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RESUMO

RAMIREZ HERNANDEZ, Alejandro. Infecgdo experimental de Capivaras
(Hydrochoerus hydrochaeris) com uma cepa de Rickettsia rickettsii derivada de
Amblyomma sculptum. 2019. 74 f. Tese (Doutorado em Ciéncias) — Faculdade de
Medicina Veterinaria e Zootecnia, Universidade de S&o Paulo, Sdo Paulo, 2019.

A Febre Maculosa Brasileira (FMB) é reconhecida como a doenga transmitida por
carrapatos com maior letalidade no Brasil e outros paises do hemisfério ocidental.
Rickettsia rickettsii € seu agente etioldgico e, na sua historia natural, os carrapatos e
mamiferos cumprem um papel essencial. No sudeste brasileiro, Amblyomma sculptum
€ o principal vetor incriminado e as capivaras tém sido reconhecidas como
hospedeiros amplificadores. Estudos prévios tém comprovado que as capivaras sao
suscetiveis a infecgcdo com R. rickettsii e apresentam uma rickettsemia prolongada
que possibilita a infeccdo de populacdes de A. sculptum suscetiveis. Os estudos
citados, usaram na infeccdo, uma cepa de R. rickettsii isolada de carrapatos
Amblyomma aureolatum (cepa Taiagu), sem executar novos desafios de infecgdo em
animais imunes. No presente trabalho, apresentamos os resultados de uma infecgao
experimental de capivaras com uma cepa de R. rickettsii isolada de carrapatos A.
sculptum (cepa ltu) identificando variaveis clinicas, hematologicas e patoldgicas, o
periodo de rickettsemia e a subsequente transmisséo de R. rickettsii a populacdes de
carrapatos A. sculptum suscetiveis, com uma analise sequencial da sua competéncia
vetorial. Adicionalmente, foram executados desafios posteriores para estudar os
parametros citados em animais imunes ou convalescentes. Cinco capivaras, de duas
areas nao endémicas no estado de Sdo Paulo, foram infectadas com R. rickettsii (cepa
Itu) através de infestagbes com carrapatos A. sculptum infectados. A temperatura retal
e 0s sinais clinicos foram avaliados por um periodo de acompanhamento de 30 dias
e amostras de pele e sangue foram coletadas a cada dois dias, para inoculagéo de
cobaias, extracdo de DNA, hematologia e reacdo de imunofluorescéncia indireta
(RIFT). Adicionalmente, as capivaras também foram infestadas com carrapatos A.
sculptum nao infectados (ninfas e adultos) em duas cdmaras de alimentagdo (uma
junto com os adultos infectados e a outra separados dos adultos infectados), os quais
foram posteriormente coletados, incubados e usados para infestar coelhos suscetiveis
e para extracao de DNA. Estes procedimentos foram repetidos através de infeccoes

subsequentes nas capivaras. Na primoinfecgdo, quatro de cinco capivaras



apresentaram sinais clinicos e duas delas morreram, exibindo lesées macroscépicas
vasculares durante a necropsia. Baseando-se na inoculacdo das cobaias, houve
rickettsemia em todas as capivaras com uma duragdo média de 9,2 dias (intervalo: 6-
20 dias). DNA de Rickettsia foi amplificado em amostras de sangue e pele das
capivaras e algumas variaveis hematoldgicas (hematdcrito e contagem de leucocitos)
se alteraram durante a infecgdo. Todos os individuos apresentaram respostas
sorologicas, mantiveram titulos de anticorpos durante o periodo de acompanhamento
(307-555 dias) e, nos animais convalescentes, anticorpos foram detectados prévio a
cada desafio ulterior. Em aquelas capivaras, ndo foram registrados nem sinais clinicos
nem rickettsemia depois de cada um dos desafios. As amostras de carrapatos
coletadas durante a primoinfec¢do, de todas as capivaras, amplificaram DNA de
Rickettsia com taxas de infeccédo de 4,6-30% para ninfas e 5,0-100.0% para adultos.
Adicionalmente, depois das infestagbes com estes carrapatos, os coelhos
apresentaram sinais clinicos e reagao soroldgica. Pelo contrario, carrapatos coletados
durante os desafios posteriores nao amplificaram DNA de Rickettsia e os coelhos
infestados com estes nao exibiram sinais clinicos nem resposta de anticorpos.
Salienta-se que um lote de carrapatos coletados da capivara 5, durante a segunda
infecdo, que se alimentaram junto com os adultos infectados, amplificaram DNA de
Rickettsia, sugerindo uma provavel transmissdo horizontal ndo sistémica. Em
conclusao, no presente estudo foi corroborada a susceptibilidade das capivaras a
infeccdo com R. rickettsii (cepa Itu) e a apresentacdo de variaveis de infec¢ao
similares quando comparada com a cepa Taiagu. Nao obstante, novas caracteristicas
clinicas e de infec¢ao de carrapatos foram registradas em animais primo-infectados e

imunes.

Palavras-chave: Febre Maculosa Brasileira. Febre Maculosa das Montanhas

Rochosas. Carrapatos. Ixodidae. Rickettsiaceae.



ABSTRACT

RAMIREZ HERNANDEZ, Alejandro. Experimental infection of Capybaras
(Hydrochoerus hydrochaeris) with an Amblyomma sculptum-derived strain of
Rickettsia rickettsii. 2019. 74 f. Thesis (Doctor in Sciences) — School of Veterinary
Medicine and Animal Science, University of Sdo Paulo, Sdo Paulo, 2019.

Brazilian Spotted Fever (BSF) is recognized as the most lethal tick-borne disease in
Brazil and other countries in the western hemisphere. Rickettsia rickettsii is its
etiological agent, and in its natural history, ticks and mammals perform an essential
epidemiologic role. In southeastern Brazil, Amblyomma sculptum is the main
incriminated vector and capybaras have been recognized as amplifier hosts. Previous
studies have comproved that capybaras are susceptible to infection with R. rickettsii
and that develop a rickettsemia of sufficient length to infect naive A. sculptum ticks.
These studies used for infection a strain of R. rickettsii isolated from Amblyomma
aureolatum ticks (strain Taiagu) without performing subsequent infection challenges in
immune animals. Herein, we present the results of an experimental study infecting
capybaras with a R. rickettsii-strain isolated from A. sculptum (strain ltu) identifying
clinical, haematological and pathological features, rickettsemic period and subsequent
transmission of R. rickettsii to susceptible A. sculptum tick populations with a
sequential analysis of their vectorial competence; also, we performed subsequent
infections to evaluate the mentioned variables in immune or convalescent animals.
Five capybaras, from two non-endemic regions in S&o Paulo state, were infected with
R. rickettsii (strain Itu) through tick infestations with infected A. sculptum adults. Rectal
temperature and clinical signs were registered during a 30-day following period and
skin and blood samples collected, each two days, for guinea pig inoculation, DNA
extraction, haematology and immunofluorescence antibody test (IFA). Also, capybaras
were infested with non-infected A. sculptum ticks (nymphs and adults) in two feeding
chambers (one to feed with infected adults and another to feed separated from infected
adults), which were further collected, incubated and posteriorly used for infestation of
susceptible rabbits and DNA extraction. These procedures were repeated during
subsequent capybara infections. During primoinfection, four out of five capybaras
presented clinical signs and two died, showing vascular gross lesions at necropsy.
Based on guinea pig inoculation, rickettsemia was present in all capybaras with a mean

duration of 9.2 days (range: 6-12 days). Rickettsia DNA was amplified in blood and



skin samples from capybaras and some hematologic variables (PCV, and leucocyte
count) were altered during infection. All individuals presented serological responses
and maintain antibody titres during the following period (307-555 days) and, in
convalescent capybaras, antibodies were detected before each subsequent infection.
In those animals, no clinical signs nor rickettsemia were detected after each infection
challenge. Samples of ticks collected during primoinfection of all capybaras amplified
Rickettsia DNA with infectious rates of 4.6-30.0% and 5.0-100.0% in molted nymphs
and adults, respectively. Also, after infestations with these ticks, rabbits presented
clinical signs and serologic reactivity. By contrast, ticks collected during subsequent
capybara infections did not amplify Rickettsia DNA and rabbits infested with them did
not exhibited clinical signs nor antibody response. Notably, a batch of ticks collected
from capybara 5, during the second infection, that fed adjacent with infected adults,
amplified Rickettsia DNA, suggesting a probable R. rickettsii non-systemic horizontal
transmission. In conclusion, in the present study it was corroborated capybara
susceptibility to infection with R. rickettsii (strain Itu) and similar infection variables
when comparing with strain Taiagu. However, new clinical and tick transmission

patterns were registered in first-infected and immune animals.

Keywords: Brazilian Spotted Fever. Rocky Mountain Spotted Fever. Ticks. Ixodidae.

Rickettsiaceae.
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1 INTRODUCTION

The disease produced by the infection with Rickettsia rickettsii, known as
Brazilian Spotted Fever (BSF), is considered the most lethal tick-borne disease in the
country with high case-fatality rates (>50%) in infected patients (DE OLIVEIRA et al.,
2016). A condition related, as in other countries, by the delayed case suspicion and
treatment, the use of less effective antibiotics and also by the infection with high
virulent strains which genetically differ between geographical regions (WALKER, 2002;
EREMEEVA et al., 2003; ANGERAMI et al., 2006).

In Brazil, in spite of the recognition of the disease since 1929 (PIZA et al., 1932)
it was included for compulsory notification until 2001 and obligatory notification since
2014 (DE OLIVEIRA et al., 2016). Most of cases are registered in the southeastern
region, where it is considered an endemic disease. Particular ecological and
epidemiological factors in this region could favour its maintenance, as the broad
distribution and high environmental densities of the main recognized vector
(Amblyomma sculptum) and high population densities of one of its primary hosts, the
capybara (Hydrochoerus hydrochaeris) (SZABO et al., 2013). Historically, among the
states from this region, S&do Paulo state (SP) registered the highest numbers of
suspected, confirmed cases and related deaths (DEL FIOL et al., 2010; DE OLIVEIRA
et al., 2016).

Ticks functions as the main reservoir of R. rickettsii in nature by means of
transstadial maintenance and transovarian transmission mechanisms (RICKETTS,
1907). Nonetheless, due to bacterial pathogenic effects on ticks (BURGDORFER,;
BRINTON, 1975; NIEBYLSKI et al., 1999) and some degree of tick refractoriness to
bacterial infection (SOARES et al., 2012), low natural infectious rates are commonly
found. Therefore, amplifier hosts (vertebrate animals that develops rickettsemia for
some days) are essential in maintaining the pathogen by its transmission to non-
infected ticks feeding on them and creating new lineages of infected individuals within
the population (BURGDORFER, 1988; LABRUNA, 2009).
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Labruna et al. (2009) proposed five main requirements that a vertebrate species
must satisfied in order to be an efficient amplifier host for R. rickettsiiin a given endemic
area for this bacterium. Firstly, it has to be abundant in the mentioned area; secondly,
it has to be a major host for the tick vector; thirdly, it must be susceptible to the infection
with R. rickettsii; fourthly, once infected with R. rickettsii, it must develop a rickettsemia
of sufficient length and intensity in order to infect ticks feeding on this host; and, fifthly,
it has to be a prolific species to introduce new nonimmune individuals to the population.
Capybaras, in endemic BSF regions in Souheastern Brazil, fulfil the mentioned criteria,

confirming its crucial role in the natural history of the disease (LABRUNA, 2013).

