying a 407-bp fragment of the htrA gene, using
primers 17KDF (5”-GGA ACC AGG CGG TAT GAA TAA-3") and 17KDR
(5°-ACT TGC CAT AGT CCG TCA GG-3"), as reported by Santolin et al.
(2013), employing the master-mix and cycling conditions related by
Zeringota et al. (2017). Thereafter, the sensitivity of the four sets of R.
bellii-specific primers was compared using the same dilutions of the R.
bellii DNA as described above, in combination with the optimized re-
action conditions (annealing temperature and concentration of MgCl,),
of each assay. The primer sets designed to amplify sca9 and scal4,
showed sensitivities equivalent to that of the htrA assay, while the other
two primers sets were 10-fold less sensitive and as such were not ex-
amined further. The specificity of the sca9 and scal4 assays was as-
sessed using two types of negative controls. Firstly, DNA extracted from
a total of 52 Amblyomma ticks collected from wild birds and char-
acterized as PCR negative for rickettsial DNA as reported previously
(Luz et al., 2017;Zeringéta et al., 2017). The samples used were as
follows; Amblyomma aureolatum (n = 2), A. brasiliense (n = 6), A. cal-
caratum (n = 6), A. longirostre (n = 10), A. naponense (n = 2), A. no-
dosum (n = 3), A. ovale (n = 2), A. parkeri (n = 6), A. sculptum (n = 4),
A. varium (n = 1), and Amblyomma sp. haplotype Nazaré (n = 10).
Secondly, DNA extracted from Vero cell cultures infected with the fol-
lowing species of Rickettsia: R. amblyommatis (strain AC37), R. felis
(strain Pedreira), R. monteiroi (strain 7 P), R. parkeri (strain Atlantic rain
forest-A010), R. rhipicephali (stain HJ5) and R. rickettsii (Taiagu)
(all provided by Dr. Marcelo B. Labruna). Positive controls, included to
confirm the ability of the assays to detect R. bellii DNA in tick homo-
genates, comprised DNA extracted from seven Amblyomma rotundatum
ticks (five females and two nymphs), collected from toads
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(Rhinella marina) in the Brazilian Amazon and previously characterized
as infected with R. bellii (Luz et al., 2018). The PCR mixtures (12.5 pL)
contained 1.25pL of Platinum Taq DNA polymerase buffer (Thermo
Fisher Scientific, Brazil), 2.5 mM MgCl,, 200 uM dNTPs (Sinapse Bio-
tecnologia, Brazil), 10 pmoles of each primer, 0.5 units of Platinum Taq
DNA polymerase and 2 uL of DNA template. The cycling conditions
employed were an initial denaturation at 95 °C for 5 min; followed by
45 cycles of denaturation at 95 °C for 20s, annealing at 52 °C for 20s,
extension at 72 °C for 25 s, with a final extension step at 72 °C for 5 min.
Five microliters of PCR products were analysed by gel electrophoresis
(1.5% agarose; KASVI, Spain), with confirmation of amplicon
sizes achieved via comparison to a DNA molecular weight marker
(GeneRuler 100 bp DNA Ladder; Thermo Scientific). The remainder of
each reaction was stored at —20 °C for additional molecular analyses as
described below.

2.2. DNA extracted from bird ticks characterized as infected with SFG
Rickettsia and examined for the presence of rickettsial co-infection

Details of the DNA samples (n = 150), examined in this study for
evidence of co-infection are provided in Supplementary data Table S1.
In common with the Rickettsia-negative ticks detailed above, the se-
lected material was obtained from within the arthropod nucleic acid
sample collection, maintained at the Molecular Biology Laboratory,
Department of Animal Parasitology, Federal Rural University of Rio de
Janeiro (UFRRJ). Details of tick collection and their identification to
the species level were as reported in three previous studies investigating
bird-tick-Rickettsia interactions in four distinct regions of Brazilian
Atlantic rainforest; three in the state of Rio de Janeiro (Luz et al., 2017;
Santolin et al., 2013) and the fourth in the state of Minas Gerais
(Zeringota et al., 2017). The majority of the ticks (114/150), had been
characterized as infected with SFG rickettsial agents in the aforemen-
tioned studies. The remaining 36 ticks, collected as a component of the
study of Santolin et al. (2013), were previously identified as A. long-
irostre by sequencing of a 460-bp fragment of the mitochondrial se-
quence encoding 16S rDNA, using the methods reported by Mangold
et al. (1998), but they had not been examined for the presence of
Rickettsia DNA. Each of the 36 ticks were found to be infected with R.
amblyommatis, as determined using the ompB/PCR-RFLP method de-
veloped by Santolin et al. (2013), and confirmed via PCR and sequen-
cing of ompA amplicons generated with the primers Rr190.70p and
Rr190.602n applying the cycling conditions reported in Zeringéta et al.
(2017).

The choice of the samples examined (n = 150), specifically
Amblyomma calcaratum (n = 2), Amblyomma longirostre (n = 73),
Amblyomma parkeri (n = 8) and Amblyomma sp. haplotype Nazaré
(n = 67), characterized as infected with R. amblyommatis (n = 75), R.
parkeri (n = 45) and R. rhipicephali (n = 30), was essentially random,
albeit guided by the relative abundance of each tick species within the
nucleic acid sample collection.

2.3. Novel PCR assay for detection of SFG Rickettsia using the ompA gene
as a target

The tick DNA samples (n = 12), identified as positive for the pre-
sence of both R. bellii (using the sca9 and scal4 assays) and a SFG
rickettsial agent (previously determined via PCR and sequencing of
ompA amplicons generated with the primers Rr190.70p and
Rr190.602n), were examined using a novel PCR assay designed to
amplify a 357-bp fragment of the SFG-specific ompA gene. This assay
was developed to provide a detection system that was comparable, in
terms of sensitivity, to the sca9, scal4 and htrA assays. The novel assay
used the primers ompAdogF (5-GCT TTA TTC ACC ACC TCA AC-3)
and ompAdogR (5-GCC GGC AGT AAT AGT AAC AG-3'), designed to
generate a product of 357-bp for all the SFG Rickettsia reported to date
infecting Brazilian bird ticks (Luz et al., 2017) and also for R. rickettsii.
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In silico analysis indicated that the new primers would not amplify the
ompA sequences of R. felis or Rickettsia asembonensis, two species asso-
ciated predominately with fleas, but that have been infrequently de-
tected in Brazilian ticks (Bitencourth et al., 2017; Dall’Agnol et al.,
2017). The composition of the master-mix and the cycling conditions
were the same as those used for the sca9 assay, except for the extension
time which was reduced to 15s. This assay was assessed for specificity,
defined as amplification of the SFG (R. amblyommatis, R. monteiroi, R.
parkeri, R. rhipicephali and R. rickettsii) positive control DNAs, but with
no amplification of the R. bellii DNA and for sensitivity, determined via
the limiting dilution approach, using the htrA assay as the standard to
determine the last dilution containing amplifiable rickettsial DNA.