Experimental R. rickettsii infections have been performed in order to study
susceptibility and rickettsemia in diverse animal species like birds (LUNDGREN et al.,
1966), dogs (KEENAN et al., 1977; NORMENT; BURGDORFER, 1984; PIRANDA et
al., 2008; LEVIN et al., 2014), lagomorphs (LUNDGREN et al., 1968; BURGDORFER
et al., 1980), nonhuman primates (MOE et al., 1976; SAMMONS et al., 1976),
opossums (BOZEMAN et al., 1967; HORTA et al, 2009), small mammals
(BURGDORFER et al., 1966; LUNDGREN; THORPE, 1966; BOZEMAN et al., 1967),
and capybaras (TRAVASSOS; VALLEJO, 1942a; SOUZA et al., 2009). In the latter, it
was confirmed a rickettsemia of adequate extent and magnitude in order to infect
susceptible tick populations, indicating the role of this wild rodent as amplifier host
(TRAVASSOS; VALLEJO, 1942a; b; SOUZA et al., 2009).

In the mentioned previous experimental studies with capybaras, in spite of the
success in developing and identifying rickettsemia and corroborating tick infection, it
was registered low nymphal infectious rates, suggesting a probable refractoriness to
infection in tick populations; which could be related with the use of a R. rickettsii strain
derived of other tick species (strain Taiagu from Amblyomma aureolatum) (SOUZA et
al., 2009). Furthermore, the referred works did not evaluate if could be more than one
rickettsemic period in capybaras, after subsequent bacterial challenges, which could
be crucial in the BSF epidemiology. Besides, previous research has identified that as
a result of an acquired immune response after primoinfection in the vertebrate host,
new rickettsemic periods are absent, not contributing to the infection of new
susceptible ticks (PHILIP, 1959; LUNDGREN; THORPE, 1966).
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In spite of capybaras being essential in the natural history of BSF, questions
remained unresolved due to its wide distribution in endemic and non-endemic localities
for BSF in Sao Paulo state. Which factors associated with this host, the vector and/or

the pathogen, could favour the circulation of R. rickettsii in specific area?

Herein, we present the results of an experimental study infecting capybaras with
a R. rickettsii-strain isolated from A. sculptum (strain Itu) (KRAWCZAK et al., 2014)
identifying clinical, haematological and pathological features, rickettsemic period and
subsequent transmission of R. rickettsii to susceptible A. sculptum tick populations with
a sequential analysis of their vectorial competence. Data were collected after multiple
infection challenges in an extended period of evaluation. Our aim is to compare these
results with those obtained in previous studies with strain Taiagu and complement
current knowledge in dynamic of R. rickettsii infection in this amplifier host. Results are

presented in two separated papers proposed for further submission and publication
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2 OBJECTIVES

To perform an experimental infection in capybaras with an A. sculptum-derived strain
of R. rickettsii and to register clinical, infection and serological variables during the first

and subsequent infections.

To perform an experimental transmission of R. rickettsii (strain ltu) to non-infected
larvae and nymphs of A. sculptum, after feeding on experimental infected and
subsequently challenged capybaras, and to assess the capacity of these ticks to

transmit the bacterium to susceptible rabbits.
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3 EXPERIMENTAL INFECTION OF CAPYBARAS (Hydrochoerus
hydrochaeris) WITH AN Amblyomma sculptum-DERIVED STRAIN OF Rickettsia
rickettsii

3.1 INTRODUCTION

Brazilian Spotted Fever (BSF) is the most lethal tick-borne disease in Brazil with
increasing numbers of cases and consequent deaths. Between 2007 and 2015, 17,117
suspected cases of spotted fever (including other Spotted Fever Group Rickettsia
species) were reported and 1,245 were confirmed in twelve Brazilian states from all
regions (de Oliveira et al., 2016). Moreover, the case-fatality rates can attain values of
30% (or higher) which could be associated with low index of suspicion and
misdiagnosis by health-care professionals and exposure to particular eco-

epidemiological risk factors (de Oliveira et al., 2016).

Rickettsia rickettsii is the etiological agent of BSF (as known in Brazil) and of Rocky
Mountain Spotted Fever, a disease registered in different American countries including
United States, Canada, Mexico, Costa Rica, Panama, Colombia (known as “Tobia
Fever’) and Argentina (Parola et al., 2013). This bacterium is transmitted by different
tick species through the continent (i.e. Dermacentor variabilis, Dermacentor andersoni,
Rhipicephalus sanguineus s.l., Amblyomma sculptum and Amblyomma aureolatum)
(Parola et al., 2013). In Brazil, in the southeastern region, A. sculptum is the main
incriminated vector, for which horses and capybaras (Hydrochoerus hydrochaeris) act

as primary host for all parasitic stages (Labruna, 2009; Szabo et al., 2013).

Ticks function as the main reservoir of R. rickettsii in nature, nonetheless, due to
bacterial pathogenic effects on ticks (Burgdorfer and Brinton, 1975; Niebylski et al.,
1999) and some degree of tick refractoriness to bacterial infection (Soares et al., 2012),
low natural infectious rates are commonly found. Therefore, amplifier hosts (vertebrate
animals that develops rickettsemia for some days) are essential in maintaining the
pathogen by its transmission to non-infected ticks feeding on them and creating new
lineages of infected individuals within the population (Burgdorfer, 1988; Labruna,
2009). In Brazil, opossums (Didelphis aurita) (Horta et al., 2005) and capybaras

(Travassos and Vallejo, 1942; Souza et al., 2009) have been shown to be competent
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amplifier hosts of R. rickettsii for A. sculptum ticks, in contrast to horses, which could
maintain high tick populations but are not competent in amplifying infection to naive
ticks (Ueno et al., 2016). Souza et al. (2009) induced infection on capybaras by the
inoculation or tick exposure to strain Taiagu of R. rickettsii, isolated from A. aureolatum
ticks from Taiagupeba (Séo Paulo state) (Pinter and Labruna, 2006); besides, this
study followed the serological response of capybaras during 146 days post infection,
without new infection challenges, which bring some interrogations about infection and
serologic dynamics in a longer period of time with more than one exposure event and
with a bacterium strain derived from A. sculptum, resembling natural conditions. Based
on these, we present the results of an experimental infection of capybaras with an A.
sculptum-derived strain of R. rickettsii including multiple challenges and the respective

clinical, infection and serological monitoring.

3.2 MATERIALS AND METHODS

3.2.1 Animals

Five capybaras were obtained from two different non-endemic areas in S&o Paulo
state. Three animals (females) from S&o Paulo city (University of Sdo Paulo -USP-
campus), 2 weeks old and from the same litter; and 2 animals (one male and one
female, 4 weeks old) from Pirassununga (USP campus), from two different groups.
Animals were transported to the Animal Research Facility of Superintendéncia de
Controle de Endemias (SUCEN) in Mogi Guagu, Sdo Paulo state. They were kept in
individual boxes (3 m x 3 m) and fed daily with fresh forage, commercial guinea-pig
pellets and water ad libitum. Occasionally, they received sugar cane and fresh corn as
positive reinforcements during management. They had permanent access to a
swimming pool, with daily cleaning and water replacement, for environmental
enrichment. All captured animals were previously infested by Amblyomma dubitatum

ticks under natural conditions, before starting the present study.

Laboratory guinea pigs (Hartley strain) and white New Zealand rabbits were purchased
from a commercial breeder, housed in standardized laboratory cages and fed with a
commercial guinea pig and rabbit pellet diet, water ad libitum in a room with
temperature, photoperiod (12 h/12 h) and ventilation control. All guinea pigs and

rabbits were tick-naive and breed under laboratory standard sanitary conditions.
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All animal procedures were authorized by the Ethic Committee on Animal Use of the
School of Veterinary Medicine and Animal Science (University of Sdo Paulo)
(CEUA/FMVZ) (CEUA No. 4115110215) and procedures involving capybaras, were
authorized by the Brazilian biodiversity agency SISBIO (“Sistema de Autorizagéo e
Informacao em Biodiversidade”-ICMBio) (No. 43259-3).

3.2.2 Capybara infection

The study was divided into four phases (I to IV) as follows: phase |, primoinfection of
capybara no. 1 and capybara no. 3 used as no infection control; phase Il, second
infection of capybara no. 1 and primoinfection of capybaras no. 2 and 3; phase I, third
infection of capybara no. 1 and primoinfection of capybaras no. 4 and 5; phase |V,

fourth infection of capybara no. 1 and second infection of capybaras no. 4 and 5 (Figure

1).

Before primoinfection, all capybaras were clinically healthy and negative in both paired
serum samples (14-day interval), tested by indirect immunofluorescence assay IFA
(see below) with the antigens R. rickettsii, Rickettsia parkeri, Rickettsia rhipicephali,
Rickettsia bellii, Rickettsia typhi and Rickettsia felis, as previously described (Pacheco
et al., 2007; Souza et al., 2009).

For primo and subsequent infections of capybaras, two separated cotton sleeves (10-
cm diameter feeding chambers) were glued on the capybara shaved dorsum, as
previously described (Labruna et al., 2008; Souza et al., 2009). These chambers were
labelled as chamber A (cranial position on the capybara dorsum) and chamber B
(caudal position on the capybara dorsum).The minimum distance between the two
chambers was 5 cm. Chamber A received 20 males and 20 females (10 males and 10
females for primoinfection of capybara 1) of A. sculptum derived from a colony, in the
fifth generation (F5), established in the laboratory from a population adapted to
capybaras, collected in Itu municipality (Sao Paulo) in 2012 (Krawczak et al., 2014).
These adult ticks were exposed to rickettsial infection, as larvae and nymphs, through
feeding on rickettsemic guinea pigs intraperitoneally inoculated with a R. rickettsii
strain (ltu strain) that was isolated from A. sculptum ticks collected in the same area of

origin of the progenitor ticks that generated our tick colony (Krawczak et al., 2014).
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Day 0 (zero) of infection was considered as the day of infestation with infected ticks,
namely, when infected unfed adults were put in the feeding chamber A. After that, and
during 30 days post infection (DPI), animals were monitored daily for clinical signs and
rectal temperature was registered. Also, blood samples were collected from the
femoral vein for the following procedures: with anticoagulant (EDTA) for guinea pig
inoculation (every 2 days), DNA extraction (every 2 days) and haematology (every 4
days); and without anticoagulant to obtain sera for IFA test (every 6 days). In addition,
a skin biopsy from the abdominal region was performed with a 5 mm-punch, every 2
days. These procedures were repeated during all study phases, and in the control
animal (no. 3 in phase |) the only sample collected was blood for haematology
analyses. Prior to each procedure (sample collections and tick feeding chamber
preparation) animals were slightly sedated with a mixture of xylazine (0.1 mg/kg) and

ketamine (1 mg/kg) by the intramuscular route (IM).

In each infection phase (I to IV) a tick-naive white New Zealand rabbit were used as
control of infected ticks. At day zero of capybara infection, these animals received the
same number and batch of infected ticks (adults) as the capybaras included in the
respective phase. Formerly, a cotton sleeve (8-cm diameter feeding chamber) was
glued on the shaved back of the rabbit as described earlier (Pinter et al., 2002). Clinical
signs and rectal temperature were registered daily, between day 0 and 21 DPI, and in
case of death, necropsy and organ samples (spleen) were collected and frozen. Also,

serum samples were collected in a 21-day interval for IFA (described below).

3.2.3 Guinea pig inoculation

Anticoagulated blood from capybaras (1.0 ml) was inoculated into two guinea pigs, for
each blood sampling, in order to identify a probable rickettsemia in the capybara, as
previously described (Souza et al., 2009). For this purpose, animals were previously
anaesthetised with a mixture of xylazine (10 mg/kg) and ketamine (100 mg/kg) (IM)
(Gaertner et al., 2008) and a blood sample collected, by intracardiac puncture, for IFA
analyses (day 0). All animals were monitored daily for clinical signs detection and rectal
temperature measurement during 21 days; then, a second blood sample (day 21) was
collected, as described above, and thereafter guinea pigs were euthanized with sodium

pentobarbital (100 mg/kg) by intracardiac injection. A febrile guinea pig was considered
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when a rectal temperature > 40 °C was registered during two or more consecutive
days. Dead individuals were submitted to necropsy and samples of spleen frozen at
-20 °C.

3.2.4 Haematology tests

Non-coagulated blood samples from capybaras (0.5 ml) were used for estimation of
packed cell volume (PCV), erythrocytes and leukocytes total cell count. PCV was
estimated by the microhematocrit technique and red and white cells were counted in
an improved Neubauer chamber with blood diluted on Gowers and Turk solutions,
respectively. Subsequent procedures followed those described by Madella et al.
(2006).

3.2.5 Indirect immunofluorescence assay (IFA)

Sera obtained from capybaras and guinea pigs were tested by IFA using R. rickettsii
(strain Taiagu) crude antigen and fluorescein isothiocyanate-labelled anti-capybara
IgG (CCZ, Sao Paulo-SP, Brazil) or rabbit anti-guinea pig IgG (Sigma, St. Louis, USA)
as previously described (Pacheco et al., 2007; Soares et al., 2012). Samples were
initially tested in a 1:64 dilution (with PBS) as cut-off and those positive, further diluted
in a twofold increase until reach the endpoint titre as reported earlier (Labruna et al.,
2007). In each slide, previously known reactive and non-reactive serum, for both

animal species, were included as positive and negative controls, respectively.

3.2.6 DNA extraction from blood and skin samples

DNA was extracted from frozen (-20 °C) blood and skin samples using the DNeasy
Blood and Tissue kit (QIAGEN Inc., Valencia, CA, USA) and following the
manufacturer’s protocols for purification of total DNA from animal blood and tissues.
Final products were stored at -20 °C for further amplification by polymerase chain
reaction (PCR).

3.2.7 Real-time PCR from blood and skin samples

DNA obtained from blood and skin biopsies was submitted to a TagMan real-time PCR
technique to amplify a 147-bp fragment of the citrate synthase gene (gltA) of Rickettsia
spp. using the primers CS-5 (forward; Guedes et. al.,, 2005) and CS-6 (reverse;
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Labruna et. al., 2004) and an internal fluorogenic probe (6-FAM d, BHQ- 1) (Integrated
DNA Technologies, San Diego, CA), in accordance with reagents and cycling
conditions reported by Labruna et al. (2004). The sensitivity of the technique was
determined to be 1 DNA copy of R. rickettsii (Labruna et al., 2004). For each reaction,
a positive (DNA of Rickettsia vini cultivated in Vero cells) and a negative control

(molecular-grade water) were included.

3.3 RESULTS

3.3.1 Capybara infection

Five capybaras were infected during four study phases. Capybara 1 was the sole
animal that was re-infected three times after primoinfection (four infection challenges).
Capybaras 4 and 5 had one additional infection (two infection challenges).
Unexpectedly, capybaras 2 and 3 died during primoinfection, impeding further

exposure.

As presented in Table 1, during primoinfection, capybaras 2, 3, 4 and 5 manifested
rectal temperatures higher than 38.5 °C with onset on 8 or 9 DPI. Outstandingly, rectal
temperature reached highest values of 39.7 and 39.8 °C in capybaras 2 and 3,
respectively, which died during the rickettsemic period (see below). Also, in both
individuals, rectal temperatures around 32 °C (hypothermia) were recorded few hours
prior to death. Additionally, capybaras 2 to 5 presented common clinical signs during
primoinfection, such as lack of appetite, general and hindlimb weakness
(supplementary video), and nasal mucous discharge. Moreover, in capybaras 2 and 3,
a more severe clinical course was evident with signs like inappetence, diarrhoea, dark
urine, prostration, coma, seizures and death. It is noteworthy that both individuals also
presented skin manifestations such as abdominal and thoracic rash and focal purplish
macules with onset at 8 DPI (Table 1 and Figure 2 A-D). The first clinical signs
appeared in capybaras no. 2, 3, 5 at DPI 8 and in capybara no. 4 at DPI 9 (mean

incubation period: 8,3 days).

In contrast, clinical alterations, including rectal temperature >38.5 °C, were absent in
capybara 1 during primoinfection and further challenges (phases | to IV) and in
capybaras 4 and 5 during the subsequent exposure (phase 1V). Also, in capybara 3,

used as control during phase I, no clinical abnormality was observed (Table 1).
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All control rabbits, infested with the same batch of infected ticks used for infection and
challenge of capybaras, presented fever. Additionally, most of them manifested lack of
appetite, auricular, preputial and scrotal vascular abnormalities (i.e. edema, erythema
or necrosis), and, in the case of animals in phase | and Il its condition get worst and

manifested hypothermia and death (Table 1).

After death of capybaras 2 and 3 (during phase Il) necropsy was practised and different
macroscopic abnormalities registered. Both animals presented vascular disseminated
lesions (from hyperaemia to haemorrhage) in different organs like spleen, stomach,
small and large intestines, liver, lung, kidneys and adrenal glands (Figure 3 A-B and
Figure 4). It was notorious a spleen enlargement in both capybaras (Figure 3 A-D)
accompanied by ascites in capybara 3 (Figure 3 A). Different organs were sampled for
histopathology (conserved in 10% neutral buffered formalin) and Rickettsia
immunohistochemistry (conserved in 10% neutral buffered formalin for 24 hours and

further in 70% ethanol), and are under analyses.

3.3.2 Guinea pig inoculation

Anticoagulated blood collected every two days from capybaras during infection
challenges were inoculated in two guinea pigs simultaneously. During primoinfection
(first challenge) of capybaras 1 to 5, fever was detected in guinea pigs inoculated with
blood from capybaras at 6 to 16 DPI, being the earliest (6 DPI) in individuals inoculated
with blood from capybaras 2 and 3. The proportion of febrile guinea pigs ranged from
9.4 to 61.1% with the highest values (45.0 and 61.1%) in groups inoculated with blood
from capybaras 2 and 3. None of guinea pigs showed fever when inoculated with blood

from capybaras 1, 4 and 5 during their subsequent challenges (Table 2).

Auricular and genital vascular signs like erythema, edema and necrosis were recorded
in guinea pigs inoculated with blood from capybaras 1 to 5 during their respective
primoinfection. The proportion of affected animals with these conditions ranged from
3.1 1o 61.1% with the higher frequencies (> 50.0%) in individuals inoculated with blood
from capybaras 2 and 3. The mentioned vascular manifestations were absent in all
animals inoculated with blood from capybaras 1, 4 and 5 during subsequent challenges
(Table 2).



31

Guinea pig death was recorded in animals inoculated with blood from capybaras 1 to
5 at 6 to 20 DPI of their primoinfection. The frequency of dead animals ranged from
3.1 to 27.8% with the highest values in groups inoculated with blood from capybaras 2
and 3. No deaths were recorded in animals inoculated with blood from capybaras 1, 4

and 5 when they were subsequently infected (Table 2).

Anti-R. rickettsii 1IgG antibodies (> 1/64 dilution) were detected by IFA in guinea pigs
inoculated during primoinfection of capybaras 1 to 5. The frequency of seropositive
animals ranged from 9.4 to 50.0% with highest values in animals inoculated with blood
from capybaras 2 and 3. Besides, guinea pigs inoculated with 6 - 18 DPI-capybara
blood seroconverted with endpoints titres from 8,192 to 262,144, with higher titres in
animals inoculated with blood of capybaras 2 and 3 and the lowest titres in animals
inoculated with blood from capybara 4. Furthermore, none of the guinea pigs
inoculated with blood from capybaras 1, 4 and 5, during their subsequent challenges,

presented antibodies to R. rickettsii (Table 2).

3.3.3 Haematology

Haematological variables evaluated in capybaras during primoinfection and
subsequent challenges were packed cell volume (PCV), erythrocyte and leucocyte
count and results were compared with those from capybara 3 during phase | (infested
with non-infected A. sculptum ticks) and reference values (Table 3, Figure 6). In
general, mean PCV values during primoinfection of all infected capybaras were lower
than reference. Besides, minimum PCV values of 22.2, 24 .4, 25.6, 31.4 and 27.1% in
capybaras 1 to 5, respectively, between 12 and 22 DPI, were registered (Figure 6).
Conversely, mean values were higher during subsequent challenges in capybaras 1,
4 and 5 (except for second infection of capybara 1) and minimum values were within

the reference range (Table 3).

Mean erythrocyte count in capybaras were lower than reference during primoinfection
of all animals excepting no. 3 (Table 3). The lowest values were registered during 12-
28 DPI in all individuals including capybara 3 (Figure 6). During subsequent

challenges, mean counts of capybaras 4 and 5 were within reference values but for
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capybara 1 they were slightly lower, in spite of be higher than that of primoinfection
(Table 3).

Mean leucocyte count number during primoinfection was lower than reference values
in capybaras 2 and 3. Besides, comparing mean counts during primoinfection and
subsequent challenges in capybaras 1 and 4, lower values were evident during the
first infection (Table 3). The minimum values were registered during primoinfection of
capybaras 2 and 3 (phase Il), capybara 1 (phase |) and capybara 5 (phase lll), with
1.13, 1.38, 1.85 and 2.23 x102 cells/mm?, respectively, at 12 DPI (Figure 6).

3.3.4 IFA

As presented in Figure 5, capybaras 1, 4 and 5 became first seroreactive to R. rickettsii
at 16-18 DPI and remained seroreactive until the last day of sampling. In capybara 1,
antibody titres were followed from 0 to 555 DPI. The first positive sample (> 64 titre)
was registered at 16 DPI and peaked with 8,192 at 138 DPI, 18 days after the second
challenge (phase Il), and remained high (4,096-8,192) till 238 DPI. The lowest titre
recorded was 1,024 at 388 DPI, 140 days after the third challenge. Titres at the day of
the 2", 3 and 4" challenges were 2,048, 2,048 and 1,024, respectively (Figure 5).
For capybara 4, at 18 DPI| was detected the first positive sample with a 1,024 titre.
Posteriorly, they peaked in 8,192 between 46 and 83 DPI, and thereafter, the lowest
detected titre was 2,048 at 189 DPI. Before the 2" challenge (227 DPI), the titre was
4,096. For capybara 5, the first positive sample was a 2,048 titre at 18 DPI; which
posteriorly reached its highest titre at 32,768 between 46 and 54 DPI. Then, titre
descended to 4,096 (159 DPI), which remained till and after the second challenge. At
251 DPI, 24 days after the second challenge, capybara 5 titre decreased to 2,048.
Lastly, for capybaras 2 and 3, antibodies were detected in the serum sample before
death (18 and 16 DPI, respectively) with titres of 512 and 128, correspondingly (data
not graphed).