2.4. Identification of amplicons

Owing to the complex nature of the DNA samples used in this study,
it was considered necessary to perform post-amplification analysis of all
presumptive R. bellii amplicons by nucleotide sequencing using the
protocols reported in Luz et al. (2017). In addition, the possibility of
using PCR-Restriction fragment length polymorphism (PCR-RFLP), as
an alternative, rapid and cost-efficient means to confirm the identity of
amplicons was evaluated in silico using the free, online program NEB-
cutter V2.0 (Vincze, 2003). Based on the results of those analyses, the
enzymes Alul (for sca9), EcoRV (for scal4) and Pstl and Rsal (for ompA),
were subsequently assessed in vitro. Digestion of the 407-bp, htrA am-
plicons was performed using the enzymes MspI and Rsal, as reported by
(Santolin et al. (2013). Digestions were performed by combining 5 pL of
amplicon, 1.2 puL of the appropriate reaction buffer, 1.2 units of re-
striction endonuclease, 1.2 pL. of bovine serum albumin (0.1 mg/mL)
and molecular biology grade water to a final volume of 12pL. In-
cubation was at 37 °C for 3h, followed by electrophoresis in agarose
gels (2.5%) at a constant voltage of 5V/cm for 90 min. Gels were
stained with ethidium bromide, observed and digitally photographed
under ultraviolet illumination. Banding patterns were compared be-
tween samples and via comparison to a DNA molecular weight marker
(GeneRuler, 50 bp DNA Ladder). The resulting images were analyzed
using the free software Gel-Analyzer (Skosyrev et al., 2013), available
at http://www.gelanalyzer.com, to accurately determine the size of
individual restriction fragments.

3. Results

The primer sets designed for the amplification of the four sca gene
targets were considered specific for R. bellii based on in silico analysis
and because they did not produce amplicons with the Rickettsia-nega-
tive tick extracts (n = 52), or with DNA purified from any of the other
species of Rickettsia tested. Limiting dilution analysis of the control R.
bellii (strain Mogi) DNA using the htrA assay, demonstrated the presence
of amplifiable rickettsial DNA in samples diluted to a maximum of
107°. The relative sensitivity of the four sca gene assays was de-
termined using the same diluted DNA samples and demonstrated that
the sca9 and scal4 assays were of equivalent sensitivity to the htrA
assay. In contrast, the 10 sample was the last dilution to be amplified
by the sca3 and sca8 assays and therefore those primer sets were not
examined in subsequent experiments employing field samples. The sca9
and scal4 assays produced amplicons with the predicted sizes from the
seven positive control A. rotundatum ticks naturally infected with R.
bellii, indicating the suitability of both assays for the examination of
field samples. However, it was observed that all samples produced
bands of lower intensity in the scal4 assay.

The sensitivity of the novel ompA assay was determined to be
equivalent to that of the htrA assay for each of the positive control DNAs
examined. Specificity of the new primers was confirmed by the ob-
servation that they did not generate amplicon from the control R. felis
and R. bellii DNAs or from the seven R. bellii infected A. rotundatum
samples. The amplicon generated from the R. monteiroi control DNA
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Table 2
PCR-RFLP fragment sizes predicted following in silico endonuclease digestion of
a 357-bp amplicon of the gene ompA, using the enzymes Pstl and Rsal.

Rickettsia species Banding pattern (bp)

Pstl Rsal
Rickettsia amblyommatis 295, 62 156, 108, 93
‘Candidatus Rickettsia andeanae’ 295, 62 264, 93
‘Candidatus Rickettsia colombianensi’ 222,135 357
R. monteiroi 264,72, 24 357
Rickettsia parkeri 135, 81, 78, 66 264, 93
Rickettsia rhipicephali 221, 139 159, 108, 93
Rickettsia rickettsii 140, 139, 81 159, 108, 93

was sequenced and showed 85% identity (272/320 nucleotides) to the
sequences KT899079 and KU361217, deposited in the GenBank as
partial sequences of ‘Candidatus Rickettsia tarasevichiae’ outer mem-
brane protein A (ompA) gene, amplified by PCR from Ixodes persulcatus
ticks in Russia and Mongolia respectively. In addition, the novel se-
quence showed 81% identity (263/323 nucleotides) to the outer
membrane protein A (ompA) gene, contained in the complete genome of
Rickettsia canadensis strain McKiel, (CP000409.1). The novel ompA se-
quence was deposited in the GenBank with the accession number
MK166031.

In silico restriction digest analysis, of predicted ompA amplicons,
indicated that the enzymes Pstl and Rsal would permit the differential
identification of the SFG Rickettsia detected to date in Brazil (Table 2).
in vitro digestion of amplicons of R. amblyommatis, R. monteiroi, R.
parkeri, R. rhipicephali, R. rickettsii and ‘Candidatus Rickettsia andeanae’
confirmed the discriminatory capacity of the dual enzyme PCR-RFLP
approach (Fig. 1). DNA from ‘Candidatus Rickettsia colombianensi’'was
not available for use in vitro analysis.

The 150 DNA samples (Supplementary data Table S1), were ex-
amined using the sac9 and scal4 assays. A total of 12 samples (8%),
comprising nine (9) A. longirostre ticks and a single A. calcaratum tick
infected with R. amblyommatis, together with two (2) Amblyomma sp.
haplotype Nazaré ticks infected with R. parkeri (strain ApPR), generated
amplicons of the expected size in both assays (Fig. 2a). Yet, as noted
previously with the A. rotundatum samples, the bands generated in the
scal4 assay were less intense than in the sca9 assay.