3.3.5 Real-time PCR from blood and skin samples

Real-time PCR in blood samples collected during primoinfection revealed Rickettsia
DNA in samples from capybara 2 at 14, 16 and 18 DPI, capybara 3 at 12, 14 and 16
DPI, and, capybara 5 at 12 and 14 DPI. No rickettsial DNA was detected in the blood



33

of capybaras 1 and 4 after primoinfection (Figure 7). In addition, Rickettsia DNA was
detected in skin samples from all capybaras during primoinfection, as follows:
capybara no. 1, DPI 16; no. 2, DPI 8, 12, 14 and 16; no. 3 DPI 10, 12 and 14; no. 4
DPI 6, 10, 12 and 14; no. 5 DPI1 12, 16, 20, 22 and 26. Blood samples and skin biopsies
from subsequent infections were not tested because guinea pig inoculations were
negative for the presence of viable rickettsia in capybara blood at all instances (Figure
7).

3.4 DISCUSSION

Herein, we present the results of an experimental infection in capybaras with a R.
rickettsii strain (Itu) derived from the same tick population (A. sculptum) used in all
infestation phases. One of our main objectives, was to emulate a natural condition
using infected ticks as the primary and unique way of infection for this vertebrate. Two
previous published studies achieved experimental infections in this species. The
earliest work published by Travassos et al. (1942), performed subcutaneous
inoculations with infected blood from guinea pigs as sole way of exposition. More
recently, Souza et al. (2009) executed infections by two procedures: infestations with
infected A. sculptum nymphs (n=20) and intraperitoneal inoculation of infected organs
(liver and brain) derived from guinea pigs. In the present study, we succeeded in
develop primoinfection in five capybaras as evidenced by clinical and guinea pig

inoculation findings.

Firstly, we confirm, in agreement with preceding studies, that capybaras are
susceptible to infection with the referred strain (ltu) of R. rickettsii. Secondly, we did
not register any clinical abnormality in control animal (capybara 3) infested with non-
infected ticks during phase | of the study. While there are no reference values for
normal rectal temperature of capybaras in the literature, in the present study we
observed that rectal temperature of capybara 3 during infestation with noninfected ticks
never exceeded 38.2 °C. In addition, when capybaras 1, 4 and 5 were already immune
(seropositive to R. rickettsii) and did not develop rickettsemia during subsequent
challenges, their rectal temperature did not exceed 38.0 °C (Table 1). Hence, for
convenience, we adopted in the present study that rectal temperatures >38.5 °C was
considered as fever. Thus, it is noteworthy that a febrile condition was manifested by

capybaras 2, 3, 4 and 5 during primoinfection, achieving registers as high as 39.8 °C,
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which differ with previous studies in which normothermic conditions were registered
(Travassos and Vallejo, 1942; Souza et al., 2009). Furthermore, clinical pictures
evidenced by the same febrile animals with signs like weakness, inappetence, nasal
discharge, diarrhoea, nervous disorders and even death (no. 2 and 3), diverge from
earlier experimental observations with absence of illness (Travassos and Vallejo,
1942; Souza et al., 2009). One plausible explanation is the infection rate of the R.
rickettsii-infected colony of A. sculptum that was used for primoinfection of the
capybaras. We estimated, in random samples of the same batch of ticks used for
primoinfection, infection rates of approximately 30% in ticks used in phase 1 (capybara
1), and > 50% in ticks used during phases 2 and 3 (capybaras 2-5) (data not shown).
Probably, these different rates reflect, in addition with the number of infected adults
used for primoinfection, the contrasting results in the clinical course of capybara 1
versus capybaras 2 to 5. Higher infectious dose rates in the latter could be associated
not only with severity of the fever and clinical course, but also with higher proportions
of blood-inoculated guinea pigs presenting fever, vascular injuries, serological
responses and even death. Moreover, Rickettsia DNA was only detected in blood from
capybaras 2, 3 and 5. Differences in infectivity, severity of clinical course, and mortality
have been previously associated with infectious dose of Rickettsia in dogs
experimentally inoculated with incremental bacterial doses (Keenan et al., 1977). As
well, Piranda et al. (2008) stated differences in severity of iliness, onset of fever and
rickettsemia between dogs inoculated intraperitoneally and those exposed to R.
rickettsii via tick bite, being most severe in the latter. Piranda et al. (2008) proposed
that tick-exposed dogs might have received lower infectious doses over several
consecutive days during adult engorgement. Thus, capybaras infested with tick
batches with higher infectious rates could finally receive higher bacterial doses during
a prolonged period of tick feeding. Signs manifested in infected capybaras (no. 2 to 5)
are comparable with clinical course in other R. rickettsii susceptible animal hosts (i.e.
guinea pigs, rabbits, dogs and humans). As an example, signs like fever, anorexia,
lethargy, weakness, skin rash, diarrhoea, prostration, seizures and death have been
related in experimental and natural infections in dogs (Keenan et al., 1977; Piranda et
al., 2008; Labruna et al., 2009; Levin et al., 2014), and are similar to those related in
human cases of BSF (Angerami et al., 2009; Angerami et al., 2012). Correspondingly,
gross pathological lesions related with multisystemic vascular disorders observed

during necropsy of capybaras 2 and 3, concur with common findings in susceptible
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hosts (Walker et al., 1980; Randall and Walker, 1984; Levin et al., 2014). Additionally,
rectal temperatures and clinical signs evidenced in control rabbits infested with the
same lot of ticks used for capybara infection, corroborate the infectious status of the

latter in each of the study phases.

Herein, infection of guinea pigs inoculated with blood, is used as an indicative of
rickettsemia in each one of the infected capybaras. Based on that, the probable
rickettsemic period for each capybara was 6 days (8-14 DPI) for capybara 1, 12 days
(6-18 DPI) for capybara 2, 10 days (6-16 DPI) for capybara 3, 6 days (8-14 DPI) for
capybara 4, and 12 days (8-20 DPI) for capybara 5. In summary, the mean rickettsemic
period for all infected animals was 9.2 days (range: 6-12 days). These results are
similar to those from Souza et al. (2009), where the group of capybaras infected
through tick infestation presented a continuous rickettsemic period between 6 to 15-18
DPI (total period of 9 to 12 days). Also, they are comparable with earlier registers made
by Travassos et. al. (1942) where rickettsemia began at 5 DPI and lasted until 11 DPI
(6 days) in capybaras exposed by intraperitoneal inoculation. In addition, similar
extents (8-12 days) were registered in diverse studies with other rodent species in the
United States (Lundgren and Thorpe, 1966; Burgdorfer, 1988) . By contrast, this
rickettsemic period is shorter when comparing with that observed in opossums where
it lasted 26 days for the species Didelphis aurita (Horta et al., 2009) or up to 4 weeks
in the species Didelphis virginiana (Bozeman et al., 1967). In addition to referenced
rickettsemic periods, it is noticeable that the proportion of guinea pigs with fever,
vascular clinical signs and positive serum was higher when inoculated with blood from
capybaras 2 and 3 in comparison with animals inoculated with blood from capybaras
4 and 5, and even more if compared with capybara 1. Besides, high endpoint titres (>
131,072) were detected in those guinea pigs inoculated with blood from capybaras 2
and 3 (Table 2). Hence, we can correlate these findings with described clinical pictures

and mortality and associate them with high bacterial loads, as proposed before.

Detection of Rickettsia DNA in blood was accomplished in capybaras 2, 3 and 5
between 12 and 18 DPI. This detection period coincided with the worseness of clinical
condition in these animals, which was more noticeable in the two formers prior to death
(16 and 18 DPI for capybaras 3 and 2, respectively). Besides, the DNA detection time

points are within the range of rickettsemic period, established by guinea pig
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inoculation, for each capybara (see above). In the study of Souza et al. (2009), a
unique sample from one capybara, intraperitoneally inoculated, yielded Rickettsia DNA
by real-time PCR at 12 DPI. As stated before, we can infer that differences between
both studies, could be related with bacterial doses circulating in those animals. Thus,
it must be emphasized that DNA blood detection is not a feasible criterion to establish
rickettsemic period. The intracellular nature of this bacterium with very low
concentrations in blood, minimum DNA quantities obtained during extraction (200 ul of
host blood), use of a very sensitive technique to detect bacterial DNA (e.g. a real-time
PCR technique which detects one single copy of R. rickettsii) and lack of a biological
‘machinery’ for replication and infection development (biological model), are enough
reasons to review its practical use. Furthermore, it was achieved Rickettsia DNA
amplification in skin samples from all capybaras during primoinfection (6-26 DPI),
which is similar with those results registered by Levin et al. (2016) in skin biopsies from
R. rickettsii-infected guinea pigs (3-22 DPI). It is remarkable that in some capybaras
(no. 1 and 4) DNA was detected only in skin samples, and that in other capybaras (no.
2, 3 and 5) skin samples amplified DNA earlier (no. 2 and 3) or later (no. 5) than blood
specimens. Similarly, Levin et al. (2016) detected Rickettsia DNA in a higher proportion
of ear-skin than in blood samples from R. rickettsii-infected guinea pigs and registered

earlier or later DNA detections in skin when compared with blood specimens.

Analysing haematological parameters during primoinfection of all capybaras, it was
perceptible a reduction in PCV values for all individuals, mainly during 12-22 DPI; also
erythrocyte counts for all capybaras, but no. 3, were below reference values during 12-
28 DPI. Souza et al. (2009) also registered this pattern in tick-infected capybaras with
decrease of PCV, erythrocyte and haemoglobin during 15-21 DPI. Additionally,
Keenan et al.(1977), Levin et al.(2014) and Piranda et al. (2008) also registered this
haematological variation in experimentally infected dogs during the febrile period.
Likewise, leucocyte counts reached the lowest values in capybaras 1, 2, 3 and 5,
during primoinfection, at 12 DPI, which correlated with the febrile (for capybaras 2, 3
and 5) and rickettsemic periods (all individuals). While previous studies in capybaras
did not include white blood cell count, these results are comparable with that described
by Keenan et al. (1977) in experimental dogs. However, deserves attention the fact
that it is most common a leukocytosis pattern in infected animals, explained mainly by

predominant monocyte and granulocyte responses (monocytosis and granulocytosis)
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(Levin et al., 2014). Lastly, further similar studies must attempt to perform thrombocyte
count due to its variability in infected hosts (Elghetany and Walker, 1999); herein, it
was not included mainly by lack of standardization in manual count and blood smear

estimation for this species.

Anti-R. rickettsii IgG antibodies, evaluated through IFA, showed an immunological
response in all capybaras. First reactive samples were detected between 16 and 18
DPI and then peaked heterogeneously (26-46 DPI) among convalescent individuals
(capybaras 1, 4 and 5) and presented a variable dynamic during respective following
periods (307-555 days). Maximum titres registered were 8,192 (animals 1 and 4) and
32,768 (no. 5). It is noteworthy, that capybara 1 highest titre was recorded after 2
challenge (phase IlI) when death of capybaras 2 and 3 was noted, but a previous
endpoint (2,048) was observed at 26 DPI (phase I). A probably strong antigenic
stimulus could explain titre raise in capybara 1 after the second infection, a
phenomenon not evidenced in capybaras 4 and 5. IFA results agree with those of
Souza et al. (2009) in which capybaras infected through tick feeding showed the first
reactive response at 12 DPI and then peaked from 21 to 30 DPI, with mean endpoint
titres varying from 8,192 to 32,768, which remained till the end of the following period
(146 DPI).

One main objective of the present study was to evaluate clinical, haematological,
immunological and infectious variables in capybaras, after subsequent challenges with
R. rickettsii through tick feeding. Data was collected in capybara 1 during three
additional challenges at 120, 248 and 475 DPI. Besides, for capybaras 4 and 5, data
was obtained for one additional challenge at 227 DPI. As stated before, none of the
animals presented fever, clinical signs or haematological abnormalities during
subsequent infections. Also, guinea pig inoculated with blood during these phases did
not reveal fever, clinical signs or antibody responses. Moreover, through antibody
follow-up period, it was noticeable the presence of titres ranging from 1,024 to 4,096,
previous to each challenge, corroborating a long-lasting immune response in
capybaras, even without recent antigenic stimuli (the maximum interval between
challenges was 227 days). Thus, we can infer that primo infected capybaras develop
a durable protective immune response that counteract further R. rickettsii challenges

and impeded its corporal dissemination and establishment. Likewise, Travassos et. al.
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(1942) observed that capybaras captured in BSF-endemic areas had a probable
natural acquired immunity due to the absence of verifiable infection after challenge
with R. rickettsii, through inoculation or tick exposure. Besides, Keenan, et al. (1977)
conducted an experimental challenge of convalescent dogs with high R. rickettsii
doses, six and twelve months after primoinfection, and found no clinical nor
haematological abnormalities. In a separate publication we will evaluate this immunity
condition and its association with transmission of R. rickettsii to non-infected A.

sculptum ticks.

In conclusion, the present study confirms that capybaras are susceptible to the strain
Itu of R. rickettsii, isolated from A. sculptum ticks. In addition, this susceptibility could
be dose-dependent due to evidence of fever, illness and mortality in some of the
infected animals. Rickettsemic period, hematologic and serologic patterns are similar
to those reported previously by experimental capybara infection with a R. rickettsii
strain derived from A. aureolatum ticks (Taiagu). Finally, it is confirmed that infected
capybaras develop a long-lasting immune response which prevent further

rickettsemias.
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Table 1. Clinical monitoring of capybaras (Hydrochoerus hydrochaeris) and control rabbits during multiple infections with Rickettsia rickettsii (strain Itu) via tick

exposure.
Phase
Il 1 v
Animal Rectal - . Rectal - . Rectal - . Rectal - .
No. Temperature* Clinical Signs 1 Temperature Clinical Signs Temperature Clinical Signs Temperature Clinical Signs
1 36.7 (0.59) None 36.2 (0.84) None 36.1 (1.2) None 35.8 (1.05) None
[35.4-37.9] [34.9-37.7] [33.4-38.0] [34.0-38.0]
2 - - 36.8 (1.76) Abdominal and thoracic rash (8); + + + +
[32.0-39.7] fever (9); hindlimb weakness (11);
lack of appetite (12); nasal mucous
discharge (13); inappetence (14);
purplish macules (18); prostration
(18); coma (18); seizures (18); death
(18)
3 37.1 (0.55) None 37.1 (1.87) Abdominal and thoracic rash (8); + + + +
[35.7-38.2] [32.5-39.8] fever (9); lack of appetite (10); nasal
mucous discharge (11); inappetence
(14); hindlimb weakness (14);
reluctance to move (15); diarrhoea
(15); dark urine (15); death (16)
4 - - - - 36.8 (0.84) Fever (9); hindlimb 35.8 (1.01) None
[35.4-38.7] weakness (11); lack [34.0-37.5]
of appetite (11);
nasal mucous
discharge (12);
general weakness
(14)
5 - - - - 37.2 (1.13) Fever (8); mucous 36.3 (0.98) None
[34.6-39.2] faeces (11); lack of [33.9-38.0]

appetite (11);
general weakness
(14)




Table 1 (Cont.) Clinical monitoring of capybaras (Hydrochoerus hydrochaeris) and control rabbits during multiple infections with Rickettsia rickettsii (strain Itu)

via tick exposure.

Phase
Il I v
Animal Rectal - . - . Rectal - . Rectal - .
No. Temperature* Clinical Signs 1 Temperature Clinical Signs Temperature Clinical Signs Temperature Clinical Signs
Fever (8); lack of
appetite (9);
auricular edema
£ 7). | Fever (6); scrotal edema and necrosis
ever ( Z:i'nar?a 9)- and erythema (8); scrotal Fever (5): (10); scrotal
Control  39.8 (0.99) Ina:glf?;sa Isectitir%%()' ) necrosis (10); inappetence  39.6 (0.44) auricular’ 40.1 (0.75) erythema and
Rabbit  [37.5-41.0]** bpetite 1) (10); preputial edema (12);  [39.0-40.8] [38.7-415]  edema (10);
dehydration (13); ocular discharge (12); erythema (5) inappetence

hypothermia (13); death (13)

(11); scrotal
necrosis (11);
preputial edema
(12)

Phase I, primoinfection of capybara no. 1 and capybara no. 3 used as no infection control; phase Il, second infection of capybara no. 1 and primoinfection of capybaras no. 2
and 3; phase lll, third infection of capybara no. 1 and primoinfection of capybaras no. 4 and 5; phase IV, fourth infection of capybara no. 1 and second infection of capybaras

no. 4 and 5

* Data is shown as mean (standard deviation) [range]
** Normal range: 38.5°-39.5 °C (Suckow et al., 2002)
t Clinical sign (post-infection day of onset)

+ Dead animal



Table 2. Guinea pig (Cavia porcellus) inoculated with blood from capybaras (Hydrochoerus hydrochaeris) during multiple infections with
Rickettsia rickettsii (strain Itu) via tick exposure.

Febrile animals*

Auricular

Genital vascular

Dead animals

IFA

vascular signs** signs**
Capybara Positive IFA Endpoint
No. No. Day(s) PlI+ No. No. No. Day(s) PIt samples Day(s) Pl _IFA titre
Phase |
1 3/32 (9.4)% 8,10 1/32 (3.1) 3/32 (9.4) 2/32 (6.3) 10 3/32 (9.4) 8,12,14 8,192
Phase |l
1 0/32 (0) - 0/32 (0) 0/32 (0) 0/32 (0) - 0/32 (0) - -
2 9/20 (45.0) 6-16 10/20 (50.0) 7/20 (35.0) 4/20 (20.0) 6, 10, 16 9/20 (45.0) ©6-18 262,144
3 11/18 (61.1) 6-16 11/18 (61.1) 9/18 (50.0) 5/18 (27.8) 6, 8, 14, 16 9/18 (50.0) 6,10-16 131,072
Phase il
1 0/32 (0) - 0/32 (0) 0/32 (0) 0/32 (0) - 0/32 (0) - -
4 4/32 (12,5) 8-12 3/32 (9.4) 2/32 (6.3) 1/32 (3,1) 8 4/32 (12,5) 10-14 32,768
5 6/32(18,8) 8-16 6/32 (18.8) 5/32 (15.6) 3/32 (9,4) 8,14, 16 7/32 (21,9) 8-20 65,536
Phase IV
1 0/32 (0) - 0/32 (0) 0/32 (0) 0/32 (0) - 0/32 (0) - -
4 0/32 (0) - 0/32 (0) 0/32 (0) 0/32 (0) - 0/32 (0) - -
5 0/32 (0) - 0/32 (0) 0/32 (0) 0/32 (0) - 0/32 (0) - -

Phase |, primoinfection of capybara no. 1 and capybara no. 3 used as no infection control; phase Il, second infection of capybara no. 1 and
primoinfection of capybaras no. 2 and 3; phase lll, third infection of capybara no. 1 and primoinfection of capybaras no. 4 and 5; phase 1V, fourth

infection of capybara no. 1 and second infection of capybaras no. 4 and 5

* Two or more consecutive days with rectal temperature = 40 °C
** Vascular abnormalities like edema, erythema and/or necrosis
1 Post-infection day in the capybara when blood was obtained and inoculated in the guinea pig

T Data are shown as number of affected animals/total number of animals (%)



Table 3. Hematological variables evaluated in capybaras (Hydrochoerus hydrochaeris) during multiple infections with Rickettsia rickettsii (strain Itu) via tick
exposure. Data are presented as mean (standard deviation) [range]

PCV (%) Erythrocyte count (x106 cells/mm3) Leucocyte count (x103 cells/mm3)
Phase Phase Phase
Capybara
No. I Il 1 v I Il 1 v I Il 1 v
36,8 (10,83) 35,9 (2,15) 38,7 (2,23) 40,4 (1,49) 2,56 (0,48) 2,75(0,31) 2,66 (0,49) 2,75(0,18) 3,46 (1,73) 4,84 (0,75) 4,72 (0,95) 4,95 (0,64)
1 [22,2-50,9] [33,3-39,2] [35,0-41,4] [38,4-42,4] [1,97-3,28] [2,07-3,13] [1,80-3,36] [2,49-2,94] [1,85-6,93] [3,70-5,75] [3,28-6,38] [4,03-5,95]
33,8 (7,27) 2,70 (0,46) 1,97 (1,11)
2 - [24,4-40,4] - - - [2,28-3,34] - - - [1,13-3,23] - -
40,5 (4,46) 34,5(7,49) 2,91 (0,33) 2,95(0,36) 4,59 (1,08) 2,71 (1,56)
3 [34,9-48,1] [25,6-42,6] - - [2,37-3,23] [2,41-3,18] - - [3,40-6,68] [1,38-4,53] - -
35,6 (2,32) 40,6 (1,02) 2,65 (0,35) 3,05 (0,17) 5,89 (1,28) 7,62 (1,78)
4 - - [31,4-38,1] [39,2-41,6] - - [2,21-3,18] [2,78-3,32] - - [3,43-7,20] [5,48-10,55]
31,6 (3,34) 40,8 (1,4) 2,14 (0,42) 3,05 (0,18) 4,98 (2,06) 4,94 (0,85)
5 - - [27,1-36,0] [38,3-42,4] - - [1,59-2,81] [2,81-3,29] - - [2,23-8,73] [3,80-6,28]
Reference ) ) . . . .
values 46.6-51.4 (1); 43.3-52.9 (2); 38.4-42.4 (3) 3.44-3.98 (1); 2.82-3.44 (2); 4.3-4.7 (3) 3.96-6.44 (1); 7.44-15.82 (2); 3.3-7.3 (3)

Phase I, primoinfection of capybara no. 1 and capybara no. 3 used as no infection control; phase Il, second infection of capybara no. 1 and primoinfection of capybaras no. 2
and 3; phase llI, third infection of capybara no. 1 and primoinfection of capybaras no. 4 and 5; phase IV, fourth infection of capybara no. 1 and second infection of capybaras
no. 4 and 5.