The presence of SFG rickettsial DNA in all 12 samples was con-
firmed using the novel ompA assay (Fig. 3a). The sca9 and scal4 am-
plicons were sequenced and corresponded to the predicted fragments of
their respective gene targets, confirming the presence of rickettsial co-
infections in all 12 samples. The presence of a single nucleotide poly-
morphism (SNP), resulting in a synonymous mutation at nucleotide
position 1193 of the full-length sca9 gene (Accession number
AY973497), was detected in the specimen of A. calcaratum collected in
the state of Rio de Janeiro in 2015. The novel sequence was deposited
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in the GenBank with the accession number MK253742. Digestion of the
sca9 amplicons with the enzyme Alul, produced a banding pattern of
396, 185, 82, 46 and 18 bp, identical to that recorded for amplicon
produced from the R. bellii (strain Mogi), positive control DNA (Fig. 2b).
Digestion of the ompA amplicons confirmed that the nine A. longirostre
and the single A. calcaratum were infected with R. amblyommatis and
that the two Amblyomma sp. haplotype Nazaré ticks were infected with
R. parkeri (Fig. 3b).

4. Discussion

Brazilian wild birds are hosts to large populations of immature
stages of Amblyomma ticks, with several records of infection with R.
bellii and a variety of SFG Rickettsia in individual ticks collected from
birds in diverse biomes (Ogrzewalska and Pinter, 2016; Luz et al., 2017;
Ogrzewalska et al., 2010, 2011). A small number of studies have re-
ported birds parasitized by multiple species of ticks, that in turn were
found to be infected with distinct species of Rickettsia (Luz et al., 2017;
Zeringéta et al., 2017). However, to our knowledge, there are no
published records of co-infection of bird ticks with two or more species
of Rickettsia. The data presented herein demonstrated for the first time
that A. longirostre and A. calcaratum ticks can be naturally co-infected
with R. amblyommatis and R. bellii and that Amblyomma sp. haplotype
Nazaré ticks can simultaneously harbor the Rickettsia parkeri-like bac-
terium strain ApPR (Pacheco et al., 2012) and R. bellii. Indeed, our data
represent the first records of R. bellii in A. calcaratum and in haplotype
Nazaré ticks. As such, the number of tick species known to be infected
with this agent in Brazil is now sixteen.

The experimental design commonly used to screen ticks for
Rickettsia has not changed significantly since the first studies that re-
ported molecular methods for that purpose (Bouyer et al., 2001; Gage
et al., 1994). The general strategy involves a first round of PCR am-
plification of extracted DNA from all samples, using primers targeting
genus-specific genes, normally gltA and/or htrA. Ticks positive for the
first round PCRs are subsequently screened for the ompA gene, con-
sidered specific for members of the SFG (Fournier et al., 2003), coupled
to nucleotide sequencing of all ompA amplicons to obtain species-level
identifications. In studies involving large numbers of rickettsia positive
samples, sequencing of amplicons from the first round of PCRs may be
limited to the samples that were ompA negative, with such ticks fre-
quently found to be infected with R. bellii (Luz et al., 2017; McIntosh
et al., 2015). Following analysis of ompA sequences, it is common
practice to sequence only a representative subset of the first round PCR
products, to avoid redundancy and to reduce costs (Luz et al., 2017;
Zeringéta et al., 2017). Using this strategy, the detection of co-infec-
tions with R. bellii becomes essentially a game of chance wherein the
only criteria employed is the presence of double peaks in sequencing
electropherograms that were derived from a small portion of the SFG
infected ticks.

Previous attempts to sequence gltA fragments amplified from two of

M A 01 02 03 04 05 06 M A 01 02 03 04 05 06 Fig. 1. Banding profiles generated following
digestion of ompA amplicons, derived from

o | e — oel Rickettsia species, using the enzymes Pstl and

400bp W Py - - — Rsal. Lanes: A — undigested amplicon; 01 -
3005 M. - - : Rickettsia amblyommatis; 02 — Rickettsia mon-
250bp| —_— >e = e -— teiroi; 03 — Rickettsia parkeri; 04 - Rickettsia
20055 I e pra— rhipicephali; 05 - Rickettsia rickettsii; 06 —
: ‘Candidatus Rickettsia andeanae’. M = 50 bp

150t - --- - Lo - — DNA ladder. Molecular weights are indicated in
100bp — base pairs (bp) on the left-hand side of the gel.

.
LR] Leope e

Eletrophoresis was performed in a 2. 5% gel
prepared in Tris-Boric acid-EDTA buffer (TBE
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Fig. 2. A — PCR amplification of sca9 targets in DNA extracted from nine A.
longirostre, a single A. calcaratum and two Amblyomma sp. haplotype Nazaré
ticks collected from wild birds in Brazil. Lanes 01 - 3133.19; 02 - 3122.16; 03 -
3160.1; 04 - 3130.8; 05 - L36; 06 - V22A; 07 - V5D; 08 - V7C; 09 - V7D; 10 -
3130.18; 11 - 35NAZ; 12 - 13bNAZ; 13 - Rickettsia bellii control DNA 14- H,O
negative control. M = 100 bp ladder. Electrophoresis was performed in a 1.5%
agarose gel prepared in Tris-acetic acid-EDTA buffer (TAE 0.5X). Molecular
weights are indicated in base pairs (bp) on the right-hand side of the gel; B -
Analysis of restriction digest patterns, generated for the sca9 amplicons shown
in Fig. 2a, using the enzyme Alul. A = undigested amplicon; Lanes 01-13 =
sca9 amplicons as identified in Fig. 2a. M = 100 bp DNA ladder. Molecular
weights are indicated in base pairs (bp) on the right-hand side of the gel. Ele-
trophoresis was performed in a 2. 5% gel prepared in Tris-Boric acid-EDTA
buffer (TBE 0.5X). Fragment sizes were determined by comparison to the bands
contained in the molecular weight ladder.

the specimens of A. longirostre included in this study (collected in Minas
Gerais in 2015 Zeringoéta et al. (2017) and confirmed as infected with R.
amblyommatis based on sequencing of fragments of ompA and ompB)
had been unsuccessful, resulting in poor quality electropherograms
which demonstrated double peaks at numerous locations throughout
the sequence. The significance of that finding was not realized at the
time of the original study. However, a careful re-analysis of the se-
quences indicated that both contained two distinct gltA amplicons, one
corresponding to R. amblyommatis and the other to R. bellii. Indeed, it
was the identification of those two co-infected samples which prompted
the development of the methods described in the current work.

As in our earlier study (Zeringéta et al., 2017), such data may be
overlooked or simply considered to represent poor-quality sequencing
reactions. Through the removal of the factor of chance, the detection of
co-infections with R. bellii will be enhanced and as a result, our com-
prehension of the role of R. bellii as a component of the bio-ecology of
tick-borne rickettsial infections, including its potential role in rickettsial
exclusion, should be improved.