(1) Arouca et al., 2000; (2) Van der Heijden et al., 2003; (3) Madella et al., 2006
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Figure 1. Scheme of the experimental infections conducted on capybaras no. 1 to 5 during the study. Phase I, primoinfection of capybara
no. 1 and capybara no. 3 used as no infection control; phase Il, second infection of capybara no. 1 and primoinfection of capybaras no. 2
and 3; phase I, third infection of capybara no. 1 and primoinfection of capybaras no. 4 and 5; phase 1V, fourth infection of capybara no.
1 and second infection of capybaras no. 4 and 5. A. feeding chamber A; B. feeding chamber B; U. unique feeding chamber.
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Figure 2. Skin of capybaras no. 2 and 3 during infection (phase Il) with Rickettsia rickettsii (strain Itu)
via tick exposure. A and B. Purplish macules in capybara no. 2 (18 DPI). C and D. Abdominal rash in
capybara no. 3 (10 DPI).
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Figure 3. Abdominal cavity and spleen of capybaras no. 2 and 3 after infection (phase Il) with Rickettsia
rickettsii (strain Itu) via tick exposure. A. Abdominal cavity of capybara no. 3 with evidence of ascites and
spleen enlargement (16 DPI) B. Spleen enlargement in capybara no. 3 (16 DPI). C. Spleen enlargement
with apical haemorrhage (arrow) in capybara no. 2 (18 DPI) D. Enlarged spleen from capybara no. 2 (18

DPI)




Figure 4. Lung and stomach of capybara no. 2 after infection (phase Il) with Rickettsia rickettsii
(strain Itu) via tick exposure. A. Lung of capybara no. 2 with evidence of bilateral disseminated
vascular injuries (18 DPI). B. Stomach of capybara no. 2 with an extended area of haemorrhage
in the mucosa (18 DPI).
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Figure 5. Rickettsia rickettsii antibody titres (IFA) after multiple infections with Rickettsia rickettsii (strain 1TU) via tick exposures, in
capybaras no. 1, 4 and 5. Dashed arrows indicate 2", 3™ and 4™ challenges of capybara no. 1 at 120, 248 and 475 days after the first

infection, respectively. Straight arrow indicates 2™ challenge of capybaras no. 4 and 5 at 227 days after the first infection.
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Figure 6. Haematological variables evaluated in capybaras
(Hydrochoerus hydrochaeris) during primoinfection with Rickettsia
rickettsii (strain Itu) via tick exposure. Capybara 1 (x); cap. 3 (control)
(A); cap. 2 (+); cap. 3 (0); cap. 4 (0); cap. 5 ().
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Figure 7. Molecular detection of Rickettsia rickettsii DNA in blood (X) and skin (0) samples in capybaras
(Hydrochoerus hydrochaeris) during primoinfection with R. rickettsii (strain ltu) via tick exposure.
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Supplementary video. Capybaras no. 2 and 3 during infection (phase Il) with Rickettsia
rickettsii (strain Itu) via tick exposure. Video showing hindlimb weakness in capybara no. 2

during locomotion (12 DPI).
Access link: https://www.dropbox.com/s/2ddj8jrrtgzridy/Cap_2_3_Phase%20Il.m4v?dI=0



95

4 TRANSMISSION OF Rickettsia rickettsii (STRAIN ITU) TO Amblyomma
sculptum TICKS AFTER EXPERIMENTAL INFECTION OF CAPYBARAS
(Hydrochoerus hydrochaeris)

4.1 INTRODUCTION

Rickettsia rickettsii infection produces a disease known as Rocky Mountain Spotted
Fever or Brazilian Spotted Fever (BSF), as it is recognized in Brazil. Is the most lethal
tick-borne disease in the western hemisphere with high case-fatality rates (> 50% in
southeastern Brazil) associated with misdiagnosis, lack of suspicion and awareness
by medical services (Walker, 2002; Angerami et al., 2006; Angerami et al., 2009; de
Oliveira et al., 2016).

Different tick species have been incriminated in the transmission of this bacterium in
the continent; Dermacentor variabilis and Dermacentor andersoni in the United States
and Canada, Rhipicephalus sanguineus s.l. in Southern US and north of Mexico, and
members of the Amblyomma cajennense s.l. complex in Central and South America
(Demma et al., 2006; Parola et al., 2013; Szabo et al., 2013; Tinoco-Gracia et al.,
2018). Besides, in Brazil, two Amblyomma species have been incriminated within two
different eco-epidemiological scenarios: Amblyomma aureolatum, in the Sao Paulo
metropolitan area, with carnivores as main hosts for adults (Pinter and Labruna, 2006;
Labruna, 2009; Szabo et al., 2013) and Amblyomma sculptum, in the southeastern
region, where horses and capybaras (Hydrochoerus hydrochaeris) act as primary host
for all stages (Labruna, 2009; Szabo et al., 2013). Ticks function as the main reservoir
of R. rickettsii in nature, nonetheless, due to bacterial pathogenic effects on ticks
(Burgdorfer and Brinton, 1975; Niebylski et al., 1999) and some degree of tick
refractoriness to bacterial infection (Soares et al., 2012), low natural infectious rates
are commonly found. Thus, a susceptible vertebrate host which develops rickettsemia
of sufficient intensity and length, contribute to the infection of new lineages of ticks and
the natural maintenance of the pathogen (Burgdorfer, 1988; Labruna, 2009); a role that

capybaras develop in southeastern Brazil (Labruna, 2009; Labruna, 2013).

Previous experimental studies on capybaras induced infection by the inoculation or

tick exposition to R. rickettsii strains isolated from Amblyomma aureolatum (Travassos
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and Vallejo, 1942a; Souza et al., 2009). In the study of Souza et al. (2009), the strain
Taiagu, isolated from A. aureolatum collected in Taiagupeba (Sao Paulo) (Pinter and
Labruna, 2006), was used for the experimental infection of capybaras and transmission
to susceptible A. sculptum nymphs (from Pedreira, Sdo Paulo). Totally, a proportion of
20-35% adults get infected. While these rates are similar to those obtained in guinea
pigs with the same bacterium strain and tick population (Labruna et al., 2008), probable
higher rates could be registered with infections with a R. rickettsii strain isolated from
A. sculptum, as occurred in nature. The mentioned early study evaluated infection in
nymphs (and molted adults) but not in larval stage which also infests this vertebrate
host (Labruna et al., 2004a). Besides, vectorial competence tests and assess of
transmission in immune hosts were not performed. Hence, the aim of this paper is to
describe the transmission of R. rickettsii (strain Itu) to non-infected larvae and nymphs
of A. sculptum, after feeding on experimental infected and subsequently challenged
capybaras, and assess the capacity of these ticks to transmit the bacterium to

susceptible rabbits.

4.2 MATERIALS AND METHODS

4.2.1 Animals

As reported in a previous paper (Ramirez-Hernandez et. al., not published), five
capybaras obtained from two different non-endemic areas in Sdo Paulo state were
transported and infected in the Animal Research Facility of SUCEN (Superintendéncia
de Controle de Endemias) in Mogi Guagu (S&o Paulo, Brazil). All capybaras were
previously infested by Amblyomma dubitatum ticks under natural conditions, before
starting the present study. In addition, laboratory white New Zealand rabbits were
purchased from a commercial breeder, housed in standardized laboratory cages and
fed with a commercial rabbit pellet diet, water ad libitum in a room with temperature,
photoperiod (12 h/12 h) and ventilation control. All were tick-naive and bred under

laboratory standard sanitary conditions.

All animal procedures were authorized by the Ethic Committee on Animal Use of the
School of Veterinary Medicine and Animal Science (University of Sdo Paulo)
(CEUA/FMVZ) (CEUA No. 4115110215) and procedures involving capybaras, were
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authorized by the Brazilian biodiversity agency SISBIO (“Sistema de Autorizagéo e
Informacao em Biodiversidade”-ICMBio) (No. 43259-3).

4.2.2 Capybara infection

The study was divided in four phases (I to 1V) as follows: Phase |, primoinfection of
capybara no. 1 and capybara no. 3 used as no infection control; phase Il, second
infection of capybara no. 1 and primoinfection of capybaras no. 2 and 3; phase I, third
infection of capybara no. 1 and primoinfection of capybaras no. 4 and 5; phase 1V,
fourth infection of capybara no. 1 and second infection of capybaras no. 4 and 5. All
capybaras were serologically negative for Rickettsia (six species), in 14-day interval
paired samples, before primoinfection (tested by indirect immunofluorescence assay-
IFA).

As reported earlier (Ramirez-Hernandez et. al., not published), for primoinfection and
subsequent challenges, two separated cotton sleeves (10-cm diameter feeding
chambers) were glued on the capybara shaved dorsum, as described previously
(Labruna et al., 2008; Souza et al., 2009). These chambers were labelled as chamber
A (cranial position on the capybara dorsum) and chamber B (caudal position on the
capybara dorsum). The minimum distance between the two chambers were 5 cm.
Chamber A received 20 males and 20 females of A. sculptum derived from a colony,
in the fifth generation (F5), established in the laboratory from a population adapted to
capybaras, collected in Itu municipality (Sao Paulo) in 2012 (Krawczak et al., 2014).
These adult ticks were exposed to rickettsial infection, as larvae and nymphs, through
feeding on rickettsemic guinea pigs intraperitoneally inoculated with a R. rickettsii
strain isolated from A. sculptum ticks collected in the same area of origin of the
progenitor ticks that generated our tick colony (ltu strain) (Krawczak et al., 2014). Day
0 (zero) of infection was considered as the day of infestation with infected ticks,

namely, when infected unfed adults were put in the feeding chamber A.

4.2.3 Amblyomma sculptum infestations
Non-infected larvae and nymphs of A. sculptum ticks derived from the same progenitor
colony (collected in ltu, S&do Paulo, Brazil), in the fifth and sixth generation (F5-F6),

were used for infestation of capybaras during their experimental infection. Feeding
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chambers A and B received these ticks at 0, 5, 10, 15, 20 and 26 day post-infection
(DPI) of capybaras. In each infestation, approximately 300-500 larvae and 100 nymphs

were used.

Both feeding chambers were opened daily to collect naturally detached engorged
individuals and then transported them to the incubator (23 + 2 °C and 85% RH) for
molting (engorged larvae and nymphs). Ticks were separated by life stage, capybara

number, feeding chamber (A or B), detachment day and stage, in individual tubes.

After molting, unfed nymphs (molted from larvae) and unfed adults (molted from
nymphs) were separated for DNA extraction or vectorial competence tests. For DNA
extraction, tick samples were separated in five periods (I to V), related with the
capybara experimental infection day, as follows: ticks detached between 0-5, 6-11, 12-
17, 18-23 and 24-30 DPI; further they were individually storage in identified microtubes
and frozen at -20 °C. Likewise, ticks for vectorial competence tests were separated in
three periods according to the detachment period of the previous feeding stage on
capybaras (I to 1ll): 0-10, 11-20 and 21-30 DPI and maintained in incubation until rabbit

infestations. Both procedures are detailed below.

4.2.4 Rabbit infestations

In order to assess the capacity of ticks obtained from capybaras to transmit R. rickettsii,
tick-naive rabbits were infested with nymphs and adults that had fed as larvae and
nymphs, respectively, on capybaras. Ticks were divided by capybara number (1 to 5),
detachment period (I to Ill), stage (nymph or adult) and feeding chamber (A or B) to
infest rabbits individually. Previous to infestation, rabbits were dorsally shaved and one
cotton sleeve (8-cm diameter feeding chamber) glued on the skin as previously
described (Pinter et al., 2002). Blood was collected at day 0 and 21 of rabbit infestation
by puncture of the central ear artery (day 0) and intracardiacally (day 21). This latter
sampling was performed under anaesthesia (xylazine 5 mg/kg + ketamine 35 mg/kg,
intramuscularly-IM) (Flecknell, 2009). Sera were separated by centrifugation (10 min
at 5.000 r.p.m.) and stored at -20 °C for IFA test (described below).