As reported herein, the approach of using sca9 and/or scal4 as
targets for first round PCR, in combination with the assay for htrA,
provided a rapid method for the direct detection of R. bellii infections in
Amblyomma ticks collected from wild birds, while also permitting the
detection of DNA originating from the other members of the genus
Rickettsia known to circulate in Brazil. Corroboration of the presence of
R. bellii was rapidly (within 24 h) achieved by digestion of the sca9
amplicons with the enzyme Alul, or of the Scal4 amplicons with EcoRV.
Confirmation of the presence of DNA originating from an additional
species of Rickettsia could be determined by digestion of the htrA
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Fig. 3. A — PCR amplification of ompA targets in DNA extracted from nine A.
longirostre, a single A. calcaratum and two Amblyomma sp. haplotype Nazaré
ticks collected from wild birds in Brazil. Lanes 01 - 3133.19; 02 - 3122.16; 03 -
3160.1; 04 - 3130.8; 05 - L36; 06 - V22A; 07 - V5D; 08 - V7C; 09 - V7D; 10 -
3130.18; 11 - 35NAZ; 12 - 13b NAZ; 13 & 14 - Rickettsia monteiroi positive
control DNA; 15- H,O negative control. M1 = 100 bp ladder. Electrophoresis
was performed in a 1.5% agarose gel prepared in Tris-acetic acid-EDTA buffer
(TAE 0.5X). Molecular weights are indicated in base pairs (bp) on the right-
hand side of the gel; B — Analysis of restriction digest patterns, generated for the
ompA amplicons shown in Fig. 3a, using the enzyme Pstl. A = undigested am-
plicon; Lanes 01-13 = ompA amplicons as identified in Fig. 2a. M2 = 50 bp
DNA ladder. Molecular weights are indicated in base pairs (bp) on the right-
hand side of the gel. Electrophoresis was performed in a 2. 5% gel prepared in
Tris-Boric acid-EDTA buffer (TBE 0.5X). Fragment sizes were determined by
comparison to the bands contained in the molecular weight ladder.
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amplicon as described by Santolin et al. (2013). To determine if the
ticks were infected with an SFG Rickettsia and if so with which species,
the novel ompA PCR was combined with RFLP analysis of amplicons
using Pstl and Rsal. The development of the novel ompA assay included
in this study was considered necessary because an evaluation, using
serially diluted SFG control DNAs, of the ompA assay routinely used by
our group (employing the primers Rr190.70p and Rr190.602n), showed
it to be 5 to 10-fold less sensitive than the htrA assay. Interestingly, the
new ompA assay provided two unforeseen results; firstly, it permitted
the differential identification by PCR-RFLP using the enzymes Pstl and
Rsal of the SFG agents detected in this study as well as of R. rickettsii.
Secondly, it generated an amplicon for R. monteiroi, a rickettsial agent
isolated from A. incisum ticks in Brazil that was placed in the canadensis
group based on phylogenetic analysis of multiple gene sequences
(Pacheco et al., 2011). Sequencing of the ompA amplicon supported the
findings reported for the other genes.

It should be noted, that the inability of the ompA PCR to detect
R. felis or R. asembonensis represented a potential shortcoming in the
detection strategy, albeit one that can be countered by digestion of
the 407-bp htrA amplicon with the enzyme Mspl, resulting in the
differential banding profile of 200, 157 and 50 bp as reported by
Santolin et al. (2013). It is important to note, that the use of PCR-RFLP
for post-amplification identification of Rickettsia was commonplace in
the past (Eremeeva et al., 1994; Gage et al., 1994; Peniche-Lara et al.,
2013) but has largely been replaced, during the last decade, by se-
quencing of amplicons. Nonetheless, even with the on-going reduction
in the costs associated with sequencing, it is clear that the use of PCR-
RFLP should be recognized as a convenient means of cutting both the
costs and the time taken to establish a robust identification of tick-
borne Rickettsia in Brazil, particularly in situations where sequencing
would involve outsourcing to third party service providers (Santolin
et al., 2013).

The rickettsial exclusion theory was established via simple, yet re-
fined, experiments and is widely accepted by the majority of rick-
ettsiologists. Nevertheless, there are some gaps in the theory, which
were elegantly examined in the evenhanded review of the evidence by
Telford (2009) and in the more recent data presented by Levin et al.
(2018). Moreover, the application of next-generation sequencing
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(NGS), technologies to the examination of tick microbiomes has in-
dicated that the exclusion effect may not be limited to rickettsia-rick-
ettsia interactions but rather it may also involve interactions between
other components of the microbiota including facultative intracellular
Francisella-like endosymbionts (Gurfield et al., 2017). It has even been
suggested, also based on NGS analysis of tick microbiomes, that co-
infection of ticks with Rickettsia and other pathogenic microbes (Ana-
plasma, Babesia, Bartonella and Borrelia), and/or endosymbionts (Can-
didatus Midichloria, Spiroplasma, and Wolbachia), may be the rule rather
than the exception (Cerutti et al., 2018; Moutailler et al., 2016). Deci-
phering the biological significance of such interactions is a daunting
task. However, it has recently been reported that the presence of
“Candidatus Midichloria mitochondrii” in conjunction with selenopro-
teins, was essential for the growth of R. parkeri in A. maculatum, the gulf
coast tick (Budachetri et al., 2018), demonstrating that improvements
in our comprehension of microbe-microbe interactions in arthropod
vectors of human and animal disease, may provide the basis for novel
control strategies via microbiome and/or metabolome manipulation
(Cabezas-Cruz et al., 2018; de la Fuente et al., 2017).

Unfortunately, the destructive nature of the DNA extraction method
used herein, prevented an assessment of the tissue distribution of the
co-infecting bacteria. Thus, it was impossible to reach any conclusions
regarding the possible rickettsial exclusion capabilities of R. bellii.
Although both technically and logistically demanding, future studies
could be designed wherein tick samples would be collected and pro-
cessed to produce histological sections for evaluation by immuno-
fluorescence (Hirunkanokpun et al., 2011) and/or in situ fluorescent
hybridization (Bagheri et al., 2017), to determine the tissue localization
of the different rickettsial agents within individual ticks, as was re-
ported for fleas infected by R. felis (Hirunkanokpun et al., 2011) and for
Ixodes pacificus ticks infected with a variety of rickettsial agents
(Bagheri et al., 2017). Subsequent evaluation of DNA extracted from
sectioned material, using the sca9/ompA PCR-RFLP approach would
provide confirmation of co-infection together with species-level iden-
tification of the Rickettsia species contained therein.