Rabbits were daily monitored for clinical signs and rectal temperature measured during

the infestation period (21 days). Febrile animals were considered when temperatures
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higher than 40 °C, for two or more consecutive days, were registered (Monteiro, 1933).
Besides, in dead rabbits, a necropsy was performed and spleen samples frozen (-20
°C) for DNA extraction. Moreover, feeding chambers were opened daily and naturally
detached and engorged larvae and nymphs were collected and transported to the
incubator (23 + 2 °C and 85% RH) for molting and oviposition, respectively. After that,
random samples of ticks were preserved (-20 °C) for DNA extraction. Finally, at day
21, after collection of the second blood sample, rabbits were euthanized with sodium
pentobarbital (100 mg/kg), by intracardiac injection, under general anaesthesia

(described above).

4.2.5 Indirect immunofluorescence assay (IFA)

Sera obtained from rabbits were tested by IFA using R. rickettsii (strain Taiagu) crude
antigen and fluorescein isothiocyanate-labelled goat anti-rabbit IgG (Sigma, St. Louis,
USA). Samples were initially tested in a 1:64 dilution (with PBS) as cut-off and those
positive, further diluted in a twofold increase until reach the endpoint titre as reported
earlier (Labruna et al., 2007; Soares et al., 2012). In each slide, a previously known

rabbit positive and negative sera were used as controls.

4.2.6 DNA extraction from tick samples

Nucleic acid (DNA) was extracted from tick samples for Rickettsia detection through
real-time polymerase chain reaction (real-time PCR) (see below). Ticks (adults,
nymphs) were processed individually. Guanidine Thiocyanate (GT) and boiling
techniques were used for adult and immature stages, respectively; in both, TE buffer
(10mM Tris HCI; 1mM ethylenediaminetetraacetic acid (EDTA) pH 8.0) was used for
initial maceration of samples and final elution of DNA, following procedures published
formerly (Horta et al., 2005; Sangioni et al., 2005; Gerardi, 2016). All extracted DNA

from tick samples was conserved at -20 °C for further PCR techniques (see below).

4.2.7 Real-time PCR

Extracted DNA from ticks (nymphs and adults), was submitted to a Tagman real-time
PCR technique to amplify a 147-bp fragment of the citrate synthase gene (gltA) of
Rickettsia spp. using the primers CS-5 (forward; Guedes et. al., 2005) and CS-6
(reverse; Labruna et. al., 2004b) and an internal fluorogenic probe (6-FAM d, BHQ- 1)
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(Integrated DNA Technologies, San Diego, CA), in accordance with reagents and
cycling conditions reported by Labruna et al. (2004b). The sensitivity of the technique
was determined to be 1 DNA copy of R. rickettsii (Labruna et al., 2004b). Each reaction
had a positive (DNA of Rickettsia vini cultivated in Vero cells) and a negative control

(molecular-grade water) included.

4.3 RESULTS

4.3.1 Rabbit infestations

After molting of larvae and nymphs (to nymphs and adults, respectively), they were
used for rabbit infestations with the purpose of identify R. rickettsii transmission from
infected ticks. Totally, 115 animals were used in these transmission tests. As
presented in Table 1, only rabbits infested with ticks collected during primoinfection of
capybaras presented fever, vascular signs and anti-R. rickettsii antibodies.
Contrastingly, rabbits infested with ticks collected during subsequent infections on

capybaras 1, 4 and 5 did not present clinical signs or antibodies detected by IFA.

Rabbits infested with nymphs and adults collected (in the previous stage) from
capybara 1 during the 15t and 2" drop-off period (0-20 DPI), from feeding chambers A
and B, presented fever. Moreover, only nymph-infested rabbits (feeding chamber B
and drop-off period | and Il) manifested vascular clinical signs (i.e. edema, erythema,
and necrosis) in ears and genital region, and one individual died (day 15 post-
infestation). The convalescent animal presented antibodies, at day 21 post-infestation,
with an endpoint titre of 65,536 and an additional individual infested with nymphs
(chamber A, drop-off period Ill) was reactive (1:64) without exhibiting clinical signs.
Ticks collected in subsequent challenges (phase I, IIl and IV) did not generate clinical
signs or serological response in infested rabbits, excepting one individual infested with
adults from the 4™ capybara-infection which presented three consecutive days with
temperatures between 40.0 and 40.2 °C but without exhibition of vascular signs or
antibody reactivity (Table 1), refuting a possible rickettsial infection. Finally, a febrile
rabbit infested with adults (chamber A, period Il) did not exhibit additional signs or

positive IFA serum.
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Rabbits infested with nymphs and adults collected from feeding chambers A and B in
the 2" drop-off period (11-20 DPI) from capybara 2 presented fever, vascular clinical
signs and antibody titres (endpoint titre: 32,768). Due to the death of this capybara,

further challenges and consequent tick infestations tests were not performed (Table

1).

A high proportion (87.5 to 100.0%) of rabbits infested with nymphs and adults collected
from capybara 3, in both feeding chambers, during the 15t and 2" drop-off period,
exhibited fever, vascular clinical signs and specific antibody response (endpoint titre:
65,536). As mentioned for capybara 2, further challenges and tick infestations were

not performed due to the death of the animal (Table 1).

Regarding capybara 4, one rabbit infested with nymphs (2" drop-off period, feeding
chamber B) showed fever, vascular clinical signs and serologic response. An additional
animal infested with nymphs (3 drop-off period, feeding chamber A) showed antibody
titres, and in both individuals the endpoint level was 16,384. Rabbits infested with ticks
collected during challenge (phase V) of this capybara did not exhibit signs or antibody

response (Table 1).

Finally, 4, 3 and 6 rabbits infested with nymphs and adults collected during
primoinfection of capybara 5 revealed fever, vascular signs and antibody response,
respectively. Both stages were collected from feeding chambers A and B during all
drop-off periods, with the exception of the 3" period in animals with vascular lesions.
The endpoint titre was 32,768 and, as mentioned for capybara 4, none of the animals
infested with ticks collected during the subsequent challenge (phase IV) manifested

clinical or serological reactivity (Table 1).

Some images illustrating vascular lesions observed during rabbit infestations have

been included as supplementary material (supplementary Figures 1 and 2).

4.3.2 Real-time PCR
Based on data of probable rickettsemic period on capybaras, derived from guinea pig
inoculation results described in a previous study (Ramirez-Hernandez et al., not

published), samples of ticks collected during primoinfection of all capybaras, between
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6 and 17 DPI (sampling periods Il and Ill for DNA extraction), were submitted to DNA
extraction and real-time PCR amplification, as previously described. As summarized
in Table 2, generally, Rickettsia DNA was detected in molted nymphs and adults
collected during primoinfection of all capybaras and only in the challenge of capybara
5.

For capybara 1, DNA was detected only in adults (5.0-9.1%) collected from feeding-
chambers A and B. In capybara 2, DNA was detected in all tick groups and the
frequency of positive samples ranged from 4.6 to 9.1% in nymphs and from 35.0 to
40.0% in adults from both feeding chambers. As in the latter, DNA was detected in all
tick groups from capybara 3 with proportions that ranged between 28.6-30.0% and
73.7-100.0% in nymphs and adults, respectively; conversely, only adults (10.5%) from
capybara 4 (feeding chamber B) were positive. Finally, nymphs (feeding chamber B)
and adults (both feeding chambers) from capybara 5 were positive with rates of 10.0%
and 5.3-40.9%, respectively. In addition, it is worthy of note the presence of positive
(Real-Time CT = 35) ticks (adults) collected from this capybara during the second
infection in the feeding chamber A (35%), when non-infected nymphs had fed with

infected adults.

4.4 DISCUSSION

The present study describes the results obtained in experimental transmission of R.
rickettsii (strain ltu) from infected capybaras to A. sculptum ticks, under controlled
conditions, and the subsequent evaluation of vectorial competence of these infected
ticks through tick-naive rabbit infestations. Clinical, serological and haematological
findings of infected capybaras have been detailed in a separate paper (Ramirez-
Hernandez et al., not published). Two early studies related infection of adult A.
sculptum ticks (reported in both as A. cajennense) from capybaras infected with a R.
rickettsii strain derived from A. aureolatum (reported as Amblyomma striatum in one of
these works) (Travassos and Vallejo, 1942b; Souza et al., 2009). Contrastingly with
the mentioned studies, herein, we attempted to analyse not only infection on molted
adults but also on molted nymphs, and, through simultaneous infestations in two
feeding chambers (one with infected adults plus uninfected larvae and nymphs, and

another only with uninfected larvae and nymphs), the dynamics of horizontal (systemic
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and non-systemic) R. rickettsii transmission between ticks simultaneously feeding on

a rickettsemic host, as formerly performed (Moraes-Filho et al., 2018).

Rabbits infested with ticks detached from capybara 3, used as control animal (phase
I) did not exhibit clinical signs or serologic reactivity. Conversely, animals infested with
molted adults and nymphs collected during primoinfection of capybaras 1 to 5,
exhibited fever, clinical signs and serologic responses. Moreover, feeding periods for
those ticks collected during drop-off periods | to lll, in the previous phase, were within
rickettsemic periods established for infected capybaras, which ranged between 6 and
20 DPI. In addition, infected rabbits were infested with molted ticks detached from both
feeding chambers, demonstrating systemic horizontal transmission during host
rickettsemia. Similarly, Travassos et al. (1942b) achieved infection of A. sculptum
adults through feeding in infected capybaras between 5 to 11 DPI and checked
transmission competence by infesting guinea pigs 6 days after collection; they
succeeded in the animal infection and corroborated an intraestadial transmission in
that tick population, without performing observations of transovarian and transestadial
maintenance. By comparison, Souza et al. (2009), succeeded in infection of nymphs
(A. sculptum) recovered between 6 and 18 DPI (within capybaras’ rickettsemic period)
and further examined molted adults through real-time PCR, confirming transestadial

perpetuation but without performing transmission trials in susceptible hosts.

In his classical work, Ricketts (1907) postulated the two main mechanisms of tick
infection with R. rickettsii: 1) simultaneous feeding of infected and non-infected ticks in
a susceptible host (systemic horizontal transmission) and 2) transovarian passage
from infected females to their progeny (vertical transmission) (Burgdorfer, 1988). As
stated before, herein, it was possible to confirm R. rickettsii transmission in rickettsemic
capybaras through simultaneous feeding of infected adults (males and females) and
non-infected larvae and nymphs, in close and distant feeding sites. Rabbit infestation
results obtained with ticks collected from capybaras 1, 4 and 5, during subsequent
challenges (phase Il to 1V), evidenced an absence of R. rickettsii transmission due to
lack of clinical signs and antibody response in those animals. These findings could be
correlated with the immune status acquired by capybaras after primoinfection (detailed
in a separate paper), an absence of Rickettsia circulation and ensuing lack of tick

infection. It has been postulated that recovered or immune animals do not contribute
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to the natural maintenance of R. rickettsii in nature (Philip, 1959; Lundgren and Thorpe,
1966) which have been corroborated in experimental studies with guinea pigs and A.

aureolatum ticks (Moraes-Filho et al., 2018).