Rickettsia bellii is the earliest divergent known species of Rickettsia
and demonstrates, by far, the widest host range in the American con-
tinents having been reported in association with 25 different tick spe-
cies (Costa et al., 2017). However, our general understanding of the
bacterium (including its potential to influence the biology of the host or
its interactions with other components of the microbiome), is far from
complete. The findings of the current work indicate that the distribution
of R. bellii in Brazilian tick populations, particularly as a co-infecting
species, is most likely underestimated. It is envisaged that the adoption
of the methods reported herein will enhance our capacity to accurately
detect the occurrence of co-infections and may serve to improve our
comprehension of the role of R. bellii in the bio-ecology of tick-asso-
ciated Rickettsia, including its potential participation in rickettsial ex-
clusion.

Declaration of Competing Interest

None.
Acknowledgments

This work was supported by the Fundacéo Carlos Chagas Filho de
Amparo a Pesquisa do Estado do Rio de Janeiro (FAPERJ) [process E-
26/101.385/2014]; the Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq) [Grant (PQ) protocol number 305217/
2013-5] (awarded to JLH Faccini).
Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.ttbdis.2019.101266.

Ticks and Tick-borne Diseases 10 (2019) 101266

References

Bagheri, G., Lehner, J.D., Zhong, J., 2017. Enhanced detection of Rickettsia species in
Ixodes pacificus using highly sensitive fluorescence in situ hybridization coupled with
Tyramide Signal Amplification. Ticks Tick. Dis. 8, 915-921. https://doi.org/10.
1016/j.ttbdis.2017.08.001.

Bitencourth, K., Amorim, M., de Oliveira, S.V., Caetano, R.L., Voloch, C.M., Gazéta, G.S.,
2017. Amblyomma sculptum : genetic diversity and rickettsias in the Brazilian Cerrado
biome. Med. Vet. Entomol. 31, 427-437. https://doi.org/10.1111/mve.12249.

Bouyer, D.H., Stenos, J., Crocquet-Valdes, P., Moron, C.G., Popov, V.L., Zavala-Velazquez,
J.E., Foil, L.D., Stothard, D.R., Azad, A.F., Walker, D.H., 2001. Rickettsia felis: mole-
cular characterization of a new member of the spotted fever group. Int. J. Syst. Evol.
Microbiol. 51, 339-347. https://doi.org/10.1099/00207713-51-2-339.

Budachetri, K., Kumar, D., Crispell, G., Beck, C., Dasch, G., Karim, S., 2018. The tick
endosymbiont Candidatus Midichloria mitochondrii and selenoproteins are essential
for the growth of Rickettsia parkeri in the Gulf Coast tick vector. Microbiome 6, 141.
https://doi.org/10.1186/s40168-018-0524-2.

Burgdorfer, W., Hayes, S.F., Mavros, A.J., 1981. Nonpathogenic rickettsiae in Dermacentor
andersoni: a limiting factor for the distribution of Rickettsia rickettsii. In: Burgdorfer,
W., Anacker, R. (Eds.), Rickettsiae and Rickettsial Diseases. Academic Press, New
York, pp. 585-594.

Cabezas-Cruz, A., Vayssier-Taussat, M., Greub, G., 2018. Tick-borne pathogen detection:
what’s new? Microbes Infect. 20 (7-8), 441-444. https://doi.org/10.1016/j.micinf.
2017.12.015.

Carmichael, J.R., Fuerst, P.A., 2010. Molecular Detection of Rickettsia bellii, Rickettsia
montanensis, and Rickettsia rickettsii in a Dermacentor variabilis Tick from Nature.
Vector-Borne Zoonotic Dis. 10, 111-115. https://doi.org/10.1089/vbz.2008.0083.

Cerutti, F., Modesto, P., Rizzo, F., Cravero, A., Jurman, L., Costa, S., Giammarino, M.,
Mandola, M.L., Goria, M., Radovic, S., Cattonaro, F., Acutis, P.L., Peletto, S., 2018.
The microbiota of hematophagous ectoparasites collected from migratory birds. PLoS
One 13, €0202270. https://doi.org/10.1371/journal.pone.0202270.

Costa, F.B., Barbieri, A.R., Szabd, M., pablo, J., Ramos, V.N., Piovezan, U., Labruna, M.B.,
2017. New records of Rickettsia bellii-infected ticks in Brazil. Braz. J. Vet. Res. Anim.
Sci. 54, 92. https://doi.org/10.11606/issn.1678-4456.bjvras.2017.114141.

Dall’Agnol, B., Souza, U., Webster, A., Weck, B., Stenzel, B., Labruna, M., Klafke, G.,
Martins, J.R., Ferreira, C.A.S., Reck, J., 2017. “Candidatus Rickettsia asemboensis” in
Rhipicephalus sanguineus ticks, Brazil. Acta Trop. 167, 18-20. https://doi.org/10.
1016/j.actatropica.2016.12.008.

de la Fuente, J., Antunes, S., Bonnet, S., Cabezas-Cruz, A., Domingos, A.G., Estrada-Pefia,
A., Johnson, N., Kocan, K.M., Mansfield, K.L., Nijhof, A.M., Papa, A., Rudenko, N.,
Villar, M., Alberdi, P., Torina, A., Ayllén, N., Vancova, M., Golovchenko, M.,
Grubhoffer, L., Caracappa, S., Fooks, A.R., Gortazar, C., Rego, R.0.M., 2017. Tick-
pathogen interactions and vector competence: identification of molecular drivers for
tick-borne diseases. Front. Cell. Infect. Microbiol. 7, 114. https://doi.org/10.3389/
fcimb.2017.00114.

Diop, A., Raoult, D., Fournier, P.-E., 2018. Rickettsial genomics and the paradigm of
genome reduction associated with increased virulence. Microbes Infect. 20, 401-409.
https://doi.org/10.1016/j.micinf.2017.11.009.

Eremeeva, M., Yu, X., Raoult, D., 1994. Differentiation among spotted fever group rick-
ettsiae species by analysis of restriction fragment length polymorphism of PCR-am-
plified DNA. J. Clin. Microbiol. 32 (3), 803-810.

Faccini-Martinez, A.A., Garcia-Alvarez, L., Hidalgo, M., Oteo, J.A., 2014. Syndromic
classification of rickettsioses: an approach for clinical practice. Int. J. Infect. Dis. 28,
126-139. https://doi.org/10.1016/}.ijid.2014.05.025.

Fournier, P.-E., Dumler, J.S., Greub, G., Zhang, J., Wu, Y., Raoult, D., 2003. Gene se-
quence-based criteria for identification of new Rickettsia Isolates and description of
Rickettsia heilongjiangensis sp. nov. J. Clin. Microbiol. 41, 5456-5465. https://doi.org/
10.1128/JCM.41.12.5456-5465.2003.

Gage, K.L., Schrumpf, M.E., Karstens, R.H., Burgdorfer, W., Schwan, T.G., 1994. DNA
typing of rickettsiae in naturally infected ticks using a polymerase chain reaction/
restriction fragment length polymorphism system. Am. J. Trop. Med. Hyg. 50,
247-260. https://doi.org/10.4269/ajtmh.1994.50.247.

Gurfield, N., Grewal, S., Cua, L.S., Torres, P.J., Kelley, S.T., 2017. Endosymbiont inter-
ference and microbial diversity of the Pacific coast tick, Dermacentor occidentalis, in
San Diego County, California. PeerJ, e3202. https://doi.org/10.7717/peerj.3202.

Hecht, J.A., Allerdice, M.E.J., Krawczak, F.S., Labruna, M.B., Paddock, C.D., Karpathy,
S.E., 2016. Development of a Rickettsia bellii-specific taq man assay targeting the
citrate synthase gene. J. Med. Entomol. 53, 1492-1495. https://doi.org/10.1093/
jme/tjw111.

Hirunkanokpun, S., Thepparit, C., Foil, L.D., Macaluso, K.R., 2011. Horizontal transmis-
sion of Rickettsia felis between cat fleas, Ctenocephalides felis. Mol. Ecol. 20,
4577-4586. https://doi.org/10.1111/j.1365-294X.2011.05289.x.

Horta, M.C., Pinter, A., Schumaker, T.T.S., Labruna, M.B., 2006. Natural infection,
transovarial transmission, and transstadial survival of Rickettsia bellii in the tick Ixodes
loricatus (Acari: Ixodidae) from Brazil. Ann. N. Y. Acad. Sci. 1078, 285-290. https://
doi.org/10.1196/annals.1374.053.

Labruna, M.B., Whitworth, T., Bouyer, D.H., McBride, J., Camargo, L.M.A., Camargo,
E.P., Popov, V., Walker, D.H., 2004. Rickettsia bellii and Rickettsia amblyommii in
Amblyomma ticks from the State of Rond6nia, Western Amazon, Brazil. J. Med.
Entomol. 41, 1073-1081. https://doi.org/10.1603/0022-2585-41.6.1073.

Lee, J.K., Moraru, G.M., Stokes, J.V., Wills, R.W., Mitchell, E., Unz, E., Moore-Henderson,
B., Harper, A.B., Varela-Stokes, A.S., 2017. Rickettsia parkeri and “Candidatus
Rickettsia andeanae” in Questing Amblyomma maculatum (Acari: Ixodidae) From
Mississippi. J. Med. Entomol. 54, 476-480. https://doi.org/10.1093/jme/tjw175.

Levin, M.L., Schumacher, L.B.M., Snellgrove, A., 2018. Effects of Rickettsia amblyommatis


https://doi.org/10.1016/j.ttbdis.2019.101266
https://doi.org/10.1016/j.ttbdis.2017.08.001
https://doi.org/10.1016/j.ttbdis.2017.08.001
https://doi.org/10.1111/mve.12249
https://doi.org/10.1099/00207713-51-2-339
https://doi.org/10.1186/s40168-018-0524-2
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0025
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0025
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0025
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0025
https://doi.org/10.1016/j.micinf.2017.12.015
https://doi.org/10.1016/j.micinf.2017.12.015
https://doi.org/10.1089/vbz.2008.0083
https://doi.org/10.1371/journal.pone.0202270
https://doi.org/10.11606/issn.1678-4456.bjvras.2017.114141
https://doi.org/10.1016/j.actatropica.2016.12.008
https://doi.org/10.1016/j.actatropica.2016.12.008
https://doi.org/10.3389/fcimb.2017.00114
https://doi.org/10.3389/fcimb.2017.00114
https://doi.org/10.1016/j.micinf.2017.11.009
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0065
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0065
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0065
https://doi.org/10.1016/j.ijid.2014.05.025
https://doi.org/10.1128/JCM.41.12.5456-5465.2003
https://doi.org/10.1128/JCM.41.12.5456-5465.2003
https://doi.org/10.4269/ajtmh.1994.50.247
https://doi.org/10.7717/peerj.3202
https://doi.org/10.1093/jme/tjw111
https://doi.org/10.1093/jme/tjw111
https://doi.org/10.1111/j.1365-294X.2011.05289.x
https://doi.org/10.1196/annals.1374.053
https://doi.org/10.1196/annals.1374.053
https://doi.org/10.1603/0022-2585-41.6.1073
https://doi.org/10.1093/jme/tjw175

D.P.B.d. Abreu, et al.

infection on the vector competence of Amblyomma americanum ticks for Rickettsia
rickettsii. Vector Borne Zoonotic Dis. 18 (11), 579-587. https://doi.org/10.1089/vbz.
2018.2284.

Luz, H.R., Faccini, J.L.H., McIntosh, D., 2017. Molecular analyses reveal an abundant
diversity of ticks and rickettsial agents associated with wild birds in two regions of
primary Brazilian Atlantic Rainforest. Ticks Tick. Dis. 8, 657-665. https://doi.org/
10.1016/j.ttbdis.2017.04.012.

Luz, H.R., Silva-Santos, E., Costa-Campos, C.E., Acosta, 1., Martins, T.F., Muiioz-Leal, S.,
Mclntosh, D., Faccini, J.L.H., Labruna, M.B., 2018. Detection of Rickettsia spp. in ticks
parasitizing toads (Rhinella marina) in the northern Brazilian Amazon. Exp. Appl.
Acarol. https://doi.org/10.1007/510493-018-0270-y.

Macaluso, K.R., Sonenshine, D.E., Ceraul, S.M., Azad, A.F., 2002. Rickettsial infection in
Dermacentor variabilis (Acari: Ixodidae) inhibits transovarial transmission of a second
Rickettsia. J. Med. Entomol. 39, 809-813. https://doi.org/10.1603/0022-2585-39.6.
809.