Additional to the systemic mechanism of transmission of R. rickettsii in ticks
simultaneously feeding in a rickettsemic host, a non-systemic way could contribute for
the pathogen acquisition when two individuals are feeding side by side, sharing saliva
content, as has been confirmed for Tick-borne encephalitis virus (with Rhipicephalus
appendiculatus) and R. rickettsii (with A. aureolatum) in guinea pigs (Labuda et al.,
1993; Moraes-Filho et al., 2018). In the present study, we attempted to assess this
phenomenon in immune capybaras through simultaneous infestations of infected
adults with non-infected larvae and nymphs in the same feeding chamber (i.e. chamber
A) and comparing it with non-infected larvae and nymphs in a separate chamber (i.e.
chamber B). Results derived from rabbit infestations with molted ticks obtained from
these chambers evidenced no clinical signs nor immune reactivity in animals,

suggesting an absence of R. rickettsii transmission.

In general, Rickettsia DNA detection in ticks through real-time PCR confirmed the
results evidenced in rabbit infestation tests. DNA was detected in molted adults and
nymphs collected, from both feeding chambers, during the first infection of capybaras
1 to 5. These evidences corroborate an efficient systemic transmission between ticks
during rickettsemic capybara period (primoinfection) with variable infection rates,
ranging from 4.6 to 30.0% in nymphs and from 5.0 to 100.0% in adults. It is worthy to
note that the highest rates were evidenced in ticks collected from capybaras 2 and 3,
which could be correlated with high bacterial loads, as previously reported (Horta et
al., 2009). In the earlier study of Souza et al. (2009), capybaras infected through
infected-tick and intraperitoneal inoculum, were capable to infect 20-25% and 30-35%
of molted adult ticks, respectively. Differences between studies could be related with

initial infective dose and individual biological response in each capybara.

Rickettsia DNA amplification was absent in tick samples from capybaras 1, 4 and 5
during subsequent challenges, confirming a lack of transmission to ticks in immune or
convalescent hosts. However, adults collected (as nymphs) from feeding chamber A

during the challenge of capybara 5 (immune) yielded Rickettsia DNA. In spite of this
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finding, none of the rabbits infested with these ticks presented clinical or serological
reactions associated with R. rickettsii infection, thus confirming absence of vectorial
competence. Those adults fed (as nymphs) in the same chamber with infected adults,
indicating a probable non-systemic horizontal transmission between ticks.
Nonetheless, the lack of pathogen transmission to susceptible rabbits ratified that
solely DNA amplification is an improper criterium to inferred this tick transmission route

as stated elsewhere (Moraes-Filho et al., 2018).

In conclusion, capybaras susceptible to infection with strain Itu of R. rickettsii, can
infect A. sculptum larvae and nymphs (during rickettsemic period) which maintain the
pathogen transstadially and are capable to transmit it to susceptible rabbits in the
subsequent stage (nymphs and adults, respectively). By contrast, immune capybaras
do not infect A. sculptum larvae and nymphs feeding on them, after subsequent R.
rickettsii challenges. Finally, a probable non-systemic horizontal transmission route in
immune hosts, that could pass bacteria between adjacent co-feeding ticks, seems to
be irrelevant in the context of Brazilian Spotted Fever epidemiology. Future studies

must clarify this assumption.
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Table 1. New Zealand white rabbits infested with Amblyomma sculptum ticks collected (in the previous stage) from capybaras (Hydrochoerus hydrochaeris)
during multiple infections with Rickettsia rickettsii (strain Itu) via tick exposure. Data are presented as: no. of affected animals/total no. of infested animals

(%)
Febrile animals* Animals with vascular signs** IFA
Capybara Feeding  Drop-off Feeding Drop-off No. .qf Feeding  Drop-off s
No. No. Stage chamber period No. Stage chamber  period ggzg\ll:s Stage chamber  period Endpoint titer
Phase |
1 3/12(25.00 N,Ad A, B I 2112 (16.7)t N B I 2/12 (16.7) N A, B I, 1l 65,536
3 0/6 (0) - - - 0/6 (0) - - - 0/6 (0) - - - -
Phase I
1 0/12 (0) - - - 0/12 (0) - - - 0/12 (0) - - - -
2 4/8 (50.0) N,Ad AB I 3/8 (37.5) N,Ad A B I 4/8 (60.0) N,Ad A,B Il 32,768
3 7/8(87.5) N,Ad A,B I 7/8 (87.5) N,Ad A, B I 8/8 (100.0) N,Ad A,B Ll 65,536
Phase Il
1 0/12 (0) - - - 0/12 (0) - - - 0/12 (0) - - - -
4 1/12 (8.3) N B I 1/12 (8.3) N B I 2/12 (16.7) N A, B I, 1l 16,384
5 4/12(33.3) N,Ad A,B [, 10, 1 3/12 (25.0) N,Ad A, B I 6/12(50.0) N,Ad A,B (Tl 32,768
Phase IV
1 1/11(9.1) Ad B I 0/11 (0) - - - 0/11 (0) - - - -
4 0/11(0) - - - 0/11 (0) - - - 0/11 (0) - - - -
5 0/11 (0) - - - 0/11 (0) - - - 0/11 (0) - - - -

Phase I, primoinfection of capybara no. 1 and capybara no. 3 used as no infection control; phase I, second infection of capybara no. 1 and primoinfection of capybaras
no. 2 and 3; phase llI, third infection of capybara no. 1 and primoinfection of capybaras no. 4 and 5; phase |V, fourth infection of capybara no. 1 and second infection of
capybaras no. 4 and 5.
Stage: Nymphs (N), Adults (Ad)
Drop-off period in the previous stage during capybara infection: period | (0-10 DPI), period Il (11-20 DPI), period Ill (21-30 DPI)

* Two or more consecutive days with rectal temperature = 40 °C
** Vascular signs like edema, erythema and necrosis
1One dead animal (stage, nymphs; feeding chamber, B; drop-off period, II)



Table 2. Rickettsia real-time PCR results of Amblyomma sculptum ticks collected (in the previous stage) from capybaras (Hydrochoerus hydrochaeris)
during multiple infections with Rickettsia rickettsii (strain Itu) via tick exposure. Data are presented as no. of positive ticks/total no. of ticks sampled (%)

Phase
[ 1] 11 \Y
Tick stage
Capybara Feeding N Ad N Ad N Ad N Ad
No. chamber
A 0/14 (0) 1/20 (5.0) 0/20 (0) 0/13 (0) 0/18 (0) 0/14 (0) 0/20 (0) 0/20 (0)
1
B 0/20 (0) 2/22 (9.1) 0/21 (0) 0/20 (0) 0/15 (0) 0/20 (0) 0/12 (0) 0/19 (0)
A - - 1/22 (4.6) 8/20 (40.0) - - - -
2
B - - 2/22 (9.1) 7/20 (35.0) - - - -
A - - 6/21 (28.6) 15/15 (100.0) - - - - -
3
B - - 6/20 (30.0) 14/19 (73.7) - - - - -
A - - - - 0/21 (0) 0/16 (0) 0/14 (0) 0/20 (0)
4
B - - - - 0/20 (0) 2/19 (10.5) 0/12 (0) 0/21 (0)
A - - - - 0/20 (0) 1/19 (5.3) 0/20 (0) 7/20 (35)
5
B - - - - 2/20 (10.0) 9/22 (40.9) 0/8 (0) 0/20 (0)

Phase I, primoinfection of capybara no. 1 and capybara no. 3 used as no infection control; phase I, second infection of capybara no. 1 and primoinfection of capybaras
no. 2 and 3; phase I, third infection of capybara no. 1 and primoinfection of capybaras no. 4 and 5; phase |V, fourth infection of capybara no. 1 and second infection of
capybaras no. 4 and 5.



Supplemental Figure 1. Focal necrotic lesions in ears from rabbits infested with Amblyomma sculptum ticks
collected (in the previous stage) from capybaras (Hydrochoerus hydrochaeris) during primoinfection with Rickettsia
rickettsii (strain Itu). A. Rabbit no. 3-07 infested with molted nymphs from capybara no. 3 (feeding chamber A, drop-
off period 1) B. Rabbit no. 1-04 infested with molted nymphs collected from capybara no. 1 (feeding chamber B,
drop-off period 1).



Supplemental Figure 2. Genital lesions in rabbits infested with Amblyomma sculptum ticks collected (in the
previous stage) from capybaras (Hydrochoerus hydrochaeris) during primoinfection with Rickettsia rickettsii
(strain Itu). A. Scrotal edema and focal necrosis (arrow) in rabbit no. 5-03 infested with molted nymphs
collected in the primoinfection of capybara no. 5 (feeding chamber A, drop-off period 2) B. Bilateral necrotic
scrotal lesions in rabbit no. 5-10 infested with molted adults collected in the primoinfection of capybara no.
5 (feeding chamber B, drop-off period 2). C. Preputial edema in rabbit no. 3-12 infested with molted adults
from capybara no. 3 (feeding chamber B, drop-off period 1)
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5 CONCLUSIONS

Herein, it has been confirmed capybara susceptibility to infection (and the
resulting disease) with the strain Itu of R. rickettsii, derived from A. sculptum ticks. In
spite of a similar infection dynamic in comparison with strain Taiagu, derived from A.
aureolatum, mainly in haematological and serological parameters, duration of
rickettsemic period and transmissibility to non-infected A. sculptum ticks, some
biological differences have been registered. It is noticeable that capybara susceptibility
could be dose-dependent, and in the case of high bacterial loads, transmitted by ticks,
some clinical abnormalities could arise (e.g. fever, skin rash, general weakness,
anorexia, diarrhoea) and even lead to a fatal outcome with exhibition of post-mortem
disseminated vascular gross lesions. This clinical and pathological picture is
comparable with those broadly described in other susceptible species (e.g. guinea
pigs, rabbits, dogs and humans). Besides, the mean rickettsemic period, calculated by
results of guinea pig inoculation, was 9.2 days (range: 6-12 days), period in which non-
infected A. sculptum ticks (larva and nymphs) feeding simultaneously with infected
ticks (adults) acquired R. rickettsii and maintain it through transestadial transmission,
corroborating an efficient systemic horizontal transmission route between adjacent and
non-adjacent co-feeding ticks. New-infected nymphs and adults (infected in the
previous stage) could transmit viable R. rickettsii to susceptible rabbits, which exhibit
typical clinical signs and serological reactivity. Herein, it also has been registered
higher tick infection rates, in comparison with those previously reported with strain
Taiagu, probably associated with elevated circulating R. rickettsii loads in blood of
infected capybaras. Finally, here it has been corroborated that immune or
convalescent capybaras did not develop new rickettsemic periods after subsequent
infection challenges, as was previously hypothesized, and consequently, there is an
absence of R. rickettsii transmission to non-infected ticks feeding on them.
Nonetheless, a probable non-systemic horizontal transmission route between adjacent
co-feeding ticks, sharing saliva content, could pass bacteria; but, due to absence of
vectorial competence of this new-infected co-feeding ticks, we can infer that it is of

minimum relevance for R. rickettsii preservation in natural conditions.
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