Mangold, A.J., Bargues, M.D., Mas-Coma, S., 1998. Mitochondrial 16S rDNA sequences
and phylogenetic relationships of species of Rhipicephalus and other tick genera
among Metastriata (Acari: Ixodidae). Parasitol. Res. 84, 478-484. https://doi.org/10.
1007/5004360050433.

Mclntosh, D., Bezerra, R.A., Luz, H.R., Faccini, J.L.H., Gaiotto, F.A., Giné, G.A.F.,
Albuquerque, G.R., 2015. Detection of Rickettsia bellii and Rickettsia amblyommii in
Amblyomma longirostre (Acari: Ixodidae) from Bahia state, Northeast Brazil. Braz. J.
Microbiol. 46, 879-883. https://doi.org/10.1590/51517-838246320140623.

Moutailler, S., Valiente Moro, C., Vaumourin, E., Michelet, L., Tran, F.H., Devillers, E.,
Cosson, J.-F., Gasqui, P., Van, V.T., Mavingui, P., Vourc’h, G., Vayssier-Taussat, M.,
2016. Co-infection of ticks: the rule rather than the exception. PLoS Negl. Trop. Dis.
10, e0004539. https://doi.org/10.1371/journal.pntd.0004539.

Ogata, H., La Scola, B., Audic, S., Renesto, P., Blanc, G., Robert, C., Fournier, P.-E.,
Claverie, J.-M., Raoult, D., 2006. Genome sequence of Rickettsia bellii illuminates the
role of amoebae in gene exchanges between intracellular pathogens. PLoS Genet. 2,
e76. https://doi.org/10.1371/journal.pgen.0020076.

Ogrzewalska, M., Pinter, A., 2016. Ticks (Acari: Ixodidae) as ectoparasites of Brazilian
wild birds and their association with rickettsial diseases. Braz. J. Vet. Res. Anim. Sci.
53, 1. https://doi.org/10.11606/issn.1678-4456.v53i1p1-31.

Ogrzewalska, M., Uezu, A., Labruna, M.B., 2011. Ticks (Acari: Ixodidae) infesting wild
birds in the Atlantic Forest in northeastern Brazil, with notes on rickettsial infection
in ticks. Parasitol. Res. 108, 665-670. https://doi.org/10.1007/500436-010-2111-8.

Ogrzewalska, M., Uezu, A., Labruna, M.B., 2010. Ticks (Acari: Ixodidae) infesting wild
birds in the eastern Amazon, northern Brazil, with notes on rickettsial infection in
ticks. Parasitol. Res. 106, 809-816. https://doi.org/10.1007/s00436-010-1733-1.

Oliveira de, S.V., Caldas de, E.P., Colombo, S., Gazeta, G.S., Labruna, M.B., Santos dos,
F.C.P., Angerami, R.N., 2016. A fatal case of Brazilian spotted fever in a non-endemic
area in Brazil: the importance of having health professionals who understand the
disease and its areas of transmission. Rev. Soc. Bras. Med. Trop. 49, 653-655. https://
doi.org/10.1590/0037-8682-0088-2016.

Pacheco, R.C., Arzua, M., Nieri-Bastos, F.A., Moraes-Filho, J., Marcili, A., Richtzenhain,
L.J., Barros-Battesti, D.M., Labruna, M.B., 2012. Rickettsial Infection in Ticks (Acari:
Ixodidae) Collected on Birds in Southern Brazil. J. Med. Entomol. 49, 710-716.
https://doi.org/10.1603/ME11217.

Pacheco, R.C., Horta, M.C., Moraes-Filho, J., Ataliba, A.C., Pinter, A., Labruna, M.B.,
2007. Rickettsial infection in capybaras (Hydrochoerus hydrochaeris) from Séo Paulo,
Brazil: serological evidence for infection by Rickettsia bellii and Rickettsia parkeri.
Biomédica Rev. del Inst. Nac. Salud 27, 364-371. https://doi.org/10.7705/
biomedica.v27i3.199.

Pacheco, R.C., Moraes-Filho, J., Marcili, A., Richtzenhain, L.J., Szab6, M.P.J., Catroxo,
M.H.B., Bouyer, D.H., Labruna, M.B., 2011. Rickettsia monteiroi sp. nov., infecting the
tick Amblyomma incisum in Brazil. Appl. Environ. Microbiol. 77, 5207-5211. https://
doi.org/10.1128/AEM.05166-11.

Ticks and Tick-borne Diseases 10 (2019) 101266

Paddock, C.D., Denison, A.M., Dryden, M.W., Noden, B.H., Lash, R.R., Abdelghani, S.S.,
Evans, A.E., Kelly, A.R., Hecht, J.A,, Karpathy, S.E., Ganta, R.R., Little, S.E., 2015.
High prevalence of “Candidatus Rickettsia andeanae” and apparent exclusion of
Rickettsia parkeri in adult Amblyomma maculatum (Acari: Ixodidae) from Kansas and
Oklahoma. Ticks Tick. Dis. 6, 297-302. https://doi.org/10.1016/].ttbdis.2015.02.
001.

Parola, P., Paddock, C.D., Socolovschi, C., Labruna, M.B., Mediannikov, O., Kernif, T.,
Abdad, M.Y., Stenos, J., Bitam, I., Fournier, P.-E., Raoult, D., 2013. Update on tick-
borne rickettsioses around the world: a geographic approach. Clin. Microbiol. Rev.
26, 657-702. https://doi.org/10.1128/CMR.00032-13.

Peniche-Lara, G., Zavala-Velazquez, J., Dzul-Rosado, K., Walker, D.H., Zavala-Castro, J.,
2013. Simple method to differentiate among Rickettsia species. J. Mol. Microbiol.
Biotechnol. 23 (3), 203-208. https://doi.org/10.1159/000348298.

Sakai, R.K., Costa, F.B., Ueno, T.E.H., Ramirez, D.G., Soares, J.F., Fonseca, A.H., Labruna,
M.B., Barros-Battesti, D.M., 2014. Experimental infection with Rickettsia rickettsii in
an Amblyomma dubitatum tick colony, naturally infected by Rickettsia bellii. Ticks Tick.
Dis. 5, 917-923. https://doi.org/10.1016/j.ttbdis.2014.07.003.

Santolin, I.D.A., Famadas, K.M., McIntosh, D., 2013. Detection and identification of
Rickettsia agents in ticks collected from wild birds in Brazil by polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP) analysis. Rev. Bras.
Med. Veterinaria 35, 68-73.

Sears, K.T., Ceraul, S.M., Gillespie, J.J., Allen, E.D., Popov, V.L., Ammerman, N.C.,
Rahman, M.S., Azad, A.F., 2012. Surface proteome analysis and characterization of
surface cell antigen (Sca) or autotransporter family of Rickettsia typhi. PLoS Pathog.
8, €1002856. https://doi.org/10.1371/journal.ppat.1002856.

Skosyrev, V.S., Vasil’eva, G.V., Lomaeva, M.G., Malakhova, L.V., Antipova, V.N.,
Bezlepkin, V.G., 2013. Specialized software product for comparative analysis of
multicomponent DNA fingerprints. Genetika 49, 531-537.

Spolidorio, M.G., Minervino, A.H.H., Valadas, S.Y.O.B., Soares, H.S., Neves, K.A.L.,
Labruna, M.B., Ribeiro, M.F.B., Gennari, S.M., 2013. Serosurvey for tick-borne dis-
eases in dogs from the Eastern Amazon, Brazil. Rev. Bras. Parasitol. Veterindria 22,
214-219. https://doi.org/10.1590/51984-29612013005000023.

Szabd, M.P.J., Nieri-Bastos, F.A., Spolidorio, M.G., Martins, T.F., Barbieri, A.M., Labruna,
M.B., 2013. In vitroisolation from Amblyomma ovale (Acari: Ixodidae) and ecological
aspects of the Atlantic rainforest Rickettsia, the causative agent of a novel spotted
fever rickettsiosis in Brazil. Parasitology 140, 719-728. https://doi.org/10.1017/
S0031182012002065.

Telford III, S.R., 2009. Status of the “East side hypothesis” (Transovarial Interference)
twenty five years later. Ann. N. Y. Acad. Sci. 1166, 144-150. https://doi.org/10.
1111/§.1749-6632.2009.04522.x.

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., Remm, M., Rozen,
S.G., 2012. Primer3—new capabilities and interfaces. Nucleic Acids Res. 40, e115.
https://doi.org/10.1093/nar/gks596.

Vieira, F., de, T., Acosta, I.C.L., Martins, T.F., Filho, J.M., Krawczak, F., da, S., Barbieri,
A.R.M.,, Egert, L., Fernandes, D.R., Braga, F.R., Labruna, M.B., Dietze, R., 2018. Tick-
borne infections in dogs and horses in the state of Espirito Santo, Southeast Brazil.
Vet. Parasitol. 249, 43-48. https://doi.org/10.1016/j.vetpar.2017.11.005.

Vincze, T., 2003. NEBcutter: a program to cleave DNA with restriction enzymes. Nucleic
Acids Res. 31, 3688-3691. https://doi.org/10.1093/nar/gkg526.

Wikswo, M.E., Hu, R., Dasch, G.A., Krueger, L., Arugay, A., Jones, K., Hess, B., Bennett, S.,
Kramer, V., Eremeeva, M.E., 2008. Detection and identification of spotted fever
group rickettsiae in Dermacentor species from Southern California. J. Med. Entomol.
45, 509-516.

Zering6ta, V., Maturano, R., Luz, H.R., Senra, T.O.S., Daemon, E., Faccini, J.L.H.,
Mclntosh, D., 2017. Molecular detection of Rickettsia rhipicephali and other spotted
fever group Rickettsia species in Amblyomma ticks infesting wild birds in the state of
Minas Gerais, Brazil. Ticks Tick. Dis. 8, 81-89. https://doi.org/10.1016/j.ttbdis.
2016.10.001.


https://doi.org/10.1089/vbz.2018.2284
https://doi.org/10.1089/vbz.2018.2284
https://doi.org/10.1016/j.ttbdis.2017.04.012
https://doi.org/10.1016/j.ttbdis.2017.04.012
https://doi.org/10.1007/s10493-018-0270-y
https://doi.org/10.1603/0022-2585-39.6.809
https://doi.org/10.1603/0022-2585-39.6.809
https://doi.org/10.1007/s004360050433
https://doi.org/10.1007/s004360050433
https://doi.org/10.1590/S1517-838246320140623
https://doi.org/10.1371/journal.pntd.0004539
https://doi.org/10.1371/journal.pgen.0020076
https://doi.org/10.11606/issn.1678-4456.v53i1p1-31
https://doi.org/10.1007/s00436-010-2111-8
https://doi.org/10.1007/s00436-010-1733-1
https://doi.org/10.1590/0037-8682-0088-2016
https://doi.org/10.1590/0037-8682-0088-2016
https://doi.org/10.1603/ME11217
https://doi.org/10.7705/biomedica.v27i3.199
https://doi.org/10.7705/biomedica.v27i3.199
https://doi.org/10.1128/AEM.05166-11
https://doi.org/10.1128/AEM.05166-11
https://doi.org/10.1016/j.ttbdis.2015.02.001
https://doi.org/10.1016/j.ttbdis.2015.02.001
https://doi.org/10.1128/CMR.00032-13
https://doi.org/10.1159/000348298
https://doi.org/10.1016/j.ttbdis.2014.07.003
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0210
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0210
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0210
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0210
https://doi.org/10.1371/journal.ppat.1002856
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0220
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0220
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0220
https://doi.org/10.1590/S1984-29612013005000023
https://doi.org/10.1017/S0031182012002065
https://doi.org/10.1017/S0031182012002065
https://doi.org/10.1111/j.1749-6632.2009.04522.x
https://doi.org/10.1111/j.1749-6632.2009.04522.x
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1016/j.vetpar.2017.11.005
https://doi.org/10.1093/nar/gkg526
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0255
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0255
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0255
http://refhub.elsevier.com/S1877-959X(19)30050-0/sbref0255
https://doi.org/10.1016/j.ttbdis.2016.10.001
https://doi.org/10.1016/j.ttbdis.2016.10.001

	Two for the price of one: Co-infection with Rickettsia bellii and spotted fever group Rickettsia in Amblyomma (Acari: Ixodidae) ticks recovered from wild birds in Brazil
	Introduction
	Material and methods
	Development of species-specific PCR assays for R. bellii
	DNA extracted from bird ticks characterized as infected with SFG Rickettsia and examined for the presence of rickettsial co-infection
	Novel PCR assay for detection of SFG Rickettsia using the ompA gene as a target
	Identification of amplicons

	Results
	Discussion
	Declaration of Competing Interest
	Acknowledgments
	Supplementary data
	References




